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1. Introduction to the Special Issue

Insects are the most diverse animal taxon, both in terms of the number of species and
the number of individuals. There are roughly one million described insect species, and
their real number is estimated to be five to ten times this figure [1]. The total number of
individual insects, on the other hand, is estimated to be as high as one million trillion [2].
This is why insects are regarded as the most successful groups of animals on Earth.

It is not the first time, nor will it be the last, that insects have become the core theme for
a collection of experimental studies. However, what makes the current collection unique is
the focus on understanding the complexities of insect structures, functions and potential
applications that they offer. Although the functional morphology of insects remains a basic
science, insect structures offer a variety of existing and potential applications in biomedical,
structural, mechanical and aerospace engineering. In this Special Issue “Insects: Functional
Morphology, Biomechanics and Biomimetics”, we aimed to include studies that cover
fundamental research and discuss practical applications, as much as possible.

In this Special Issue, our readers will read about insect structures, including wings,
legs, feeding apparatus, sensory organs and ovipositors. The reader will find answers
to questions such as: How do insects fly? What are the design strategies that enable
insect wings to reach automatic shape control? How does the specific segmented design
determine the oscillatory response of insect antennae? What are the adaptations of insect
mouthparts to their feeding habits? How does a thin film of adhesive secretion contribute
to attachment of insect eggs? What are the physiological and environmental factors that
determine the jump performance of locusts? How can these inspire engineering innova-
tions, such as wings for micro air vehicles, enhanced sensory systems or multifunctional
microfluidic transporters?

A number of well-known scholars in the field kindly accepted our invitation and
contributed to this collection. We would like to thank the authors for their invaluable
contributions to this Special Issue. We appreciate their dedication, support and commit-
ment. We would also like to thank the support of Insects, MDPI and its staff, who made
this Special Issue possible. We very much thank the reviewers who assessed the submitted
manuscripts and played a key role in improving the quality of this Special Issue. We hope
that you enjoy reading this Special Issue.

2. Dedication

This Special Issue is dedicated to Professor Leonid I. Fransevich, a corresponding
member of the Ukrainian National Academy of Sciences and Professor Emeritus at Schmal-
hausen Institute of Zoology, Kiev, Ukraine, for his work in insect functional morphology,
physiology and biomechanics, and on the occasion of his 85th birthday.

Leonid Frantsevich was born in 1935 in Kiev, Ukraine. He graduated from the Faculty
of Biology of the Shevchenko Kiev State University with a diploma in Biology–Zoology.
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He defended his PhD thesis “Fauna of Lepidoptera of the Middle Dnieper Valley” (1963)
and his doctoral (habilitation) dissertation “Visual analysis of space in insects” (1981), both
in entomology. For over 40 years, he has been working at the Schmalhausen Institute of
Zoology of the Ukrainian National Academy of Sciences, where he currently holds the
position of leading researcher.

Professor Fransevich made a number of important discoveries in the studies of insects.
In particular, he discovered the ability of animals to recognize random two-dimensional
images by their texture. He showed astro-orientation in Coleoptera during homing and
identified structural elements of the olfactory center in the insect brain (glomeruli of the
deutocerebrum) by morphological characteristics. He discovered, described and experi-
mentally studied a type of proprioceptor (arcular organ) in Coleoptera. He demonstrated
the spatial stability of visual orientation behind local and astro-landmarks in insects during
homing on inclined surfaces. He proposed an orientation model using polarized sky
light based on a standard polarization sensitivity direction map embedded in the retinal
structure and demonstrated the spatial stability of topological signs of visual key stimuli
in insects.

Leonid Frantsevich was the first to use the skeletal model of the kinematic system
of walking insects for the purpose of describing and analyzing movements, solving the
inverse kinematics problem for reconstructing the joint angles, which are not directly
observed. Using inverse kinematics methods, he studied the kinematics of locomotor
maneuvers in walking insects: turns on a plane, overturns, walking on thin rods, turning
at the end of a thin rod, as well as the kinematics of opening–closing elytra in Coleoptera.
He contributed to the research on the kinematics and mechanism of deployment of the
arolium (a sticky pad at the insect pretarsus) and the role of pre-stressed structures in this
process. Having studied the mechanics of the composed middle coxa in dipterans, Leonid
Frantsevich showed that this structure is a marker of the body segment to which the leg
is attached and discovered manifestations of homeosis (the appearance of a structure in
another body segment) in certain dipteran taxa.

From autumn 1986 to 1988, Leonid Frantsevich headed the work of Kiev zoologists in
the Chornobyl NPP site and the Exclusion Zone. At that time, his research developed in
two directions: radioecology and general ecology. He calculated the volume of the removal
of the radionuclides from the Exclusion Zone by migratory birds and then proposed an
integral estimate of the offset as a product of three quantities. The resulting estimate turned
out to be insignificant in comparison with the total removal of radionuclides outside the
zone and did not require specific countermeasures.

In 1989–1994, Leonid Frantsevich and his colleagues carried out a wide bioindication
of 90Sr pollution of water bodies and land on the basis of the beta radioactivity of mollusk
shells. Maps of 90Sr pollution of the Kiev region and rivers of the Dnieper basin were
compiled. The experience of data generalization for multi-species collections was used
to reconstruct the radioactive pollution of various species of wild animals based on the
study of a few representative species, which are accepted as comparison standards. This
standardization made it possible to depict the radionuclide contamination of wild animals
on a map (2000). Based on the methods of processing multicomponent collections, Leonid
Frantsevich created the first model for optimizing the permissible levels of radionuclides
in food (1997).

Leonid Frantsevich was the first to draw attention to the fact that, in most of the
exclusion and resettlement zones (over 98% of the total area—about 3000 km2), the course
of events in biocenoses was determined not by the harmful effect of radiation, but rather by
the removal of anthropogenic pressure on wildlife after the evacuation of the population,
eliminating large-scale engineering interventions. Research and accounting of general
ecological patterns were needed for the management of the alienated territories. He
proposed the concept of a mosaic reserve of the Exclusion Zone with the allocation of
scientifically or nature-protected lands. The principle of the mosaic reserve was approved
by the Scientific and Technical Council under the Administration of the Exclusion Zone.

2



Insects 2021, 12, 1108

Leonid Frantsevich has been very successful and productive (over 150 original publi-
cations and related books, the most significant of which are “Visual analysis of space in
insects” (1980), “Spatial orientation of animals” (1986) and “Animals in the radioactive
zone” (1991). During his career, he has received several awards for his many contributions
to science, including the State Prize of the USSR (1987), the State Prize of the Ukraine
(2004) and being elected as a corresponding member of the Ukrainian National Academy
of Sciences (1990), to name a few.

We organized this Special Issue in honor of Professor Frantsevich’s distinguished
scientific career over the past 60 years. This Special Issue consists of original research
articles and review articles related to the functional morphology and biomechanics of
insects, his favorite topic.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: The nature, occurrence, morphological basis and functions of insect wing deformation in
flight are reviewed. The importance of relief in supporting the wing is stressed, and three types
are recognized, namely corrugation, an M-shaped section and camber, all of which need to be
overcome if wings are to bend usefully in the morphological upstroke. How this is achieved, and how
bending, torsion and change in profile are mechanically interrelated, are explored by means of
simple physical models which reflect situations that are visible in high speed photographs and films.
The shapes of lines of transverse flexion are shown to reflect the timing and roles of bending, and their
orientation is shown to determine the extent of the torsional component of the deformation process.
Some configurations prove to allow two stable conditions, others to be monostable. The possibility of
active remote control of wing rigidity by the thoracic musculature is considered, but the extent of this
remains uncertain.

Keywords: insects; wings; deformation; flight; bending; torsion; camber; control; physical models

1. Introduction

This paper has a dual function: to review the occurrence of flight-related deformations in the
morphological upstroke of insect wings and to investigate the geometric principles underlying the
interaction of bending, torsion and camber change, by means of simple physical models.

Orthodox, flight-adapted insect wings are smart structures: they are flexible aerofoils whose
three-dimensional shape from instant to instant in flight is largely determined by their elastic response
to the aerodynamic and inertial forces they are receiving. While the profile of the wing base can
normally be altered and controlled by the direct flight muscles of the thorax, the absence of muscles
within the wing requires that three-dimensional shape control beyond the base is to a great extent
automatic — encoded in the wing’s detailed structure. Four decades ago, I discussed the nature and
function of the deformations they undergo, and identified a range of morphological adaptations to
facilitate and to limit them [1]. The extensive research carried out since then has expanded and broadly
confirmed these early conclusions and predictions [2–26] (in particular, see [19,21] for summaries of
the extensive Russian literature), and major advances in insect aerodynamics have greatly helped to
interpret their significance, e.g., [27–35].

Our knowledge of wing kinematics and deformations has come from high speed still and cine
photography and video-recording. These sources show, unsurprisingly, that in the insects studied,
the wings’ cyclic deformations are not rigidly determined: they vary in extent, even within a given
flight sequence. To take just one example, high speed photographs of Panorpa communis (Mecoptera) in
the upstroke published by Brackenbury [16] show virtually no bending in the wings, and Brodsky
and Ivanov [4], filming tethered individuals, found little wing flexion, but a short high speed movie
sequence of Panorpa germanica shortly after take-off shows extensive upstroke bending of the forewings
and particularly the hindwings increasing from stroke to stroke [14] (Figure 1). These are different
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species, but their wings are structurally identical, and one would expect similar behaviour in both.
These variations between strokes may be passive: wing shape must certainly be influenced by variations
in angular velocity in the translation part of the stroke and in angular acceleration around stroke
reversal. However, there is a possibility that, in some insects at least, a degree of control of bending,
passive torsion and section may be exerted remotely by muscles at the wing base, and it is interesting
to explore how such control might be achieved. Furthermore, wings, as resonant structures, need to
deform appropriately at their actual flapping frequencies, and it is entirely possible that they may be
tunable by active control of wing rigidity.

 

Figure 1. (a) Tracings of three frames from the same upstroke of Panorpa germanica from a high-speed
film by A.R. Ennos. Note the very different bending modes of forewings and hindwings, reflecting the
different lengths of the subcosta, SCP, and that flexion and torsion persist throughout the half-stroke.
(b) Fore and hind wings of Panorpa germanica. Here, and in subsequent wing illustrations, the median
flexion line is shown in blue, transverse flexion lines in red and the claval flexion line in green.

In the last two decades, particularly stimulated by the biomimetic possibilities in the development
of micro air vehicles, there has been a great increase in interest in the structure, properties and functioning
of the wings of certain groups: hawkmoths [25,26,29,36], locusts [23,37–39], hoverflies [40–42] and,
above all, Odonata [43–50]; see [46–48] for reviews of the extensive literature, in which modelling
has played an increasingly important role. Models have long been valuable in understanding wing
functioning, and Wootton et al. [24] identified a logical sequence from conceptual though physical and
analytical models to increasingly sophisticated computational simulations of individual species.
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Each stage in this sequence has both advantages and limitations. Computational models now
rightly dominate the literature, but they are vulnerable to incorrect initial assumptions, and, historically,
some of the most useful information has come from simple physical models, based on direct observation
of insects in flight and simple manipulation of wings. These are easy and quick to construct and have
allowed the swift investigation and testing of a range of observed phenomena in a broad range of
insects, in some cases giving direction to analytical and computational modelling of complete wings or
wing components [3,12,23,24,38,47,49–55].

In 1999, I further discussed wing design, deformation and control in the wider context of
invertebrate paraxial locomotory appendages, and illustrated how the principles underlying the
in-flight deformation of many wings can be learned as a first approximation by modelling them as
simple shells; see [55] for a wider range of references to research since 1981. The present paper uses
physical models of this kind to extend the discussion by exploring how aspects of the geometry of
the wings may affect their deformations in flight and to suggest how these may in theory be actively
influenced and controlled remotely from the axilla. It will focus primarily on species that have either
been specifically investigated or for which good photographic information is available. A selection
of highspeed photographs by Stephen Dalton and John Brackenbury, some but not all previously
published, are included with the authors’ generous permission.

I am not concerned here with the shape changes in the expanded anal fans of the hindwings of
Orthoptera, Dictyoptera and some other orders (23, 37, 38, 39, 52), or with the flight deformations in
Coleoptera hindwings, which are strongly influenced by the flexible lines by which these fold up at
rest [17]. The emphasis is on mechanisms involving some transverse bending, particularly, but not
exclusively, in forewings. Hindwings also deform in many groups, depending on their relative length
and on the presence or absence of wing coupling. The latter also influences the nature of forewing
deformation—compare the Trichoptera in Figure 2.

 

Figure 2. Tracings of successive frames from films of two Trichoptera in tethered flight, comparing a
species with uncoupled wings (a–c) with a species in which the wings are coupled (d–f). From [56],
redrawn after [6]. (a–c) Rhyacophila nubile (Rhyacophilidae). (d–f) Ceraclia senilis (Leptoceridae).
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1.1. Rigidity, Flexibility and Active Control

In typical flight-adapted wings, certain areas are clearly adapted for rigid support, with thick
veins, high relief and sometimes thickened membrane. These are generally in the proximal part of
the wing and along the more anterior veins. Posterior support, necessary to prevent the wing from
pitching into the airflow, is in the forewings and many hindwings of Neoptera generally provided by a
rigid clavus, or in many Diptera by automatic mechanisms that lower the trailing edge in response to
aerodynamic loading, a situation which is also characteristic of Odonata [12,15,50]. The forewings of
Ephemeroptera have no clear clavus, but the anal area provides similar posterior stiffening.

In most insects, the profile of the wing base can alter by hinge-wise bending along specific
longitudinal flexion lines [1,2,4,5], of which the most important and widespread are the claval flexion
line and the median flexion line—the “remigial furrow” of Martynov [57] and Grodnitsky and
Morozov [8]. Basal profile change is a frequent component of the active torsion of the whole wing
during the stroke cycle and is the only way in which thoracic muscles can directly deform the wing.

All other deformations are passive responses to aerodynamic, inertial and occasional impact
forces, and they tend to be concentrated in more distal areas of the wing, where the relief is flatter,
the longitudinal veins are more slender, even sometimes absent, and cross-veins are relatively thin and
flexible. These areas are sometimes clearly delineated by a visible transverse flexion line, marked by
local areas of thinning of membrane and veins—“thyridia”—or by points or lines of soft cuticle that
interrupt the veins themselves.

1.2. The Functions of Bending

Typical wings are thin, springy plates, stiffened by tubular veins, whose mass and thickness
diminish along the span. Bending is often a simple response to the inertial forces as the wings decelerate
at stroke reversal. Importantly, they only significantly flex ventrally; sometimes around the bottom
of the stroke, followed by a sharp straightening, and sometimes throughout most of the upstroke.
Dorsal bending is normally slight or absent, though long wings can sometimes flex alarmingly in
response to gusts of wind or in extreme accelerations. Otherwise, the principal function of deformation
is aerodynamic optimisation: to create necessary force asymmetry between the downstroke and the
upstroke, or to generate bursts of unsteady lift.

The shape of the downstroke is fairly consistent: the wing is extended and pronated, usually
slightly cambered, with a degree of spanwise twist—“washout”, the ideal situation for generating
steady lift. Upstroke deformations can be far greater. In some cases, they merely serve to “feather”
the wing by reducing its effective area or its angle of attack, so minimising adverse aerodynamic
force, but many insects need to develop usefully directed lift throughout the stroke cycle. For this,
passive torsion within the span is usually crucial. In Odonata, in many Diptera and in some other
insects with uncoupled wings, most of the remigium can swing across like a sail around the supporting
anterior veins, but in many other insects—particularly those with coupled wings, like Hemiptera,
Hymenoptera, many Lepidoptera and some Trichoptera (Figure 2), or those with a long clavus—torsion
is concentrated more distally and is facilitated by a degree of ventral bending, often accompanied
by a reversal of camber from dorsally convex to dorsally concave. This brings the distal part of the
wing into a favourable angle of attack and suitable profile for generating usefully directed force in
the translational part of the stroke, and the dynamic process of changing shape can probably create
valuable unsteady lift around stroke reversal.

This paper will use models to investigate the relationships between bending, torsion and camber
in wings of this kind, including some Ephemeroptera, Hemiptera, Plecoptera, Megaloptera, Mecoptera
and Hymenoptera. These three aspects of deformation are intimately connected. Flexural and torsional
rigidity are affected by relief, which in wings can take the form of camber, corrugation or a combination
of the two. Whereas a flat plate, or a relatively flat corrugated plate, is equally flexible to dorsal and
ventral bending, camber in a thin plate imposes bending asymmetry, as a force applied to the concave
side tends to increase the height of the section and hence its rigidity, while a force on the convex side
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causes the sides to buckle outwards and the section to flatten—an effect familiar to anyone who has
used an extending steel ruler [1]. The supporting areas of wings commonly have a degree of built-in
camber, ensuring that wing flexion is always ventral. Where the aerodynamic and inertial forces are
centred behind the torsional axis, a cambered wing is also asymmetric in twisting, far more resistant
to pronation than to supination [51,53] Both these properties are appropriate to the upstroke and are
often crucial in determining the shape and attitude of the distal, most aerodynamically effective part of
the wing. Under aerodynamic loading, the deformable area of the wing often assumes a cambered
section, dorsally convex in the downstroke but concave in the upstroke, and this reversal of camber is
also related to aspects of the wing’s geometry, as we shall see.

1.3. Modelling Insect Wing Deformation

For the purpose of modelling, I am distinguishing three types of support.

1.3.1. Corrugation

Ephemeroptera and Odonata have fully corrugated wings, with all main vein stems diverging
from close to the wing base and alternately occupying the crests and troughs of a fluted structure.
Odonate wings do not bend significantly, but in several families of Ephemeroptera, Edmunds and
Traver [58] found “bullae”—patches of soft, flexible cuticle—aligned across the wing in three or four of
the main concave veins of the forewings, and they correctly identified these as adaptations to ventral
bending. Mayfly bullae and their alignment have recently been described in more detail [59].

Ephemera species (Figure 3) have bullae on four major longitudinal concave veins: the subcosta
SCP, two branches of the posterior radius RP and the posterior media MP, in a nearly straight line across
the wing. Brodsky [19] observed bending in the subimago of Ephemera vulgata in flight, though he
did not see it in the imago. Four other mayfly families, with quite different flight behaviours, have no
bullae. Images found online of the much photographed Palingenia longicauda, which does not have
bullae, show that ventral flexion can occur in their absence; the bullae appear to be adaptations for
sharp, small-radius bending, without damage to the veins.

 

 

Figure 3. Forewing of Ephemera vulgata (Ephemeroptera). The positions of the bullae are shown by
red spots.

1.3.2. An M Section

The remigial supporting areas of Plecoptera, Megaloptera, Mecoptera, Trichoptera and many
Lepidoptera and Diptera typically have two longitudinal concave troughs. The leading edge spar
formed by the costa C, the subcosta SCP and the anterior radius RA is the first; it provides support as
far as the point where the SCP ends as a separate vein. The second trough follows the median flexion
line, close to the media M in most Plecoptera, Sialis (Megaloptera), Panorpa (Mecoptera), and most
Trichoptera and Diptera. Lepidoptera vary greatly [5]. In Noctuidae, like the Phlogophora figured here,
the median flexion line lies well anteriorly in the wing. Transverse bending occurs in some members of
all these orders, often (except for Diptera) in both fore and hind wings. Wing deformation in Diptera
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also varies depending on proportions and on the presence or absence of one or more costal breaks and
flexion lines [13].

The pattern of bending is strongly influenced by the length of SCP, which often terminates very
short of the wing tip, so that the anterior concavity is flattened beyond. Here, and beyond the clavus
which provides posterior support, the section is like a shallow letter M or an inverted W.

Figure 4 shows a selection of wings in these groups, together with some photographs and drawings
demonstrating the deformations they undergo. The drawings indicate the main flexion lines.

 

Figure 4. (a) Isogenus nubecola forewing. (b) Tracing of a frame of I. nubecola at the start of the upstroke
in tethered flight. (c) Sialis lutaria forewing. (d) S. lutaria in late upstroke. (e) Phlogophora meticulosa

forewing. (f) P. meticulosa in late upstroke. (a) and (b) are redrawn after Brodsky [60]. (d) and (f) are
copyright Stephen Dalton. (d) has previously been published in [61], (f) in [62]. Red: transverse flexion
line. Blue: median flexion line. Green: claval flexion line.
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A series of comparative investigations in Russia in the 1980s and 1990s have supplied valuable
information on wing deformations in flight [2,5–8,19,21,60]. In all cases, the insects were tethered,
so the kinematics may not necessarily reflect free flight, but they illustrate the deformations that the
wings allowed. Brodsky [60] filmed Isogenus nubecula (Plecoptera) and took a series of high-speed
photographs of Sialis morio (Megaloptera) [19]. Ivanov filmed Rhyacophila nubile, Ceraclia senilis,
Brachycentrus subnubilis and Arctopsyche ladogensis (Trichoptera) [6], and Grodnitsky with colleagues
filmed a range of Lepidoptera [5,8,21]. All showed a degree of ventral bending at the end of the
downstroke. Figure 4b, of Isogenus immediately after the extreme point of transverse bending, shows
a deep groove in the remigium proximal to the flexion, and the distal area is strongly supinated.
Later frames from the same sequence show rapid straightening and completion of torsion early in the
upstroke, and Brodsky’s images of Sialis and Ivanov’s of Trichoptera show relatively fast recovery,
but a high-resolution photograph of Sialis lutaria in free flight by Dalton [62] (Figure 4d) shows flexion
and reversed camber at an advanced upstroke stage. The same seems to be the case in his photograph
of Phlogophora meticulosa (Figure 4f), indicating that flexion is maintained throughout the half-stroke,
as it appears in Ennos’ film of Panorpa (Figure 1) and in some of Grodnitsky’s moth images [21].

1.3.3. Camber

The basal sections of the forewing remigium of most auchenorrhychous Homoptera have a
cambered section. The membrane between the veins is often thickened, a condition that is more
strongly developed in the hemielytra of Heteroptera. The camber sometimes continues into the
more deformable, distal area; otherwise, this is flat. The clavus, which varies considerably in length,
is typically strongly three-dimensional and rigid, and any bending happens at or beyond its apex.
A median flexion line is probably frequently present, though not always obvious in Homoptera and
detectable only by manipulation [20].

Cicadas (Figure 5a–c) have a particularly obvious transverse flexion line in the forewing, as do
Tettigarctidae, Hylicidae and some Cixiidae and Psyllidae [20]. In each case, the line follows a curved
path from a break in the costal margin to the end of the clavus, with the apex of the curve towards the
wing base—significantly, as we shall see. A variety of other Homoptera show the parallel development
of a transverse, straight alignment of cross-veins, presumably localising bending. Cicadas have
no median flexion line. Photographs by John Brackenbury (Figure 5b,c) show different degrees of
transverse bending and camber reversal in Tibicina haematodes.

The hemielytra of Heteroptera (Figure 6) show the clearest differentiation between supporting
and deformable areas in any insect. Posterior support continues beyond the clavus as a sclerotised
bar at the trailing edge of the remigium. Betts [9,10] found that ventral flexion in flight does not
follow the line of the corium margin but takes place within the deformable membrane, along a straight
line between the anterior end of the corium and the tip of the posterior sclerotised bar, and this is
evident in Brackenbury’s photograph of Palomena prasina (Pentatomidae) (Figure 6b, from [16]). Several
families of Heteroptera have an additional transverse flexion line within the corium: the cuneal fracture.
In Miridae, at least, bending can occur at this point as well as at the tip of the corium, increasing the
degree of distal supination (Figure 6c, from [16]).
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Figure 5. Upstroke deformation in Tibicina haematodes (Cicadidae). (a) The forewing. (b), (c) Two
images of the upstroke. (b) Mid-upstroke, (c) early upstroke. (b) and (c) copyright John Brackenbury.
(b) has previously been published in [16]. Red: transverse flexion line. Green: claval flexion line.

A cambered wing base is also typical of Hymenoptera, where fusion of the stems of M and
the anterior cubitus CUA has eliminated the usual difference in relief between the two veins.
Brackenbury [18] has reviewed wing deformation in a range of Hymenoptera. Figure 7b,c, from [16],
clearly show flexion, torsion and camber reversal in a wood wasp and an ichneumon, and a photograph
of a vespid in [61] and various high speed video sequences which are available online indicate that
these are widespread in the order. In coupled wings like these, flexion in the small hindwings is
virtually absent, and in-span bending and torsion are restricted to the distal part of the forewing,
beyond the coupling.

Examples of forewing M sections and cambered sections are shown in Figure 8. Note that
both categories show an overall dorsally convex curvature, ensuring preferential resistance to dorsal
bending. The M section wings are distinguished by the presence of a concave branch of the median
vein (arrowed), with the median flexion line adjacent.
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Figure 6. Wing proportions and upstroke deformation in Heteroptera. (a) Pentatomidae. (b) Alydidae.
(c) Miridae. (d) Palomena prasina (Pentatomidae) early in the upstroke. (e) Leptoterna dolabrata (Miridae)
in mid upstroke, showing flexion at the cuneal fracture, aiding supination. (a–c) From [61], (d) and (e)
copyright John Brackenbury, previously published in [16]. Red: transverse flexion lines. Blue: median
flexion line. Green: claval flexion line.

 

 

Figure 7. Upstroke deformation in Hymenoptera, showing flexion, torsion and camber reversal.
(a) Forewing of Urocerus gigas (Siricidae). (b) Urocerus gigas male in mid upstroke. (c) Ophion luteus

(Ichneumonidae) in early upstroke. (b) and (c) copyright John Brackenbury, previously published
in [16]. Red: transverse flexion line. Blue: median flexion line. Green: claval flexion line.
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Figure 8. Forewing sections. (a) and (b) are M sections: (a) Phrygania (Trichoptera), (b) Sialis (Megaloptera).
(c) and (d) are cambered sections: (c) Urocerus (Hymenoptera), (d) Cercopis (Homoptera). The lines
indicate where the sections were cut.

2. Materials and Methods

All models were made of card and paper. The variations in the rigidity and resilience of the different
areas of the wing can be crudely replicated by varying the thickness of the materials. The models are
simple to construct, and readers are encouraged to make and play with their own versions.

2.1. Corrugation

Model 1 (Figure 9a) was made from an A4 sheet of paper, with a density of 80 g/m2, and follows
Edmunds and Traver [58] in representing the Ephemeroptera condition as a pleated paper fan with
a transverse line of notches, simulating the bullae, cut in the concave pleats. With the base held,
gentle downward force was applied beyond the bullae until yielding occurred.

2.2. The M Section

Models 2 and 3 (Figure 9b–d) were made from thin card, with a density of 175 g/m2, though
density was not critical. Both measured 29.5 mm × 12 mm. Model 2 represented the M section alone,
without anterior support from the leading edge spar or posterior support from the clavus. The sheet
was longitudinally folded into three equal panels, and the centre panel was folded in half to form an M
section. One end was held firmly by insertion into an expanded polystyrene block, representing the
wing base, and downward force was applied to the distal end.

Model 3 had the same dimensions as Model 2, but a long triangular concave fold was added to
each of the outer panels, corresponding to the leading edge spar and the clavus, to stiffen the proximal
part of the model.
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Figure 9. (a–d) Models 1–3 deforming. (a) Model 1. (b), (c) Model 2. In (b), the position is stable.
In (c), under greater load, the sides are buckling outward, allowing unstable flexion that returns to
position (b) when the load is removed. Flexion is directly transverse. (d) Model 3. The extra anterior
and posterior folds delay unstable bending under load, and the flexion line is curved. The arrows
indicate the approximate points and directions of the applied bending force.

2.3. Camber

The wings were modelled as rectangles, measuring 29.5 mm × 11.5 mm, with a supporting base
made of stiff card and a distal deformable area of standard printing paper, with a density of 80 g/m2

(Figure 10).
One flexion line AO, parallel to the long sides of the rectangle and corresponding to a median

flexion line, was made by cutting partway through the depth of the card. Camber was adjusted
experimentally by bending along this line. Its height was represented by the angle ε about the axis
AO. The other flexion line, which could be transverse or oblique, was provided by the distal edge of
the supporting card. In actual wings, this line is usually curved, but to simplify the geometry in the
models, it was made of two straight lines, BO and OD, meeting the median flexion line at point O.
This is an acceptable simplification: models with a curved flexion line behaved in exactly the same way.

These models therefore had three variables: the obliqueness of the transverse flexion line, measured
by the angle ζ between the longitudinal axis and a straight line joining B and D; the angle BOD,
as measured in the flat model; and ε. The first two were part of the model’s design, while the third
could be manipulated.

In Model 4 (Figure 10a), BOD was straight, so angle BOD = 180◦ and ζ = 90◦. In Model 5
(Figure 10b), BOD = 120◦ and ζ = 90◦. In Model 6 (Figure 10c), BOD = 90◦ and ζ = 60◦. In Model 7
(Figure 10d), the anterior supporting card extended to the end of the model. BOD was 90◦ and ζ 40◦.

One more model, Model 8 (Figure 10e), was produced in order to investigate the specific wing
conformation of some families of Heteroptera which have an extra transverse flexion line, the cuneal
fracture, and a longitudinal flexion line well anterior to the mid line. The model was made using
thinner card than in Models 4-8, as the supporting base needed some flexibility if the model was to
function. This is of course closer to the situation in actual insects than the thick card used in the other
models; the latter was chosen so that the camber could conveniently be measured as the angle ε.
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ε

ζ

Figure 10. Models 4–8. (a) Model 4. (b) Model 5. (c) Model 6. (d) Model 7. (e) Model 8. The broken line
is the outline in the unflexed state. Model 4 is stable only when unflexed; Models 5, 6 and 7 are bistable.
Model 5 shows flexion only; Models 6 and 7 show torsion as well as bending. Model 8: explanation in
the text. Red lines correspond to transverse flexion lines, blue lines to median flexion lines in wings.

3. Results

3.1. Corrugation: Model 1

Pressing on the dorsal surface caused the cut pleats to move dorsally and the fan to flatten and
bend ventrally, creating an effective one-way hinge. When the fan was allowed to expand laterally,
the model was stable only in the unflexed state. In the actual wing, the veins on the ridges and the
stiffness of the convex pleats would bring about an elastic return to the unbent state. If expansion was
prevented, the fan buckled irreversibly.
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3.2. The M Shaped Section, Models 2 and 3

Model 2. Moderate pressure applied to the dorsal side caused the concave ridge to click abruptly
upward into the plane of the convex ridges, forming a sharp hinge in the concave ridge, with only
minimal curvature in the convex ridges and momentary slight lateral elastic overall expansion, which
recovered as the new position was reached; the model was bistable. Further pressure reached a
threshold at which the sides of the model buckled outwards and the section underwent catastrophic,
unstable bending, returning elastically to the intermediate position when pressure was released.

Model 3. Moderate pressure applied to the dorsal side caused the concave ridge to click upwards,
as in Model 2. The extra anterior and posterior folds extended beyond the resulting hinge. A shallow
v-shaped flexion line developed between the apices of the extra folds and the hinge. When the dorsal
side was pressed harder, the extra folds prevented lateral buckling, and the model was able to undergo
appreciably greater stable flexion (Figure 9d). In supplementary models in which the extra folds were
shorter, overall bending did occur beyond their apices.

3.3. Cambered Sections, Models 4–9

When flat, and ε = 180◦, all models responded equally to forces applied to the upper and lower
surfaces, but as soon as slight camber was introduced, they bent only ventrally. Figure 10 illustrates
what happened to each model when camber was applied to the card component, slightly reducing
ε, and a downward bending force was applied by finger to the flexible paper component distally to
the transverse flexion line. The same deformations could be induced by drag forces if the models
were flapped.

When camber was applied to the base, Model 4 (Figure 10a), where angle BOD = 180◦ and ζ = 90◦,
was stable in only one position, with a positive camber in the paper component. A downward force on
the flexible area bent it ventrally, but it returned elastically as soon as the force was released. Other
models, not illustrated, in which BOD was 180◦ and ζ was acute, were also monostable.

All the other models, Models 5–7 (Figure 10b–d), where angle BOD < 180◦, had two stable
positions: straight, with a positive camber in the paper component, and deflected, with a negative
camber. They could be snapped from one position to the other by downward and upward finger
pressure. Model 5 simply bent, but in Models 6 and 7, the paper component twisted as well as bent.
Other models, not illustrated, showed that the ratio of torsion to bending increases as ζ decreases,
and this reached an extreme in Model 8, where the anterior support extended to the end of the model
and there was no overall bending.

Models, again not illustrated, where ζ was constant but angle BOD varied, showed that the
magnitude of bending and torsion at a given value of ε increased as BOD increased. The geometry
here is essentially the same as that described by Haas and Wootton [54] in a practical and theoretical
analysis of the mechanisms involved in the folding of the hind wings of beetles and some blaberid
cockroaches, and the analytical model which they derived can be applied to the present problem.
For this reason, I have used the same letters for points and angles as appear in their paper.

In their model (Figure 11a,b), four fold lines, three of one sense (concave or convex) and one of
the other, meet at a single point, the “origin” O. If the model is planar and is capable of being folded
completely flat along these lines, opposite pairs of angles around the origin must each total 180◦.

In Figure 10, Models 5, 6 and 7 can be seen to correspond to those in Figure 11. In these,
when camber was applied by reducing ε, and the paper membrane depressed into the concave position
the latter assumed a curved section, whose apex automatically assumed the position of the convex fold
line OC in Figure 11a. We can redraw Figure 10c, Model 6, as Figure 11d, with the line of the apex
of the curve represented by a line, OC. Figures 10c and 11d are effectively Figure 11c upside down,
with angle ε below the model, AO, BO and DO convex instead of concave, and BC concave.
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Figure 11. (a) A four-fold system, found extensively in Coleoptera hindwings. (b) The same, schematized
for analysis by Haas and Wootton [54]. (c) The system partly folded. (d) Figure 9c modified, with a line
representing the lowest axis of the curved membrane. Greek letters in (b) represent the planar angles
around the origin, O.

Haas and Wootton [54] applied vector analysis to calculate the coordinates of point C: c (x), c(y),
c(z), for any given value of ε, assuming the fold lines to be of equal length, equal to 1. Using the dot
product, they derived three simultaneous equations:

Cos α = c(x)*cos δ + c(y)*sin δ cos ε + c(z)* sin δ*sin ε

Cos β = c(x)*cos γ + c(y)*sin γ

1 = c(x)2 + c(y)2 + c(z)2

Comparing Models 4–7: experimenting by manipulation shows that for a given value of ε,
the magnitude and speed of deflection increase and leverage decline with greater values of angle BOD.
When BOD is large, a tiny increase in ε causes significant bending, as well as torsion if ζ is acute.
In Model 4 (Figure 10a), with BOD = 180◦, deflection is theoretically maximal, as the paper could fold
back flat over the cardboard—but, in fact, increasing ε merely increases distal camber; there is no
leverage to drive deflection.

Manipulating Model 8 showed that increasing the camber about the longitudinal flexion line
stiffened anterodistal support, opposing bending at the cuneal fracture.

4. Discussion

The limitations of the models discussed here are self-evident. Insect wings are not rectangles,
flexion lines are often not straight or angular, and paper and card do not replicate the gradations in
stiffness and resilience of insect cuticle. Their justification lies in the fact that they mimic deformations
that are known to happen in flight. They are developed by experimenting with materials until their
behaviour when manipulated matches that observed in actual wings. They then provide an appropriate
first method for examining the geometry and mechanics underlying wing deformations, and they
serve to give some direction to future investigations.
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Corrugation in wings provides rigidity to transverse bending, but allows compliance to
deformation that is parallel to the ridges and channels, and also to torsion provided that any
cross-veins are flexible or have flexible joints with the longitudinal veins, like those discovered in
Odonata by Newman [3] and comprehensively mapped by Appel and Gorb [63]. Odonata wings show
torsion and camber change between half-strokes but have no bending adaptations; any bending being
large-radius elastic responses to extreme loads, with immediate recovery.

This is not so with Ephemeroptera. Flight in mayflies, though brief, is crucial to reproductive
success, and there is every reason to suppose their wings to be highly adapted for aerodynamic
efficiency in the competitive circumstances of mating and oviposition. Bullae are characteristic of
the families that use vertical nuptial flights. Vertical flight with a horizontal stroke plane allows
aerodynamic force symmetry between the half-strokes, but bending may be needed for force asymmetry
in directional flight by the subimagines and females; more kinematic information is needed. Bending
requires the wing to flatten, compressing the veins in the concave pleats, and the bullae, like the notches
in Model 1, allow these to buckle into the plane of the ridge veins without damage, with the stiffness of
the ridge veins driving the elastic return. The bullae are almost in a straight line across the wing, so that
flexion will be unstable, and the wing will return elastically, driven by the stiffness of the ridge veins.

The same problem faces other groups that use high relief for rigidity but need to bend. Hemiptera
and Hymenoptera tend to meet this by relatively sharp differentiation between the rigid supporting
base of the remigium and a flatter distal area, using the properties of camber to limit bending to ventral
only. Many other insects, particularly among Plecoptera and Holometabola, show more gradual
diminution of relief along the span and allow bending across moderate relief by upward buckling.
Here, this is true of only one vein and an adjacent flexion line but is similar in principle to the situation
in Ephemeroptera and paralleled in Models 2 and 3. In these cases, thyridia often serve the same
function as the bullae of mayflies, allowing local buckling without damage.

With both solutions, there seems to be a distinction between some situations, as shown in Brodsky’s
film of Isogenia, where bending—sometimes extreme—takes place around stroke reversal, followed
by rapid straightening and torsion in the early part of the upstroke, and others, where some flexion
continues throughout the upstroke, usually combined with some torsion and camber reversal. Both are
likely to have aerodynamic consequences. The sharp, angular acceleration in the former situation may
create useful transient unsteady lift; the latter condition would give steady favourable lift throughout
the translational part of the upstroke.

In the former case, monostable bending, as in Models 3 and 4, is acceptable, but in the second,
bistability is useful, and a curved flexion line is common, as simulated in Models 5, 6 and 7 and visible
in those of Sialis, Phlogophora, Panorpa, Tibicina, Urocerus and Ophion (Figures 5–7). In these cases,
bending can contribute to torsion, and an oblique flexion line becomes valuable—expressed as ζ in
Models 6 and 7, where flexion and torsion are interdependent. The inclination ζ depends greatly on
the relative lengths of the anterior and posterior supports—of SCP and the clavus (in Heteroptera,
the secondary rigid extension). This is illustrated in the Heteroptera in Figure 6a, and in the difference
between the fore and hind wings of Panorpa (Figure 1) [14]. The ratio of bending to torsion depends on
the value of ζ. The extreme condition, with torsion only, occurs where the anterior support extends to
the wing tip, as in Model 7, e.g., in Odonata, sphingid moths and many Diptera and Hymenoptera,
although many flies and Hymenoptera have a costal break—two in some Diptera—which allow a
degree of flexion [18]. This can also enhance torsion, and the same is true of the cuneal fracture in
mirid bugs (Figure 6c). Costal breaks in many Diptera are unusually proximally situated, and ventral
flexion and consequent torsion are sometimes extreme—for example, in the supremely kinematically
versatile Calliphora, whose wing can flex at two points, namely at the end of the SCP and close to the
base [1,64,65]. Ennos [65] has discussed the possible aerodynamic implications of this, suggesting that
the option of ventral flexion may give extra control of the force vector in all planes and contribute to
their remarkable manoeuvrability.
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Very little change in the basal camber of Model 7 was needed to alter distal wing torsion
significantly, and the same was true of both bending and torsion in Model 6. Model 8 is also significant.
As Betts [9] showed, the cuneal fracture may offer the options of flexion there, or across the membrane,
or both, and this could well be controllable by altering the basal section about the median flexion line.

The physical models described demonstrate some mechanisms by which insects could potentially
remotely control the instantaneous rigidity and shape of their wings in flight—but do they? The basal
section in many insects certainly alters during the stroke by hinge-wise bending along the claval flexion
line, but it is not yet clear how often and to what extent flexion along the median flexion line is actively
employed to influence distal shape and attitude in flight. Basal camber could in theory be modified by
altering the timing and/or amplitude of shortening of the basalar and subalar muscles. These typically
act antagonistically to pronate and supinate the wing respectively over the fulcrum of the pleural wing
process; a reduction, phasic or tonic, in the shortening amplitude of one or both could potentially
induce camber in part of the stroke, but it may not be as simple as this. In the well-documented case
of locust forewings, which control the distal angle of attack by assuming a basal z-shaped profile in
the upstroke by flexion about both the median and claval flexion lines [66,67], the basalar and subalar
muscles apparently act together to pronate the wing in the downstroke, while the principal supinator
is the flexor muscle [68]. Heteroptera, many of which have a clear median flexion line in the corium
that would seem to make them excellent candidates for active section control, have no basalar muscles;
the wing is pronated phasically by the indirect dorsal longitudinal muscle acting through the first and
second axillary sclerites [9,69]. The subalar muscle could perhaps induce basal camber by shortening
tonically over several stroke cycles, but this is pure conjecture.

Too little is still known about the precise operation of the basal direct muscles and axillary
sclerites of most insects, and electrophysiological as well as morphological research will be necessary
to determine whether in any particular case of stroke-by-stroke variation in wing shape is actively
controlled and wing rigidity actively tuned.

Whether or not the insects exert active profile control, the mechanisms do have possible technical
applications. Much recent work has gone into designing wings for micro air vehicles, but these have
for the most part been relatively unsophisticated, utilising the wings’ flexibility but not attempting
section control. I have suggested elsewhere how the principles explored in this paper could be used in
an insect-based MAV, with minimal additional actuation [70].

5. Conclusions

Interest in the intricate, fascinating structure of insect wings has grown enormously in recent
years, with the expansion of biomimetic engineering and the development of new micromorphological
techniques and computational modelling. Understandably, the emphasis has been on a few species,
predominantly Odonata and Diptera, with outstanding flight capabilities. The broader picture provided
by comparative studies, and hence of interest to entomologists as well as engineers, has in general been
lacking. This paper has attempted to show how simple, quickly built, physical models can continue to
be useful in investigating aspects of wing design, in explaining parallel adaptations across the range of
insect groups and by indicating directions for more sophisticated modelling.
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Abstract: The shape and function of insect wings tremendously vary between insect species. This
review is engaged in how wing design determines the aerodynamic mechanisms with which wings
produce an air momentum for body weight support and flight control. We work out the tradeoffs
associated with aerodynamic key parameters such as vortex development and lift production, and
link the various components of wing structure to flight power requirements and propulsion efficiency.
A comparison between rectangular, ideal-shaped and natural-shaped wings shows the benefits and
detriments of various wing shapes for gliding and flapping flight. The review expands on the function
of three-dimensional wing structure, on the specific role of wing corrugation for vortex trapping and
lift enhancement, and on the aerodynamic significance of wing flexibility for flight and body posture
control. The presented comparison is mainly concerned with wings of flies because these animals
serve as model systems for both sensorimotor integration and aerial propulsion in several areas of
biology and engineering.

Keywords: locomotion; animal flight; wing structure; aerodynamics; flight force

1. Introduction

Insect wings are complex, three-dimensional structures that are under selective pressures towards
functional optima. These optima result from multiple requirements, and also from evolutionary
influences relevant to the animal’s fitness. Wings have mainly evolved for locomotion and produce
aerodynamic forces during gliding and flapping flight at high wing beat frequencies of up to 1000 Hz [1].
The air flows generated for flight mainly depend on wing kinematics, the wing’s overall planform, and
the dynamics of elastic deformation owing to inertial and aerodynamic loading. Pinpointing the factors
that shape the evolution of wings and flapping kinematics is key to any in-depth understanding of flight.
Within the past decades, numerous comprehensive reviews and book chapters have been published on
insect flight, focusing on components such as aerodynamic mechanisms for lift enhancement [2–11],
power requirements for wing flapping [12–15], wing kinematics and control [16–21], and the efficiency
with which muscle mechanical power is turned into weight supporting lift [22,23]. This review is
engaged in the link between three-dimensional wing structure and aerodynamics, focusing on recently
published studies on the aerodynamic performance of wings in differently-sized insects. The review
highlights the behavior of wings in flies because these animals often serve as model systems for aerial
propulsion in both biology and engineering.

Insect wings receive their mechanical strength and endurance from two main components: on the
microscopic level, the three-dimensional composition of proteins and chitin-based cuticle layers [24–27],
and on the macroscopic level, the distribution and three-dimensional morphology of veins and elastic
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interconnecting membranes [28–33]. This light-weight design helps insect wings to widely resist
external forces using chitin as the main chemical component [34]. Veins greatly vary in density, size,
and shape between animal species and determine the wing’s structure and mechanical behaviors under
load, such as bending and twisting [29,35–39]. Veins provide structural support to a wing, preventing
the wing from tear [40,41] and host sensory receptors such as campaniform sensilla and innervated
bristles, including their afferent nerves [42–47]. By contrast, wing membranes are aerodynamic active
surfaces and composed of multiple layers of cuticle [25,27,48] with a thickness ranging from ~0.5 µm in
small insects to ~1.0 mm in forewings (elytra) of large beetles [28,49]. Veins and membranes form fine
geometrical structures that are typically of much smaller scale than the primary flow structures at wings,
such as wing tip and leading edge vortices, and referenced as wing corrugation [50]. Coarse-scale
structures, by contrast, typically refer to the wing’s overall curvature and termed chordwise and
spanwise wing camber [51]. Throughout the past decades, several technical developments, such as
high-resolution micro-computed tomography (µCT), have helped to better understand the various
aspects of wing morphology for structural integrity [27,52], while robotic and numerical studies on
insect flight have highlighted the aerodynamic significance of three-dimensional wing design [53–57].

Numerous studies have been published on the aerodynamic performance of translating [58–66]
and root-flapping rigid wings [8,67–74]. The aerodynamics of dynamically deforming insect wings,
by contrast, is less clear. Wing bending and twisting change the wing’s local angle of attack during
flapping motion. Wing bending and twist is thus similar to changes in wing kinematics and change
flow and force production. Wings may have an anisotropy in mean stiffness for ventral versus dorsal
loading that unbalances force production during upstroke and downstroke, even in cases in which
wing hinge articulation is the same in both halfstrokes [27,37,75]. Moreover, as spanwise stiffness in
insect wings is approximately one to two orders of magnitude larger than chordwise stiffness, wings
often deform in a characteristic fashion [37,76]. There is a continuing debate on the potential benefits
of dynamic shape changes in flapping flight because some authors reported aerodynamic advantages
of wing deformation for lift production [77–80], while other authors found disadvantages [80–82].

In this review, we work out the significance and tradeoffs of wing design for aerodynamic key
parameters such as vortex development and lift production. This is achieved by disassembling the
wing’s various properties and linking the components in wing structure to aerodynamics, power
consumption and flight efficiency. The sections start with flow phenomena in a simple, flat, rectangular
wing. In the second section, we focus on the benefits of elliptical and tapered wing shapes as found in
many species, including flies. This section also highlights that even simple genetic modifications of fly
wing planforms lead to measurable changes in aerodynamic performance. In the third section, we
consider the wing’s three-dimensional morphology. A recent numerical study, for example, showed
that the three-dimensional shape of rigid fly wings attenuates both lift production and aerodynamic
efficiency rather than enhancing these measures compared to a flat wing [83]. In the last section,
we focus on the aerodynamic consequences of elastic deformation in morphological complex wings.
Although elastic wings share similar fluid dynamic properties with rigid wing, an animal must
cope with the dynamically changing conditions because these changes may attenuate the ability and
precision of flight and body posture control.

2. Aerodynamic Properties of Root-Flapping Rectangular Wings

Rigid, flat, rectangular wings are often used to understand fundamental aerodynamic principles
and represent the most simple approach towards insect flight [84] (Figure 1). They are investigated
at different kinematic patterns such as revolving [85–87] and pitching motions [88–91]. Most studies
though focused on the dynamics of the leading edge vortex that develops on the upper wing side at high
angle of attack [8,72,92–100]. In contrast to a translating wing at high Reynolds number, the leading
edge vortex in root-flapping and revolving insect wings is stably attached to the dorsal wing surface
and enhances lift throughout the stroke cycle [72,92,101]. It obtains its stability from the viscosity of air
and axial flow between wing hinge and wing tip [102,103]. Although a rectangular root-flapping plate
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produces all characteristic types of vortices and flows typical for insect wings, it suffers from low span
efficiency compared to an elliptically shaped insect wing. Span efficiency is similar to Rankine–Froude
efficiency, which typically refers to mean efficiency of propulsion in a complete wing flapping cycle
of an animal during hovering conditions [104,105]. By contrast, instantaneous span efficiency varies
during wing flapping and is the ratio between ideal power requirements for lift production and the
actual requirements [106]. Span efficiency is maximum when the distribution of vertical velocities is
uniform in the wing’s downwash [107,108]. Under this condition, the kinetic energy of the downwash
is minimal owing to the non-linear, velocity-squared relationship between kinetic energy and wake
velocity. If velocities vary within the wake, the velocity-squared relationship produces costs at elevated
velocities that are not saved by the regions with low fluid velocities (Figure 2).

A pair of translating, flat wings has maximum span efficiency if it produces an elliptical lift
distribution from tip to tip (Figure 2b) [109]. Span efficiency depends on the geometry of a wing, i.e.,
planform and camber, and its kinematics, but not on the wing’s aspect ratio and wing loading [107].
In general, the left and right wing of a two-winged insect can either be considered a single aerodynamic
system or both wings may function as two aerodynamically independent systems. In the first case,
each wing should have a semi-elliptical shape that results in an ellipse if both wings are connected via
the insect body, where as in the second case each wing should have an elliptical shape for maximum
span efficiency. Both geometrical cases yield higher span efficiency than a translating rectangular wing
with same aspect ratio, and are thus beneficial for gliding flight of an insect. However, this conclusion
only holds if the wings are flat and not twisted because an appropriate twist of a rectangular wing may
equalize the downwash distribution via changes in local angle of attack.

 

Figure 1. Characteristics of fly wings. (a) Detached wing of the blowfly Calliphora vomitoria, mounted
to a steel holder. (b) Deformation of a blowfly wing (green) during loading by a ~64 µN point
force (white dot) applied normal to the ventral wing side (arrow) [75]. Grey, surface profile without
load. (c–e) Spanwise and chordwise wing profiles along the axes of rotation in three differently-sized
fly species (Drosophila melanogaster, Musca domestica, Calliphora vomitoria). The wing profiles are
superimposed on natural wing models (grey). The profiles separately show wing camber (Cam) and
wing corrugation (Cor). Both wing components were numerically extracted from the natural wing
shape (Nat) according to a procedure outlined in Engels et al. [83]. The out-of-plane component (z) is
exaggerated by a factor of 2 for better clarity.
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Figure 2. Ideal distribution of spanwise lift in translating and revolving wings. Distribution of vertical
downwash velocity during translation in an (a) rectangular and (b) elliptical insect wing. At constant
forward flight velocity, the inflow towards the wing is uniform. The ideal elliptical wing shape
spreads spanwise vorticity that produces maximum span and Rankine–Froude efficiencies. (c) In a
revolving wing, the non-uniform inflow requires adjustments in wing shape for maximum efficiency.
(d) Distribution of spanwise circulation in an elliptical wing according to Prandtl [109], Betz [110] and
Goldstein [111]. (e) Ideal wing shape for maximum span efficiency in a revolving wing according to
Prandtl–Betz and Goldstein (see Supplementary Materials).

In contrast to translating wings, in revolving and root-flapping wings, local blade velocity increases
with increasing distance from root to tip, producing a non-uniform inflow distribution (Figure 2c).
This changes the ideal, root-to-tip elliptical distribution in circulation (Figure 2d). Thus, an elliptical
wing does not produce a uniform downwash distribution during revolving or root-flapping motion,
requiring an eccentric planform for maximum span efficiency. Betz, Prandtl and Goldstein [110–112]
estimated the optimal distribution of circulation in flat propeller wings, assuming flow leakages at
the tip and root and thus zero circulation at the revolving axis (Figure 2c). Based on their results, we
estimated the optimal wing shape in Figure 2e and for the calculations in Figure 3 (see Supplementary
Materials). In contrast to Betz and Prandtl, Nabawy and Crowther [113–115] derived the optimal wing
shape of two revolving wings assuming the elliptical circulation distribution of a pair of translating
wings, with maximum circulation at the revolving axis. In this theoretical case, wing chord must
continuously increase from wing tip to root in order to compensate for the drop in inflow velocity,
leading to an “optimum” wing shape [114,115]. However, the latter design cannot produce a uniform
downwash as in Prandtl–Betz’s estimate. In sum, the expected lower span efficiency in a rectangular
wing may have fueled the evolution of elliptical insect wings for gliding flight. The expected lower
span efficiency of elliptical wings during wing flapping, by contrast, might have led to the development
of wing shapes that taper off towards the wing tip. Besides numerous biological pressures on wing
planform development, it should be noted that span efficiency is only one aerodynamic factor that
determines the costs of wing flapping as other costs such as inertial power requirements may also
significantly contribute to total flight power expenditures [116].
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3. The Aerodynamic Benefits of an Ideal Planform

Wing shape in insects is diverse. Significant shape measures are aspect ratio and the wing’s
planform. High aspect ratio wings minimize induced drag and provide high lift-to-drag ratios by
reducing the three-dimensional flow effects associated with tip vortices [117]. Aspect ratio also
determines the stability of the leading edge vortex during wing flapping [117]. There is a wide variety
of aspect ratios found in insect wings ranging from approximately 1.5 to 5.8 [118–122]. In Diptera,
previous studies reported aspect ratios of 2.91–3.14 for Drosophila [121,122], 2.88 for Musca [83], and
2.62–2.93 for Calliphora [119,121]. The highest aerodynamic forces in hovering, root-flapping insect-like
wings are produced at an aspect ratio of approximately 3.0 [123]. As already mentioned, wing planform
determines both the ability of a wing to produce lift and the span efficiency. Span efficiency for a gliding
wing typically varies between 0.7 and 0.85 [106] and previous studies on animal locomotion thus
used a standard generic value of 0.83 [108]. The latter value is comparatively close to the maximum
efficiency of an ideal wing with elliptical shape for translation and is not reached for root flapping
wings at low advance ratios.

Flow measurements in differently-sized moths, for example, show that span efficiency in flapping
flight is much smaller and varies between species. As the tested moth species had wings with similar
aspect ratio and planform, there is no trend in span efficiency with increasing body size [108]. Lowest
efficiency of 0.31 was measured in the smallest moth species Hemaris fuciformis with 0.2 g body mass,
0.6 in the intermediate-sized species Deilephila elpenor and with 0.85 g body mass and 0.46 in the largest
species Manduca sexta with 1.44 g body mass [108]. These data imply that the generic value of 0.83
might not be a suitable approximation in flying insects. Eventually, butterfly wing planforms, in
particular, produce elevated lift and thrust coefficients compared to any other planforms [124]. In these
species, the coefficients of force production increase with increasing taper ratio and aspect ratio. This
increasing performance, however, occurs at the cost of increasing power requirements for flight and
thus at the cost of a reduction in aerodynamic efficiency [124].

For this review, we additionally calculated the aerodynamic quantities of revolving (Figure 3) and
flapping (Figure 4) wings of a blowfly, as well as simple rectangular and ideal-shaped wings in order
to compare their performance. The ideal wing shape was calculated according to the estimation by
Prandtl–Betz in Figure 2e. The numerical simulations were performed using a previously published
numerical model [83,125] combined with a wavelet-adaptive solver [126], and efficiency was calculated
as Rankine–Froude efficiency [127]. Table 1 shows that revolving rectangular and fly wings perform
similarly, producing approximately the same amount of lift. The fly wing, however, produces this force
at slightly higher efficiency (0.23) compared to a rectangular wing (0.22). Both values are approximately
half of the values calculated from quasi-steady approach on flapping insects wings [128]. Surprisingly,
an ideal-shaped wing for rotation is less effective because most wing area is concentrated at the wing
base where the wing’s inflow velocity is low. The ideal-shaped wing produces ~52% less lift at ~29%
less efficiency than rectangular and natural fly wings (Table 1).
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Figure 3. Aerodynamics of revolving wings. (a–c) Upper row: aerodynamic characteristics of three flat,
continuously revolving wings (rectangular wing, ideal wing for rotation, wing of a blowfly). Middle
row: data show iso-surface with vorticity magnitude of 75 s−1 (grey) superimposed on a vorticity
iso-surface with 150 s−1 (red). The flow is shown after ~0.4 revolutions after motion onset. Lower
row: pressure difference (∆p *) between dorsal and ventral wing sides, and normalized to the uniform
wing loading pressure. The latter value is equal to body weight divided by the surface area of two
wings. (d,e) Time evolution of vertical lift in d and aerodynamic power in e. After motion onset (grey,
left), lift and power stabilize approximately after 0.3 revolutions (grey, right). Dots are mean values
calculated from ~0.32–~0.5 revolutions (grey, right). Wing length and area are identical in all wings.
For numerical modeling see [83]. Orange, rectangular wing; blue, wing of Calliphora vomitoria; and red,
ideal-shaped wing.
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Figure 4. Evolution of vorticity in a flapping rectangular (left) and blowfly (right) wing. (a–g) Vorticity
distribution at the beginning of the 3rd flapping cycle (t = 0–1) after motion onset. Vorticity of a
flapping wing of Calliphora vomitoria slightly differs from the flow in the rectangular wing. Data show
iso-surface with vorticity magnitude of 75 s−1 (semi-transparent grey) superimposed on a vorticity
iso-surface with 150 s−1 (red). LEV, leading edge vortex; TEV, trailing edge vortex; TIV, wing tip vortex.
For performance data and wing kinematics confer to Table 1 and a previously published study [83],
respectively. Wing length and area are identical in both wings.
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Table 1. Aerodynamic characteristics of single wings with various shape during revolving and flapping
motion. Wing shapes are shown in Figures 1–3.

Kinematics Property Rectangular Wing Ideal Wing Fly Wing

Revolving 1 Vertical force (µN) 471 215 431
Revolving 1 Paero (µW) 1696 724 1434
Revolving 1 Efficiency 0.22 0.16 0.23
Flapping 2 Vertical force (µN) 479 n.a. 458
Flapping 2 Paero (µW) 2340 n.a. 2361
Flapping 2 Efficiency 0.27 n.a. 0.25

Data are calculated by a three-dimensional numerical simulation model that was refined from a previously published
code (https://arxiv.org/abs/1912.05371). All tested wings have similar area (28.0 mm2) and length (9.76 mm), and
were flat without corrugation and camber. Mean vertical force was derived from t = ~0.32 to t = 0.5 revolutions after
motion onset in the revolving wing, and from the 3rd flapping cycle in flapping wings. Efficiency, Froude efficiency
for wing flapping [127]; n.a., no data available. Reynolds number is calculated from mean wing tip velocity and
mean wing chord. 1 Horizontal stroke plane, 112 Hz, 40◦ angle of attack, Reynolds number = 1320. 2 Inclined stroke
plane (−20◦, nose-down), 40◦ angle of attack during upstroke, 20◦ angle of attack during downstroke, 0.22 cycle for
wing rotation, 150 Hz stroke frequency, Reynolds number = 1320 [83].

Adding kinematic reversals to the revolving kinematic pattern (flapping motion) has little effect
on the performance of a rectangular and natural fly wing (Table 1). However, the time evolution of lift
production suggests that a rectangular wing produces more lift during up- and downstroke than the
fly wing, while the fly wing produces more lift during the stroke reversals.

Although aerodynamic force production changes with changing wing planform, there is little
variation in the wake behind wings with different geometry [129,130] (Figure 4). This is demonstrated
by the pressure distribution of differently-shaped wings in Figure 3 and by experimental investigations
on different categories of elliptic wing planforms with same aspect ratio and total area at Reynolds
numbers typical for wing motion in flying insects between 160 and 3200 [130]. The latter study
suggests that wake structure mainly depends on shape of the wing’s leading edge rather than planform.
The authors argue that the leading edge shape determines the shear layer feeding the leading edge
vortex, and thus the development of leading edge vortices and the associated flow topology [131].
Similar results are reported on mosquito flight using computational fluid mechanics and in vivo flow
measurements [94]. The latter study shows that apart from leading edge vortices, also trailing edge
vortices and rotational drag are responsible for elevated lift production. This was concluded from
the low-pressure distribution on the suction side of the wing near the trailing wing edge. The wing
planform of fruit flies, by contrast, does not produce similar low pressure regions although both insects
fly at similar Reynolds numbers [94].

In general, researchers often assume that the specific wing shape of an insect species is close to an
optimum, reflecting the result of a selection process on the animal’s aerial performance. A unique
approach toward the aerodynamic consequences of wing planforms in flies, however, implies that
wing shape also results from aerodynamically non-adaptive factors [47]. Flight tests on fruit flies with
genetically modified wing shape using targeted RNA interference demonstrate that wildtype controls,
with wing aspect ratios of ~2.5, have a reduced flight capacity compared to transgene animals with
wings at aspect ratios between ~2.7 and ~3.0 [47]. While maximum forward flight speed does not
increase with increasing aspect ratio, the transgene flies exhibit ~22% improved tangential acceleration
and an ~10% improved deceleration capacity, they turned at higher angular rate (~10 – ~21%) and at an
~23% smaller turning radius than controls. The results suggest that in fruit flies, an increasing aspect
ratio leads to an increase in agility and maneuverability. Notably, even if the GAL4-induced RNA
interference selectively tackled wing shape, the above findings could also be explained by behavioral
modifications because the maximum mechanical power output of the indirect flight muscles were
thought to be similar in both tested groups [47].
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4. Functional Relevance of Three-Dimensional Wing Shape

There is a longstanding debate on the functional relevance of three-dimensional wing shape
compared to a flat wing design. It is widely accepted that the wing’s three-dimensional corrugation
serves as a mechanical design element to improve stiffness and thus to avoid excessive wing
deformation during flight [28,132–134]. Its potential contribution to aerodynamic lift and drag
production, by contrast, is less clear and apparently depends on the chosen approach for analysis.
The majority of previously published studies used numerical or physical wing models at various
Reynolds numbers for analysis and reported that wing corrugation either improves aerodynamic
performance [56,58,65,66,118,135–137] or attenuates performance [56,59,65,66,134,137–139]. Other
studies that reported little or no effect of corrugation on wing performance in beetles [55],
dragonflies [140], bumblebees [141], hoverflies [142], and fruit flies [50] at Reynolds numbers between
35 and 34,000. Some studies, moreover, also reported inconsistent results on the significance of wing
corrugation in dragonflies [63,64,143,144], bumblebees [54], and a generic model [59].

Although corrugation may change local wing pressure, the difference of lift and drag coefficients
between corrugated and flat wings is typically not more than 5% for both lift and drag for angles of
attack between 35◦ and 50◦ [141], and 17% for drag at low Reynolds number of 200 and 5◦ angle of
attack [50]. A likely explanation for the latter findings is that corrugation is usually smaller than the
typical flow structures at the wing, such as the leading-edge vortex and the area of flow separation. Thus
small-scale corrugation produces only small local changes in both flows at the wing and aerodynamic
forces [50]. As the size of flow structures depends on Reynolds number, corrugation structures
should be coarser in small insect wings than in larger wings for pronounced wing-vortex interaction.
In contrast to small-scale corrugation, large-scale chordwise wing camber has a pronounced effect on
aerodynamics characteristics of a wing [54,55]. Upward camber and a downward oriented leading
wing edge tend to create more lift than a flat wing flapping at similar angle of attack. Chordwise
camber and the shape of the leading edge are thus comparable to a change in the effective angle of
attack of an insect wing [56,83].

There is little difference in flow patterns between flat and three-dimensional fly wings but vortices
and stagnant air cushions that are trapped in corrugation valleys of a wing may potentially improve
lift production by changes in wing’s effective geometry [61,135]. Evidence for trapped vortices were
experimentally found in wings moving at relatively high Reynolds number [63,64], including an
aerodynamic study that demonstrated vortex trapping at the wing’s acceleration phase and at Reynolds
numbers ranging from 34,000 to 105, but not at 3500 [140]. The latter value is at the upper end of
Reynolds numbers typical for flying insects. Studies that did not find vortex trapping attributed the
absence to the elevated angle of attack in insect wings [55]. In corrugated wings of gliding dragonflies,
slowly rotating vortices only develop at small angles of attack but flow broadly separates from the wing
surface at larger angles (Re = 34,000 [53], Re = 1400 [136]). By contrast, a recent numerical study on
root-flapping wings shows that corrugation valleys in fruit flies, house flies, and blowflies are unable
to trap vortices at Reynolds numbers up to 1623 (Figure 5) [83]. Thus, small-scale corrugation, low
Reynolds number, spanwise flow advecting vorticity and high angle of attack make vortex trapping
less likely in flapping insect wings. Trapped flows should thus be considered as an exception rather
than a common aerodynamic phenomenon in insect flight [134].
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Figure 5. Flow pattern produced by natural wing models of three fly species. Color-coded instantaneous
streamlines in (a) Drosophila, (b) Musca, and (c) Calliphora. Snapshots are taken at 1.3 (Drosophila) and
3.3 stroke cycle (Musca, Calliphora) after motion onset in natural wings [83]. Streamlines were computed
from particles released in the corrugation valleys of the dorsal (upper) wing surface near the leading
wing edge. Data show little spanwise vorticity inside the corrugation valley near the surface (arrows)
and leading-edge vortex suction pulls the virtual particles away from the surface.

Aerodynamic studies on fly wings with genetically modified corrugation and camber patterns are
missing and thus is the exact significance of wing corrugation in flies for aerodynamic performance
and efficiency. This difficulty was recently circumvented by a numerical study using computational
fluid dynamics on three differently-sized fly species (Drosophila melanogaster, Musca domestica, and
Calliphora vomitoria) [83]. The wing models were reconstructed from high-resolution scans [75] and
corrugation and camber numerically removed afterwards. The study allowed a direct comparison
of air flow structures, force production, power requirements, and propulsion efficiency of a natural,
cambered, corrugated and flat wing design. The findings suggest that three-dimensional corrugation
of fly wings has no significant effect on mean aerodynamic force production compared to a flat wing at
the tested Reynolds numbers for wing motion between 137 and 1623 [83]. This result is consistent with
a previous study on bumblebee model wings that reported less than 5% change in aerodynamic force
production of four differently-corrugated wings [141]. Our data, instead, suggest that corrugation may
alter the temporal distribution of forces within the stroke cycle.

The three-dimensional camber of rigid fruit fly-, housefly-, and blowfly-wings also has no
significant benefit for lift production but attenuates Rankine-Froude flight efficiency by up to ~12%
compared to a flat wing [83]. This is different from previous findings on deforming wings in hoverflies,
which is discussed in chapter 5 [145]. The computed flight efficiencies in rigid wings of 17–23%
were somewhat below the experimentally derived estimates that range from 26–32% in various
species of fruit flies to 37–55% in large crane flies, beetles and bees [23]. A potential explanation for
this discrepancy is that many of the experimental studies used Ellington’s quasi-steady model for
flight power [128], while the numerical model solved the Navier–Stokes equations for fluid motion.
Altogether, the above results make it more likely that 3-dimensional corrugation and camber have been
selected according to mechanical rather than aerodynamic constraints. Even though there are some
energetic costs for wing flapping associated with three-dimensional wing shape, the increased stiffness
and change in force distribution in corrugated and cambered insect wings might be of advantage
during elevated wing loading—conditions that occur during maneuvering and flight under turbulent
environmental conditions.

5. Wing Stiffness and Benefits of Elastic Wing Deformation

Wing joints, the cuticular composition of proteins and chitin fibers, and elastic proteins such as
resilin allow wings to elastically deform during flapping motion in response to inertial and aerodynamic
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loads [24,146–156]. Elastic wing deformation alters flight in two ways: first, it smooths out and thus
lowers sudden acceleration of local wing mass, and consequently maximum instantaneous inertial
costs [116,157–159], and second, it changes flow conditions due to changes in local angle of attack,
and thus the direction of flow [79,160]. In hoverflies, these effects appear to be negligible, as the time
courses of lift, drag and aerodynamic power are similar in deforming (camber deformation, spanwise
twisting) and rigid flat-plate wings [145]. Part of the potential energy stored in a deformed wing might
not be elastically recycled throughout the stroke cycle, which results in plastic deformations and stress
on the cuticle [161]. Moreover, the energy loss stresses the total energy budget for flight and thus leads
to a reduction of propulsion efficiency. Measurements in wings of fruit flies, house flies and blowflies
suggest that only 77–80% [161] and 87–93% [75] of the elastic potential energy is recycled during a full
deformation–relaxing cycle. However, the significance of the relative loss in elastic potential energy
depends on how much the wing deforms during flight. For example, at the end of each half stroke,
aerodynamic and added mass reaction force partly cancel out wing mass-induced moments [161].
Total elastic potential energy is thus small at the end of upstroke and downstroke, and so is energy loss.
Consequently, the elastic structures of the wing may not be able to recycle much kinetic energy gained
from a preceding half stroke and thus contribute only slightly to the recycling of kinetic energy at the
stroke reversals. By contrast, a larger amount of elastic potential energy is stored at the beginning of
each half stroke and subsequently released throughout the wing translation phase in flies [161].

To avoid wing bending at elevated wing loading, spring and flexural stiffness of insect wings
typically increase with increasing body size [29]. This finding also holds for fruit flies, house flies and
blowflies, in which median spring stiffness along an aerodynamic characteristic beamline is ~0.024,
0.63, and 1.76 Nm−1, and median flexural stiffness is 4.86 × 10−11, 9.73 × 10−9, and 1.33 x 10−7 Nm2,
respectively [75]. Due to these elevated stiffness values, fly wings deform only little in spanwise
direction during wing flapping. Nevertheless, the distribution of local spatial stiffness in fly wings
varies between species. In response to point loads at 11 characteristic points on the wing surface,
for example, the average spring stiffness of bending lines between wing hinge and point load varies
~77-fold in fruit flies and ~44-fold in house flies but only ~28-fold in large blowflies [75]. This suggests
that wings of larger flies behave more like a homogenous material with uniform thickness compared to
smaller flies. As this property determines how inertial and aerodynamic forces deform a flapping wing,
the stiffness variability could reflect the differences in local aerodynamic forces in different species.

Besides elastic energy recycling, dynamic deformations in span- and chordwise direction alter
the wing’s aerodynamic performance throughout the stroke cycle [162–164] and may help to stabilize
flight [165]. Findings on the aerodynamics of flexible wings have recently been summarized in a
comprehensive review [5]. For example, Du and Sun [145] found that camber deforming and spanwise
twisting wings of hoverflies produce ~10% more lift at ~17% less aerodynamic power expenditures
than a flat rigid wing. The authors suggest that this benefit in lift production is mainly caused by the
dynamic changes in wing camber, while the difference in power is mainly due to spanwise twist [145].
More lift at reduced costs results in an increase in flight efficiency, which in turn reduces the metabolic
cost for wing flapping and may eventually enhance the animal’s fitness. Notably, this conclusion
runs counter to the study on rigid fly wings that found a decrease in Rankine–Froude efficiency in
cambered compared to flat wings (see chapter 4) [83]. Other examples on the significance of dynamic
camber and spanwise twist include beetles and moths. Owing to force-induced deformation, wing
camber in beetles is inverted (downward camber) during the upstroke that improves aerodynamic
performance compared to a non-deforming wing [55]. Aerodynamic details of wings with different
geometry including twist, leading edge details, and camber in hawkmoth-like revolving wings [86]
show that flow separation at the leading edge prevents leading-edge suction and thus allows a
simple geometric relationship between forces and angle of attack. The force coefficients in these
experiments appear to be remarkably invariant against alterations in leading-edge detail, twist and
camber. In general, our knowledge on the aerodynamic significance of three-dimensional wing structure
and flexing in insect flight is still limited and largely stems from studies on simplified flight models

35



Insects 2020, 11, 466

such as two-dimensional computational simulations, rectangular flat wing planforms, simplified
three-dimensional extrusions of two-dimensional profiles, and also from work at inappropriately large
Reynolds number [54,58,59,65,118,135,136,138].

6. Conclusions

In conclusion, wings of insects and wings of flies (in particular) are complex, three-dimensional
body appendages with elevated spanwise and comparatively little chordwise stiffness. Their tapered
shape improves span efficiency during root-flapping but genetic modifications of wing shape has
questioned that the current shape solely results from a evolutionary selection process towards maximum
aerodynamic performance [47]. The three-dimensional corrugation pattern of veins and membranes
forms valleys that channel axial flow components, following the pressure gradient from the wing
hinge to the tip, but does not trap vortices for lift-enhancement as previously suggested for the more
corrugated wings of dragonflies [28,61,83,135]. Fly wings also have the ability to store elastic potential
energy during wing deformation, but analyses using static loadings suggest that up to ~20% of this
energy might be lost due to plastic or viscoelastic deformation. Nevertheless, the exact benefits of
three-dimensional wing design for locomotor capacity, flight efficiency and body posture control in
insects are still under debate [166]. These data, however, are highly welcome not only by biologists
working on insect flight, but also by engineers working in the area of bionic propulsion and on the
development of the next generation of man-made flapping devices.

Supplementary Materials: Detailed descriptions on the calculation of spanwise circulation and wing shape in
revolving wings are available online at http://www.mdpi.com/2075-4450/11/8/466/s1.
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Abstract: Sirex noctilio F. (Hymenoptera: Siricidae) is an invasive woodwasp from Europe and North
Africa. Globalization has led to an expanding global presence in pine forests. S. noctilio has been
previously introduced outside of its native range and now co-occurs in trees with native S. nitobei

Matsumura (first discovered in 2016). Damage to Pinus sylvestris var. mongolica Litv in northeast
China can be attributed to two types of woodwasp. To distinguish the two species by the traditional
taxonomic morphology, we mainly differentiate the color of the male’s abdomen and the female’s
leg. There remains intraspecific variation like leg color in the delimitation of related genera or
sibling species of Sirex woodwasps. In this study, we used landmark-based geometric morphometrics
including principal component analysis, canonical variate analysis, thin-plate splines, and cluster
analysis to analyze and compare the wings, ovipositors, and cornus of two woodwasps to ascertain
whether this approach is reliable for taxonomic studies of this group. The results showed significant
differences in forewing venation and the shapes of pits in the middle of ovipositors among the
two species, whereas little difference in hindwings and cornus was observed. This study assists in
clarifying the taxonomic uncertainties of Siricidae and lays a foundation for further studies of the
interspecific relationships of the genus Sirex.

Keywords: cornus; geometric morphometrics; ovipositor; Siricidae; taxonomy; wing

1. Introduction

Siricidae is a small group of species, in which individuals are relatively large with a clean body
surface and easily identifiable morphological features. One of the most striking features of Siricidae is
what appears to be incredible variation in wing venation, including the appearance or the disappearance
of veins symmetrically or asymmetrically on either wing. Such variation is very rarely seen in other
Hymenoptera, a group where wing veins are important for classification [1]. The wing characteristics
of Siricidae are unstable and seldom used in taxonomic studies. In general, the classification and
identification of this group is based mainly on the structure of the thorax and abdomen. However,
these structures are very similar in closely related species; thus, it is difficult to accurately identify
species in some cases. Interestingly, geometrics, as a new classification method, has been recently
applied in many classification studies of Hymenoptera [2].
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It is well known that insect wing shape can exhibit a high heritability in nature [3,4]. Thus, wing
morphology is of primary importance to entomologists studying systematics. Since the 1970s, several
investigators have used the two-dimensional characteristics of insect wings to advance the fields
of systematics and phylogeny [5,6]. Geometric morphometrics utilizes powerful and comprehensive
statistical procedures to analyze the variations in shape using either homologous landmarks or outlines of
the structure [6–8], and it is currently considered to be the most rigorous morphometric method. Wings
are excellent in studies that define morphological variations because they are nearly two-dimensional and
their venation provides many well-defined morphological landmarks [9]. For instance, vein intersections
are easily identifiable, which enables the general shape of the wing to be captured [10]. The use of
geometric morphometrics to study wing venation has also been useful in insect identification at the
individual level [11], in differentiation between sibling species [12,13], and in delimitation among genera.
However, thismethodology has not yet been applied in studies of woodwasps.

The wood-boring wasp, Sirex noctilio Fabricius (Hymenoptera: Siricidae), is an invasive pest of
numerous species of pine tree (Pinus spp.) worldwide and most of the destruction from S. noctilio is in
commercial plants [14,15]. In August 2013, woodwasps were detected as a pest of Mongolian pine
(Pinus sylvestris var. mongolica) in the Duerbote Mongolian Autonomous County, Heilongjiang Province,
China [16]. In 2016, two morphologically similar woodwasps were found to damage P. sylvestris var.
mongolica in Jinbaotun forest farm, Inner Mongolia, causing a lot of pine forests to weaken and die.
After morphological comparison and molecular identification, the two woodwasps were S. noctilio and
S. nitobei [17]. Each have two pairs of large, transparent-film wings with visible mesh veins. As the
insect wing is a planar structure, it is relatively easy to acquire two-dimensional images, and it is
difficult to unintentionally distort the structure. Unfortunately, it is rather difficult to identify S. noctilio

and S. nitobei wing vein characteristics with the naked eye, and these two species display unstable vein
patterns, which means that the use of geometric morphometrics is appropriate [18].

In previous studies, the pits on the ventral portion (lancet) of the ovipositor have been consistently
used as an identifying structure. The lancets of the ovipositor independently slide back and forth to
move the egg and to penetrate wood. This characteristic was used for the first time by Kjellander (1945)
to segregate females of S. juvencus from those of S. noctilio. Furthermore, the size, shape, and number of
pits on the ovipositors can be used as distinguishing features for the identification of most species [15].
This also holds true for Sirex, in which the most important distinguishing characteristics on the
ovipositor are pits located from the base to approximately the middle of the lancet, although the apical
teeth segments usually do not show distinct differences [15]. Another striking diagnostic feature
is the large hornlike projection, called the cornus, on the last abdominal segment of the females.
The cornus is thought to help the larvae pack the frass in the tunnel. The cornus varies in shape (the
shape of the female cornus does not vary with size for most species), although their distinguishing
features remain poorly characterized. These difficulties underline the need for further studies to clarify
the taxonomy of woodwasps, either by searching for new morphological characteristics with clear
distinguishing variations or applying alternative effective methods to provide a basis for studying
flight and reproductive behavior.

Geometric morphometrics [6,19,20] overcomes the shortcomings of conventional morphological
analysis and focuses on the topological information of the organic form [18]. In addition, as it is
not affected by various factors, such as size and shape, this method has the potential to be more
widely used in the identification of insects, resulting in automatic insect recognition system that is
continually updated and improved [3]. In taxonomy and other fields, genetics and morphometrics
are complementary tools that are often used to understand the origins of phenotypic differences.
The application of marker points in biology can be divided into three categories [21]. In this study,
we focused on two of these categories, namely (i) the common points that can be accurately found
on each specimen based on the anatomical features, which is a mathematical point supported by
substantial evidence between homologous subjects [22], such as structural intersections (the basis for
marking points on wings); and (ii) the mathematical point for homologous subjects, which is supported
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by geometrical rather than histological evidence, such as depressed or convex points (the basis for
marking points on ovipositors and cornus). Platts analysis was used to superimpose the marker points
and minimize the deviation of the marker points. In the same coordinate system, the influence of
non-morphological factors in morphological information analysis was eliminated, and the average
contour of each population was obtained. Thus, in the present study, we applied landmark-based
geometric morphometrics to quantify and analyze wing, cornus, and ovipositor morphologies of two
Sirex species that have not been previously characterized. We explored the similarities between these
species to strengthen the available quantitative research data that form the basis of species identification
and to provide new insights for automatic insect identification systems.

2. Materials and Methods

2.1. Ethics Statement

This study did not involve endangered or protected species. No specific permits were required
for this study.

2.2. Insects

Insect samples were collected from the Jinbaotun Forest in Tongliao City, Inner Mongolia, from
June 2016 to September 2017. Trees were felled in early summer, and insects were collected at
emergence. Insects were collected from different, unrelated plots. Sirex specimens were structurally
analyzed (Table 1). Prior to geometric morphometric analysis, specimens were identified using adult
morphological characteristics, including the color of their thoracic legs, abdomen [1,23].

Table 1. The Sirex specimens collection information in this study.

Species Family
Host Number

Collecting Date
Female Male

Sirex noctilio Siricidae
Pinus sylvestris var.

mongolica Litv
20 20 2016/07/15

Sirex nitobei Siricidae
Pinus sylvestris var.

mongolica Litv
20 20 2016/09/05

2.3. Insect Processing and Image Acquisition

The front and rear wings of each specimen were cut off from the body. Rohlf et al. suggested
using only one side of each paired organ or limb to avoid asymmetry bias between the two halves [24].
In this study, only the left wings of specimens were used, which were ultrasonically cleaned with
75% alcohol for 90 s to remove impurities. Thereafter, specimens were dehydrated with an ascending
series of ethanol washes (75%, 80%, 85%, 90%, 95%, 100%, and 100%) for 20 min each. Specimens
were softened with xylene, placed on glass slides that were previously wiped clean with a lens tissue,
and then mounted in neutral balsam.

Ovipositors and cornus were dissected from the Sirex specimens, and the remaining parts were
stored at −20 ◦C. We used ten individuals of each species to examine the pits and cornus. Impurities
were removed from the specimens by ultrasonic cleaning (Skymen, JP-1200, Shenzhen, China) or
brushing. The specimens were then placed face up on clean glass slides and mounted in neutral gum
(Coolaber, Beijing, China). All specimens were numbered.

A light microscopy (Leica, S4E, Wetzlar, Germany) was performed to determine the number and
distribution of pits on ovipositors. Images were captured with a Nikon camera (Nikon D90, Tokyo,
Japan). Each image was saved as a 24-bit. bmp image, and original stored images were used in
subsequent analysis rather than compressed files. The directions and positions of the specimen images
were readjusted with Photoshop CC2015 software (Adobe Systems, San Jose, USA).
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2.4. Standardization of Data and Statistical Analysis

The TPS files were maked from selected images of wings, ovipositors, and cornus using TpsUtil
software (tpsUtil 1.47, [24]). The landmarks in each image were recorded as the central location point
of each specimen and digitized using TpsDig2 software (New York, NY, USA) [24]. For each. Tps file,
the landmarks were scanned in the same order, and the scale factor was set for each image. Therefore,
20 landmarks from the forewing, 11 landmarks from the hindwing (Figure 1a), nine landmarks
(Figure 2) from the ovipositor (from the base to the middle pits, Nos. 14, 15, 16), and five landmarks
from the cornus (Figure 3) were digitized.

Figure 1. Description of the landmarks used in geometric morphometric analysis. (a) Locations of the
20 landmarks on the forewing of Sirex considered in the geometric morphometric analysis, locations of
the 11 landmarks on the hindwing of Sirex considered in the geometric morphometric analysis; (b) The
black wing image which was converted to binary.

Figure 2. Position of 9 type landmarks on the ovipositor of Sirex considered in the geometric
morphometric analysis.

Figure 3. Position of 5 type landmarks on the cornus of Sirex considered in the geometric
morphometric analysis.

After the. Tps files were converted into nts files using TpsUtil software and the marker information
was saved, the images were processed with MorphoJ software [25,26]. The variations in shape were
assessed by principal component analysis. To better visualize the variations in shape, we determined
the average configuration of landmarks for each species. Deformation grids were used to show the
variations. The relative similarity and discrimination of the species was analyzed using canonical
variate analysis, which identified changes in shape using mean values of the two groups by assuming
that covariate matrices were identical [27]. Canonical variate analysis is a reliable method for identifying
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differences among taxa. Procrustes ANOVA (Analysis of Variance) [25,28] was utilized to determine
significant differences among species [29]. Furthermore, PAST software [30,31] was used to generate
phenograms by cluster analysis that utilized Euclidean distances calculated from the matrix of the
Procrustes shape coordinates. ImageJ software [32] was used to calculate the wing area. All images
were converted into binary files, and the background was removed, which resulted in a black wing
surrounded by a white space (Figure 1c). The wing outline was assessed, and minor damage to the
wing outline was eliminated. The pixels per mm were calculated using a ruler of known scale, and the
wing area was obtained.

3. Results

3.1. Shape Variables of the Wings in the Genera of S. noctilio and S. nitobei

3.1.1. Analysis of Female Forewings

Principal component analysis showed shape variations in S. noctilio and S. nitobei wings (Figure 4a).
The results of Procrustes ANOVA explained 42.79% of the intergroup variations in S. noctilio and
S. nitobei female forewings. Significant differences in the forewings were observed between the two
species by principal component analysis (Figure 4a) and cluster analysis (Figure 4d). Mahalanobis
distances between S. noctilio and S. nitobei female wings are significantly different in comparisons
(p < 0.05), and Procrustes distances (p < 0.05) are similar (Table 2).

Figure 4. Shape variables of the female forewings of S. noctilio and S. nitobei (a) principal component
analysis-(b) Transformation grids for visualizing a shape change (for the first two principal component,
in this case)-(c) The Tps grids of Canonical Variate-(d) Phenogram of cluster analysis.
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Table 2. Differences in the female wings shapes among the species of Mahalanobis distances (left)
& Procrustes distances (right): p-values (above); distances between populations (below) (10,000
permutation rounds).

Forewings Hindwings

S. noctilio S. nitobei S. noctilio S. nitobei S. noctilio S. nitobei S. noctilio S. nitobei

Mahalanobis distances Procrustes distances Mahalanobis distances Procrustes distances

S. noctilio p-values - <0.0001 - <0.0001 - 0.0001 - <0.0001

S. nitobei distances 11.0555 - 0.0611 - 23.0325 - 0.0830 -

The lollipops and deformation grids indicated the direction and magnitude of the shape variations
by principal component analysis (Figure 4b) and canonical variate analysis (Figure 4c). The deformation
grids of the first between-group principal component revealed differences in the junction (No. 5) of Cu
and 2m-cu, the junction (No. 16) of R1 and Rs2, the vannal region (Nos. 1, 3, 4) of 2A and 2cu-a, 2A and a,
1A and a. The deformation grids of the second between-group principal component revealed differences
in the Rs and 2r (No. 19) and the region (around junctions Nos. 10, 17, 2). The deformation grids of the
first between-group canonical variate showed that contributing most to the shape differences between
them was the junctions of Cu and 2m-cu etc. (Nos. 5, 16, 3, 4, 12) (Figure 4c) (Table 3).

Table 3. Landmarks of forewing (according to veins nomenclature system by Ross (1937).

No. Junctions of Veins No. Junctions of Veins

1
2A (anal veins) and 2cu-a

(cubitoanal crossvein)
11

M and 3r-m
(radiomedial crossvein)

2 1A and 2A 12 M and 2m-cu
3 2A and a (anal crossvein) 13 M and 2r-m
4 1A and a 14 M and 1m-cu

5
Cu (cubitus) and 2m-cu

(mediocubital crossveins)
15 Rs (radial sector) and M

6 Cu and 2cu-a 16 R1 (radius) and Rs2
7 Cu and 1m-cu 17 Rs2 and 3r-m
8 Cu and 1cu-a 18 Rs and 2r-m
9 M (media) and Cu 19 Rs and 2r (radial crossvein)
10 M and Cu1 20 Rs and 1r

3.1.2. Analysis of Female Hindwings

The results of Procrustes ANOVA explained 43.71% of the intergroup variations in S. noctilio and
S. nitobei female hindwings. There was also significant difference between two groups in principal
component analysis (Figure 5a) and cluster analysis (Figure 5d). The deformation grids of the
first principal component revealed differences in the junction (No. 2) of 1A and 2A (Figure 5b).
Also, the junctions of Cu and m-cu, Cu and cu-a, C (costa) and R1 (Nos. 3, 4, 11) appeared variable in
species, whereas those of the second principal component revealed differences in the remigium (Nos.
7, 5, 11, 2, 8, 10) (Figure 5b). The deformation grids of the first canonical variate showed significant
differences in the region of vannal fold (Nos. 2, 3, 4) (Figure 5c) (Table 4).
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Figure 5. Shape variables of the female hindwings of S. noctilio and S. nitobei (a) principal component
analysis-(b) Transformation grids for visualizing a shape change (for the first two principal component,
in this case)-(c) The Tps grids of Canonical Variate-(d) Phenogram of cluster analysis.

Table 4. Landmarks of hindwing (according to veins nomenclature system by Ross (1937).

No. Junctions of Veins No. Junctions of Veins

1 1A and cu-a 7 M and m-cu
2 1A and 2A 8 M and 1r-m
3 Cu and m-cu 9 Rs and 2r-m
4 Cu and cu-a 10 Sc (subcosta) and Rs
5 M and Cu 11 C (costa) and R1
6 M and 2r-m

3.1.3. Analysis of Male Forewings

The results of Procrustes ANOVA explained 35.29% of the intergroup variations in S. noctilio and
S. nitobei male forewings. Significant differences in Mahalanobis distances of the male wings were
observed between the two species (p < 0.0001, Table 5). These findings were consistent with those of
principal component analysis (Figure 6a) and cluster analysis (Figure 6d or Figure 7d).

Table 5. Differences in the male wings shapes among the species of Mahalanobis distances (left)
& Procrustes distances (right): p-values (above); distances between populations (below) (10,000
permutation rounds).

Forewings Hindwings

S. noctilio S. nitobei S. noctilio S. nitobei S. noctilio S. nitobei S. noctilio S. nitobei

Mahalanobis distances Procrustes distances Mahalanobis distances Procrustes distances

S. noctilio p-values - <0.0001 - <0.0001 - <0.0001 - <0.0001

S. nitobei distances 10.7298 - 0.0581 - 23.4236 - 0.0828 -
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Figure 6. Shape variables of the male hindwings of S. noctilio and S. nitobei (a) principal component
analysis-(b) Transformation grids for visualizing a shape change (for the first two principal component,
in this case)-(c) The Tps grids of Canonical Variate-(d) Phenogram of cluster analysis.

Figure 7. Shape variables of the male hindwings of S. noctilio and S. nitobei (a) principal component
analysis-(b) Transformation grids for visualizing a shape change (for the first two principal component,
in this case)-(c) The Tps grids of Canonical Variate-(d) Phenogram of cluster analysis.
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The deformation grids of the first principal component revealed differences in the remigium (No.
16), the junction of Cu and 2m-cu, 2A and a etc. (Nos. 5, 3, 4, 18,13) (Figure 6b). These findings were
similar to the deformation grids of the first canonical variate (Figure 6c). The deformation grids of the
second principal component revealed differences in the junction of M and 2m-cu, 2A and 2cu-a, M and
Cu1 (Nos. 12, 1, 10) (Figure 6b).

3.1.4. Analysis of Male Hindwings

The results of Procrustes ANOVA explained 32.89% of the intergroup variations in S. noctilio

and S. nitobei male hindwings. The principal component analysis of the two species had individual
sample overlap.

The deformation grids of the first principal component revealed differences in the region (around
by junctions Nos. 2, 4, 9, 8) (Figure 7b) were similar to the deformation grids of the first canonical
variate (Figure 7c), whereas those of the second principal component revealed differences in the
junctions of 1A and 2A, M and 1r-m, Cu and cu-a (Figure 7b).

3.1.5. The Relationship between Wings and Dry Weight of Sirex

No significant differences were observed in the hindwings of the two woodborers. The total
forewing area of male and female S. noctilio adults was significantly different from that of S. nitobei

adults (F = 19.12; df = 3, 36; p < 0.0001; Figure 8). There was a positive correlation between the dry
weight and forewing length between the two species (S. noctilio: r = 0.8588; p < 0.0001; S. nitobei:
r = 0.8837; p <0.0001; Figure 9).

Figure 8. Comparison of total forewing area among two Sirex. Different letters indicate significant
differences in total wing area among woodwasps within each sex, based on Tukey–Kramer’s multiple
comparison tests at the 5% significance level.

Figure 9. Relationship between the dry weight of body and the length of forewing (left: Sirex noctilio;
right: Sirex nitobei).

3.2. Shape Variables of the Ovipositors in the Genera of S. noctilio and S. nitobei

The results of Procrustes ANOVA explained 67.94% of the intergroup variations in S. noctilio

and S. nitobei female ovipositors. Mahalanobis distances between the two species were significantly
different in pairwise comparisons (p < 0.0001), and Procrustes distances were similar (p < 0.0001)
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(Table 6). These findings were confirmed by the results of principal component analysis (Figure 10a)
and cluster analysis.

Table 6. Differences in the ovipositor shapes among the species of Mahalanobis distances (left) & Procrustes
distances (right): p-values (above); distances between populations (below) (10,000 permutation rounds).

Ovipositor

S. noctilio S. nitobei S. noctilio S. nitobei
Mahalanobis distances Procrustes distances

S. noctilio p-values - <0.0001 - <0.0001

S. nitobei distances 12.0359 - 0.0986 -

Figure 10. Shape variables of the ovipositor of S. noctilio and S. nitobei (a) principal component
analysis-(b) Transformation grids for visualizing a shape change (for the first two principal components,
in this case)-(c) The Tps grids of Canonical Variate-(d) Phenogram of cluster analysis.

The deformation grids of the first principal component (Figure 10b) and first canonical variate
(Figure 10c) revealed differences in the angle (1, 4, 7) of the average pit, whereas those of the second
between-group principal component revealed differences in the bottom left points (2, 8).

3.3. Shape Variables of the Cornus in the Genera of S. noctilio and S. nitobei

The results of Procrustes ANOVA explained 31.24% of the intergroup variations in S. noctilio and
S. nitobei cornus. Mahalanobis distances among the two species were significantly different in pairwise
comparisons (p < 0.05), and Procrustes distances were similar (p < 0.05) (Table 7). These findings had
differences in those of cluster analysis (Figure 11d). Cluster analysis (Figure 11d) revealed that several
individuals (e.g., 9, 10, 11) could not be clustered, which might have been due to differences in the
tunnel environment and ossification structure. In general, the results of quantitative geometric analysis
were consistent with those obtained by the naked eye.
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Table 7. Differences in the cornus shapes among the species of Mahalanobis distances (left) & Procrustes
distances (right): p-values (above); distances between populations (below) (10,000 permutation rounds).

Cornus

S. noctilio S. nitobei S. noctilio S. nitobei
Mahalanobis distances Procrustes distances

S. noctilio p-values - 0.0067 - 0.0006
S. nitobei distances 1.6984 - 0.1390 -

Figure 11. Shape variables of the cornus of S. noctilio and S. nitobei (a) principal component analysis-(b)
Transformation grids for visualizing a shape change (for the first two principal components, in this
case)-(c) The Tps grids of Canonical Variate-(d) Phenogram of cluster analysis.

4. Discussion

In recent years, we have witnessed monumental improvements in geometric morphometrics,
which have enhanced the study of insect morphology. In general, these methods separate species shape
from size and primarily focus on the shape as the key morphological characteristic, as few variables can
reveal morphological differences between similar species. Geometric measurement methods, together
with relevant mathematical models (e.g., principal component analysis, canonical variate analysis,
and cluster analysis), can be used to acquire information on the morphology, genetic differentiation,
development, and behavior of insects. When competing for resources on the same part of the host plant,
the morphological structure of the two woodwasps may occur adaptive genetic variation. The use of
geometric morphometrics allowed us to explain morphological similarities and differences between
the two Sirex species, of which thin-spline analysis plots showed average contour distortion, and the
length of the stick demonstrated the change size.

Compared with conventional classification methods, geometric survey methods can identify
subtle morphological differences in insects [33]. To distinguish the two species from the traditional
taxonomic morphology, we mainly distinguish the color of the male’s abdomen and the female’s
leg. However, there is intraspecific variation in color patterns on the legs, abdomen and antennae,
for example, females of Sirex californicus, S. nitidus, and S. noctilio each have pale and dark leg color
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morphs [34,35]. The results of relative warp analysis can show differences in the classification of
intraspecies and interspecies [36]. In studies of morphology, the small unit on the wing is usually
independent unit in the shape change, and has a certain genetic basis. Thus, different insects have
different wing types and wing vein structures [3]. However, in similar species, these differences may
be indistinguishable, with minor variations in the direction and branching of veins [37]. The shapes
and vein profiles of insect wings contain valuable information, although it is difficult to understand
the effects of behavioral and environmental factors on morphological variations using conventional
classification methods [33].

Insect flight involves the first two branches of the radius vein and the thicker area of the wing
film [38]), which is gradually reduced from the base to the end of the wing. S. noctilio woodwasps
have a variable flight behavior, which relates to initial body size [39]. The body size of the Sirex also
varies in different regions, and the two woodwasps cannot be distinguished simply by it. Sirex species
mainly use carbohydrates for fuel during flight. The dry weight of S. noctilio is significantly larger than
S. nitobei in this study. Therefore, the wing variations of both Sirex species in this study might explain
the differences in flight ability and behavior. In addition, the ovipositor, an appendage through which
females deposit eggs, plays important roles in sensing the microenvironment and initiating the laying
of eggs. In this study, we observed differences in forewing and ovipositor shape, which were due to
developmental plasticity. These findings provide a strong basis for further research on flight behavior
and ovipositor function in various species.

In this study, we identified and classified two Sirex species, although the lack of inclusion of
other Siricidae species was a major limitation. When species cannot be immediately identified by
their appearance, landmark points can be easily extracted and analyzed. We anticipate that additional
landmark points, such as those of the head, chest, and other parts, will be used in future studies [40].
Geographic distance is one of the key factors of population differentiation for widespread species.
It is generally believed that the more geographically separated populations have less chance of gene
exchange, resulting in morphological differences between populations. S. noctilio has invaded many
areas in China, next we can collect samples from different regions for analysis of different geographical
populations. At the same time, this paper provides basic data for the automatic recognition system of
insects. Further identification of Sirex species will be provided. In addition, insects have a short life
cycle and a fast response to the environment. Using geometric morphology can accurately analyze
small changes in morphological structures and possible evolutionary trends in a short period of time.

5. Conclusions

There is species variation in the wing veins of two woodwasps. We selected the homology
coordinate points for analysis. In conclusion, there were significant differences in the forewings and
the pits on the ovipositor between the invasive S. noctilio and the native S. nitobei. The results showed
that the taxonomic importance of hind wing venation and cornus characters was not stable for the two
woodwasps. Geometric morphology can be used for morphological identification of insects of the
genus Sirex, especially those species with variable coloration. We can distinguish the two woodwasps
from the flight-related forewing veins and the reproduction-related ovipositor pits. Comparing the
invasive species with their congeners can partialy avoid the bias due to taxonomical relatedness and
enhance the credibility of the results. With landmark-based geometric morphometrics to quantify and
analyze wing, cornus, and ovipositor morphologies of two Sirex species, we provide new insights for
automatic insect identification systems. The currently used approach to study the morphology of wings
is complicated and time consuming. This process may damage wings and several software packages
cannot extract landmark points. In these cases, the user must use a computer mouse to manually
select landmarks, as was performed in this study; however, measurements are affected by human
factors. Further studies are needed to expand the identification system of insects by including different
types of insects and performing different types of geometric morphometric analysis. New insect
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identification software packages should also be developed, as they can reduce the repetitive workload
for investigators working in agriculture, forestry, quarantine, and other front-line industries.
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Simple Summary: Manual modeling of complicated insect wings presents considerable practical
challenges. To overcome these challenges, therefore, we developed WingMesh. This is an application
for simple yet precise automatic modeling of insect wings. Using a series of examples, we showed
the performance of our application in practice. We expect WingMesh to be particularly useful in
comparative studies, especially where the modeling of a large number of insect wings is required
within a short time.

Abstract: The finite element (FE) method is one of the most widely used numerical techniques for
the simulation of the mechanical behavior of engineering and biological objects. Although very
efficient, the use of the FE method relies on the development of accurate models of the objects under
consideration. The development of detailed FE models of often complex-shaped objects, however,
can be a time-consuming and error-prone procedure in practice. Hence, many researchers aim to
reach a compromise between the simplicity and accuracy of their developed models. In this study, we
adapted Distmesh2D, a popular meshing tool, to develop a powerful application for the modeling of
geometrically complex objects, such as insect wings. The use of the burning algorithm (BA) in digital
image processing (DIP) enabled our method to automatically detect an arbitrary domain and its
subdomains in a given image. This algorithm, in combination with the mesh generator Distmesh2D,
was used to develop detailed FE models of both planar and out-of-plane (i.e., three-dimensionally
corrugated) domains containing discontinuities and consisting of numerous subdomains. To easily
implement the method, we developed an application using the Matlab App Designer. This application,
called WingMesh, was particularly designed and applied for rapid numerical modeling of complicated
insect wings but is also applicable for modeling purposes in the earth, engineering, mathematical,
and physical sciences.

Keywords: biological structures; computer vision; mesh generation; simulation; digital image processing

1. Introduction

The finite element (FE) method is a numerical technique which is generally used to simulate
a physical phenomenon in the virtual world by solving complex boundary value problems [1,2].
FE software packages were developed to simplify often complicated simulation processes. They are
especially very common in engineering applications [3–5] and are becoming increasingly popular in
the investigation of the mechanical behavior of biological structures, such as complex human and
animal body parts [6–13].
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Although providing a user with a high degree of flexibility, all available FE packages have a
common need: an accurate model. A model is a domain which is subdivided into smaller polygonal
or polyhedral meshes, so-called elements [14]. A modeling process, however, may present many
challenges and can be rather time-consuming, especially when dealing with complex geometries [15–17],
which is usually the case in biology. The skills of the software user can also strongly influence the
process and the final result. These often lead to oversimplified models and, therefore, can affect the
accuracy of simulation results. How can this problem be overcome?

In 2004, Persson and Strang aimed to address this problem by developing a simple meshing
technique called Distmesh2D [18]. As intended by its developers, the method, which was implemented
in Matlab code, provided an effective tool to mesh a given domain automatically. The simplicity
of the method and the high quality of the produced mesh are the key advantages of the proposed
method. However, it also has a major drawback: finding the distance to boundaries by the use of
the mathematical equation f (x, y) = 0 or by values of a discrete set of points, as explained by the
authors, is a time-consuming and error-prone procedure for complex geometries. Due to the use of a
mathematical scheme to define the distance function (see Section 2.5), Distmesh2D also has limitations
when meshing a domain containing discontinuities.

Here, we aimed to address these challenges and improve the performance of Distmesh2D but still
maintain its simplicity. To this end, we used computer vision to automatically detect the boundary
of a domain in a given image. We combined it with the mesh generator Distmesh2D to develop
an application for the rapid modeling of geometrically complex domains that consist of several
subdomains. The applicability of the method is not limited to in-plane domains, but it can also mesh
out-of-plane (i.e., corrugated) objects. We specifically designed and used our method to develop
models of insect wings. The proposed application, called WingMesh, draws extensively on Persson and
Strang’s account in an attempt to offer a simple, but more practical, meshing tool.

2. Materials and Methods

The modeling method presented in this study, called WingMesh, consists of several algorithms
that interact with each other. The method requires an input image to identify the boundaries of a
given domain as well as subdomains within that. The code Distmesh2D is then employed to mesh
the identified domain. Other algorithms were added to the main algorithms to model out-of-plane
domains and create a *.inp file, which is the Abaqus input file format [19]. The key parts of the
developed Matlab code and the full code of the method, together with a graphical user interface (GUI)
(see Section 3), are accessible in the Supplementary Materials (Codes S1 and S3, Method S1).

2.1. Burning Algorithm for Detection of the Boundary of a Given Domain

The burning algorithm (BA) was used to extract the boundary of a domain in a given image [20,21].
The BA needs a digital black and white image as the input, in which black pixels, with the pixel value
of 0, represent the border of the domain and white pixels, with the pixel value of 1, represent regions
that are situated inside and outside of the domain. The BA uses the matrix of the input image to
detect the boundary of the domain in that image. This process starts with choosing a pixel within
the domain by the user (Pixel 1 in Figure 1a) and continues by detecting white pixels around the
selected pixel. To this end, the algorithm checks the colors of pixels located in the four orthogonal
directions of the selected white pixels (Pixels 2 in Figure 1b). The coordinates of the found black pixels
are stored in a matrix, and the colors of detected white and black pixels are changed to 0.8 (light grey)
and 0.1 (dark grey), respectively, in order to avoid their reselection in the next iteration. This process
continues by searching for white and black pixels around only white pixels detected in the previous
iteration (Figure 1c–m). This process continues until all white pixels inside the domain are detected
(Figure 1m). Code S2 and Video S1 in the Supplementary Materials are the source code of BA and a
simple illustration of how it works, respectively.
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Figure 1. Detection of the border of an arbitrary domain using the Burning Algorithm. (a) A white
pixel inside the domain is selected. (b) The BA searches for white and black pixels around the selected
pixel in four orthogonal directions. (c) The BA searches for white and black pixels around the detected
white pixels in the previous iteration. (d–m) This process continues until there is no white pixel inside
the domain (m).

2.2. Detection of Subdomains within a Given Domain

The function BA can also detect subdomains within a given domain. When the main domain
contains any subdomain, the application first finds the white pixels outside the domain. This process
eventually results in the detection of the boundary of the domain.

To find the boundary of each subdomain, the user should select a pixel inside that subdomain
in the input image. By this, the BA finds the pixels located on the boundary of the subdomain using
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the same method explained earlier. This process continues as long as the user selects a pixel in a
new subdomain.

2.3. Detection of Discontinuities in a Given Domain

The function BA can detect any discontinuity, such as holes, cracks, etc., in a given domain.
For this purpose, if any discontinuity exists, the user should select a pixel in each discontinuity in the
input image (Video S2). After this, using the same method as described before, BA finds the boundary
of each selected discontinuity. By this, the application detects discontinuities and excludes them from
the main domain. To this end, after meshing the structure, the application finds all elements inside the
region of discontinuity and excludes them from the model.

2.4. Development of a Corrugated Model

In a recent study, we developed a method for modeling out-of-plane (i.e., corrugated) domains [22].
Here, we modified this technique to make it more efficient and easier to implement. This technique
requires an additional input image with the same frame size as the main input image. The other image
should include information regarding the corrugation of the out-of-plane domain. The information
should include the location of the maximum and minimum heights, indicated by the black and white
colors, respectively. The value of pixels in the secondary image, therefore, serves as a measure of
the height of that pixel: pixel values 0 and 1 indicate the maximum and minim heights, respectively.
If there is more than one maximum or minimum height in a domain, any local extremum can be
marked in grey color. The intensity of the grey color in each local extremum indicates the relative
height of that extremum compared to the absolute extremum.

The recursive Equation (1) is used to smooth the corrugations to avoid any abrupt change in the
height of a model at the location of an extremum.

v(r.c) = mean
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1
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v(r + i.c + j)

















(1)

where r and c represent the number of the row and column of a pixel in the image, respectively. v is the
value of that pixel. i and j are the index of the row and column of the pixels in the image. This equation
recursively updates the color intensity of the pixels in the secondary image and, thereby, the height of
those pixels in the model. The number of iterations, which is set by the user, controls the sharpness of
corrugations in the developed model. The values of pixels in the secondary input image, which are
between 0 and 1, represent the relative heights of corrugations.

Figure 2a shows a corrugated object. The image of the object from the top view is shown in
Figure 2b. Figure 2c shows the secondary input image, which has the same frame size as the image
shown in Figure 2b. The black line in the middle of the image represents the position of the only
available height maximum, and the white color corresponds to the regions with the minimum height.
When using these two images, the application develops a model similar to that shown in Figure 2d.
Figure 2j shows the gradual changes in the corrugation of the model by the use of Equation (1) after 20,
100, 150, 200, and 300 iterations (Figure 2e–i).
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3. h0, the distance between nodes in the initial distribution. 
4. bbox, the bounding box in which the domain is located. 
5. pfix, defines nodal points, which are set as fixed points while generating elements. 

Distmesh2D produces the following outputs: 

Figure 2. Modeling of an out-of-plane domain. (a) An out-of-plane domain. (b) A top view image
of the domain. The image is used by the BA to detect the domain. (c) The secondary image contains
a black line that represents the maximum height. The regions with zero height are colored in white.
(d) A developed model based on the input images. (e–i) Smoothing the height of the meshed model
using the iterative algorithm. (j) Changes in the corrugation pattern in different iterations.

2.5. Mesh Generation

Distmesh2D is a mesh generator in Matlab which employs a distance function, d(x,y), to describe
the geometry of a domain [18]. The Delaunay algorithm is used in Distmesh2D to generate triangular
meshes. The first line of the code Distmesh2D, the calling syntax, represents inputs and outputs of the
Matlab code:

function [p,t] = distmesh2d(fd,fh,h0,bbox,pfix)

where the input arguments are as follows:

1. fd, the distance function that defines the boundary of the domain.
2. fh, the distance function, which controls the convergence of the size of elements. The size of the

elements decreases near fh.
3. h0, the distance between nodes in the initial distribution.
4. bbox, the bounding box in which the domain is located.
5. pfix, defines nodal points, which are set as fixed points while generating elements.

Distmesh2D produces the following outputs:
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1. p, gives the coordinate of the nodal points.
2. t, indicates the connection between the nodes.

Here, coordinates of the nodes on the boundary of a given domain, which are obtained by the BA,
are used to define the distance functions fd and fh for the mesh generator Distmesh2D. In addition to
the distance functions fd and fh, Distmesh2D has three other inputs: h0, bbox, and pfix. h0, the distance
between initial nodes, can be set to 1, because the minimum distance between two pixels is 1. bbox is
equal to the frame size of the imported image (size of the input matrix). The pixels located on the
boundaries of the subdomains, extracted by the BA, are defined as fixed points, pfix.

Distmesh2D can generate both structured and unstructured elements. However, in this study,
we set it to create only unstructured elements, because this type of element fits better with our aim for
developing models of geometrically complex structures.

2.6. Outputs

WingMesh generates a *.inp file (i.e., an Abaqus input file) which contains information regarding
the coordinates of the nodal points, their connections, type of elements, sections of the domain,
and the material properties of sections. Detailed information about *.inp files can be found in the
Supplementary Materials (Method S1).

3. Graphical User Interface

WingMesh was coded in Matlab 2019a, and Matlab App Designer was employed to develop a
GUI. This GUI makes the method easy to implement and eliminates the need to know a programming
language. The GUI is available in Code S3, and its description is available in Method S1.

4. Examples

• Example 1: An in-plane domain

Figure 3a shows a single in-plane domain with straight-line borders and sharp corners. Figure 3b
shows the output model. The *.inp output file developed by the method is available in File S1.

• Example 2: An in-plane domain consisting of two subdomains

Figure 3c illustrates the same domain shown in Figure 3a, which is subdivided into two
subdomains. As shown in Figure 3d, WingMesh was able to detect the border between the subdomains.
The subdomains have meshed separately as two sections of a single model. The generated *.inp file is
available in File S2.

• Example 3: An in-plane domain with subdomains and a discontinuity

We added a circular hole within one of the two subdomains of the domain given in the previous
example (Figure 3e). After meshing all subdomains, including the discontinuity in the main domain,
the elements generated in the discontinuity were removed before the final model was developed
(Figure 3f). The *.inp file is available in File S3.

• Example 4: An irregular-shaped in-plane domain with several discontinuities

Figure 3g illustrates an irregular-shaped domain with curved borders, which contains four
discontinuities. Previously, it was impossible to model such an irregular domain with complex-shaped
discontinuities using the mesh generator Distmesh2D. However, the use of the DIP technique enables
WingMesh to mesh such geometries. Figure 3h shows the meshed model developed based on the given
domain. The *.inp file is available in File S4.
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Figure 3. Modeling of in-plane domains. (a) Image of a simple in-plane domain. (b) The meshed
model developed from the image in (a). (c) Image of an in-plane domain consisting of two subdomains.
(d) The meshed model developed from the image in (c). (e) Image of an in-plane domain with two
subdomains and a discontinuity. (f) The meshed model developed from the image in (e). (g) Image of
an irregular-shaped domain with several discontinuities. (h) The meshed model developed from the
image in (g). (i) Image of a complex-shaped in-plane domain with several subdomains. (j) The meshed
model developed from the image in (i).

• Example 5: A complex-shaped in-plane domain with several subdomains

Figure 3i shows the world map with the irregular shaped continents. The meshed model, which is
apparently in good agreement with the given image, is presented in Figure 3j. The *.inp file is available
in File S5.
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• Example 6: An asymmetric out-of-plane domain with one height maximum and one
height minimum

In this example and the next three cases, we used the domain shown in Figure 3a to develop
out-of-plane models with different corrugation patterns. Here, we used the image in Figure 4a as
the secondary input image to provide information on the corrugation spots. The grey color in this
image indicates regions with zero height. The black and white lines indicate a height maximum and a
height minimum, respectively. Figure 4b,c shows the perspective and side views of the meshed model.
The *.inp file is available in File S6.







 

Figure 4. Modeling of out-of-plane domains. The use of different secondary images in combination
with the same input image, as shown in Figure 3a, results in the development of models with
different corrugated patterns. (a,d,g,j) Secondary images contain information on corrugation spots.
(b,e,h,k) Perspective views of the meshed models created based on the image shown in Figure 3a and
secondary images shown in Figure 4a,d,g,j. (c,f,i,l) Side views of meshed models.

• Example 7: An out-of-plane domain with two height maxima

Figure 4d shows an image with the black and dark grey lines, which represent two height extrema.
Using this as a secondary image results in the development of the meshed model shown in Figure 4e,f.
The *.inp file is available in File S7.

• Example 8: An out-of-plane domain with two height maxima and a height minimum

In Figure 4g, we added a tilted grey line to those in the secondary image shown in Figure 4a.
The grey line is expected to change the corrugation pattern of the meshed model in Figure 4b by adding
a region with a height maximum. Figure 4h,i shows the perspective and side views of the model
developed using the secondary image in Figure 4g. The *.inp file is available in File S8.
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• Example 9: An out-of-plane domain with circumferentially oriented height extrema

In this example, we aimed to test the precision of our method by developing a more complex
corrugated domain. In this domain, the corrugation spot is circumferentially oriented, compared with
the other domains that had longitudinal corrugations. Figure 4k,l shows the model developed by using
Figure 4j. The *.inp file is available in File S9.

• Example 10: A beetle wing

Figure 5a shows the hind wing of a beetle, Allomyrina dichotoma (Coleoptera: Scarabaeidae).
Figure 5b shows the secondary image that was used for generating the corrugation on the model.
The black lines show the location of elevated longitudinal veins in comparison with the membranes.
The use of Figure 5b as a secondary input image results in the development of a model that is shown in
Figure 5c,d from both dorsal and ventral sides.
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Figure 5. Modeling of the hind wing of the beetle Allomyrina dichotoma (Coleoptera: Scarabaeidae).
(a) Black and white image of the wing. (b) The secondary image for generating corrugations showing
the location of the elevated veins. (c) Dorsal view of the generated model. (d) Ventral view of the
generated model.

5. Advantages of WingMesh

WingMesh offers several advantages over existing manual modeling techniques using commercial
software packages, such as CATIA, SolidWorks, Abaqus etc.:

• The application is user-friendly and can remarkably reduce the modeling costs.
• Two-dimensional modeling using WingMesh is possible by the use of only an image of a

given domain.
• Modeling three-dimensional (3D) out-of-plane domains is simple and can be done by the use of

one additional image that contains information on corrugated spots.
• WingMesh can develop meshed models of domains that consist of several subdomains

and discontinuities.
• WingMesh is particularly useful for modeling of a large number of insect wings for

comparative investigations.
• Considering the use of computer vision to extract geometric wing features, WingMesh is applicable

for insect wings that contain a high degree of geometric complexity.
• The input image for WingMesh should have only sufficient resolution. This is in contrast to existing

tools for extracting morphological features of insect wings using an image, which usually requires
high-resolution images at a large size [23,24].
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WingMesh has improved the applicability of Distmesh2D, as listed below:

• Extracting the distance function for complex geometries is a time-consuming and error-prone
task, which has been overcome by the use of the computer vision in WingMesh.

• WingMesh generates a *.inp file as the output, which is a frequently used file format.
• WingMesh has an improved ability to mesh structures that contain many discontinuities.

This ability was poor in Distmesh2D, especially when dealing with domains with more than
one discontinuity.

• In contrast to Distmesh2D, that can mesh domains that have no subdomains, WingMesh is capable
of modeling domains with numerous subdomains.

• Compared with Distmesh2D, WingMesh can model out-of-plane domains.

6. Applications

The application presented in this study can be used for modeling a wide range of objects in both
science and engineering, where a planar FE model is required. For example, models developed by
our application could be used to understand the mechanical behavior of biological structures, such as
insect wings, plant leaves, etc. (see [25] for more examples). In engineering, it can be employed for
FE modeling of plate and shell structures used in aircraft, space crafts, ships, pressure vessels, etc.
(see [26,27] for more examples). Our method could also be used in geology and geo-mechanics for the
prediction of the mechanical response of complex inhomogeneous rock and concrete structures.

Although WingMesh is a promising first step towards the automatic modeling of insect wings,
there still remain some other structural features that can be included in a wing model. A few examples
of such features are nodus and vein joints, which play key roles in wing deformations both during
flight [9,28,29] and at rest (i.e., wing folding [30–32]). Hence, as developers of WingMesh, we are
currently working to develop the next generation of our program, which is able to create wing models
with more structural details.

More information on WingMesh is available on our website: https://wingquest.org/wingmesh/.

Supplementary Materials: The following are available online at https://doi.org/10.6084/m9.figshare.12355163:
Code S1: The source code of WingMesh. Code S2: The source code of the BA. Code S3: The GUI of WingMesh.
Method S1: The description of the WingMesh code. Video S1: Finding the points inside a domain using the BA.
Video S2: A tutorial about the use of WingMesh. File S1: The *.inp file of Example 1. File S2: The *.inp file of
Example 2. File S3: The *.inp file of example 3. File S4: The *.inp file of example 4. File S5: The *.inp file of example
5. File S6: The *.inp file of example 6. File S7: The *.inp file of example 7. File S8: The *.inp file of example 8. File S9:
The *.inp file of example 9. File S9: The *.inp file of example 9. File S10: The *.inp file of example 10.
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Simple Summary: This paper reviews the interdisciplinary research on nectar feeding behaviour
of honey bees ranging from morphology, dynamics, and energy-saving strategies, which collects a
range of knowledge of feeding physiology of honey bees and may inspire the design paradigms of
next-generation multifunctional microfluidic transporters.

Abstract: Most flower-visiting insects have evolved highly specialized morphological structures to
facilitate nectar feeding. As a typical pollinator, the honey bee has specialized mouth parts comprised
of a pair of galeae, a pair of labial palpi, and a glossa, to feed on the nectar by the feeding modes of
lapping or sucking. To extensively elucidate the mechanism of a bee’s feeding, we should combine
the investigations from glossa morphology, feeding behaviour, and mathematical models. This
paper reviews the interdisciplinary research on nectar feeding behaviour of honey bees ranging from
morphology, dynamics, and energy-saving strategies, which may not only reveal the mechanism of
nectar feeding by honey bees but inspire engineered facilities for microfluidic transport.

Keywords: honey bee; mouth parts anatomy; nectar feeding behaviour; dynamics; energy-sav-
ing strategies

1. Introduction

The majority of flower-visiting insects, including bees, wasps [1,2], flies [3], butter-
flies [4], moths [5], and some beetles [6,7], obtain nutrition from floral nectar and pollen
from flowering plants [8]. The honey bee (Apis mellifera ligustica) is a typical pollinator in
the world [9]. The specialized proboscis is of great importance for a honey bee to load
nectar rapidly and efficiently. The mouth parts of a honey bee are comprised of a pair of
galeae, a pair of labial palpi, and a glossa [6]. The honey bee performs two feeding modes,
namely lapping and suction [10]. While lapping, the honey bee drives its segmented tongue
(glossa) coated in dense hairs back and forth to load nectar. When the honey bee dips nectar,
the glossa protracts with the glossal hairs adhered to the glossa body. Then the glossa
reaches to the maximum extension with the glossal hairs deployed. Next the brush-like
glossa is filled with nectar and retracts to the mouth parts to load nectar. While sucking, the
glossa extends out of the proboscis tube, directly sucking with the glossa keeping still [10].

Honey bees can feed on a range of viscous fluids at high efficiencies [8]. This behaviour
is challenging because of the physical property of nectar, suggesting the nectar viscosity
increases steeply with respect to the concentration, through which the glossa should have
to resist high viscous drag [11–14]. In addition, if the glossa dips faster, the energetic intake
rate will augment; however, the energy consumption caused by viscous drag will increase,
so honey bees should have to meet the contradictive demands of both high energetic
intake rate and low energetic loss while feeding on nectar. Investigations of the honey
bee’s feeding behaviour and related mechanical principles may reflect the health status of

69



Insects 2021, 12, 762

bees and adaptations to environmental constraints. More extensively, a healthier bee may
consume less energy while feeding on nectar, who might be able to optimize the nectar
harvest due to the mechanism of drag reduction. In addition, combined biological and
mathematical analysis on feeding behaviour of bees may even elucidate the co-evolution
between flowering plants and nectarivorous insects. In this review, we will introduce
some interdisciplinary problems associated with honey bee’s feeding behaviour. We
will start with the anatomy of the mouth parts, followed by feeding modes, mechanism
of hair erection, and energy saving strategies and conclude with potential engineering
applications. The rest of the paper is structured as follows. Section 2 introduces the
anatomical structure of the honey bee’s mouth parts. Section 3 illustrates feeding fashion
of a honey bee glossa from the perspectives of glossa kinematics and drag reduction
mechanism, and Section 4 introduces the energy saving strategy by the glossa’s dynamic
surface. Functional compensation by regulating dipping frequency is shown in Section 5.
Section 6 includes conclusions.

2. Honey Bee Mouth Parts Morphology

For the western bee (Apis mellifera L.), the mouth parts are comprised of a pair of
galeae, a pair of labial palpi, and a hairy glossa, namely, the glossa in length of 2 mm
(Figure 1a–c) [6,12]. Bushy glossal hairs in length of 100 µm, with diameter of 1~3 µm,
are attached to the surface of the kidney-shaped sheath, which appear annulated on the
glossa (Figure 1c–d). A thin membrane is attached to the edges of the sheath, which is also
next to the corresponding sides of the muscular rod inside the glossa [15]. Notably the
glossa has ~120 segments and is structured in a compliant manner. In the centre of glossa,
a humour-filled cavity is formed by the sheath, muscular rod, and thin membranes. The
honey bees are described to have two feeding modes, namely lapping and suction [10].
For the lapping mode, the glossa moves forward and backward with glossal hairs erecting
rhythmically to load the nectar (Figure 1f). For the suction mode, the glossa stays still
through the proboscis tube, and the nectar is sucked up by the cibarial pump, generating
flows across the glossa surface [10].

μ μ

 

Figure 1. The honey bee’s mouth parts. (a) A honey bee feeding on nectar on a flower. (b) The head and mouth parts of a
honey bee. The mouth parts, highlighted in a red box, are comprised of a pair of galeae, a pair of labial palpi, and a glossa
(Apis mellifera L.). (c) Scanning electron microscopic images of a bee glossa. (d) The glossa with bushy hairs. (e) The glossa
observed under a microscope. (f) Lapping and sucking modes of a honey bee. The galeae and labial palpi form the probocid
tube, then the glossa makes reciprocating movements through the tube to lap nectar [16].
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3. Feeding Behaviour of a Honey Bee Glossa

3.1. Section-Wise Wettability of the Glossa

Wettability is the ability of surface to be wetted by liquid, which is determined by the
balance of surface energy in the interface between air, liquid, and solid materials [17]. A
honey bee propels its glossa to lap the viscous nectar, so the wettability of a honey bee
glossa may be related to the nectar trapping capability [18], and the contact angle (wetting
angle) is a measure of the wettability of a solid by a liquid. Generally, if the water contact
angle is smaller than 90◦, the solid surface is considered hydrophilic and inversely if the
contact angle is bigger than 90◦, the solid surface is considered hydrophobic. As a result,
it is necessary to test the wettability of a honey bee glossa before we examine its feeding
capability [19]. For bee flowers, the average nectar concentration in nature is 36% [20], so
25%, 35%, and 45% sucrose solutions were prepared for lab tests. Under a microscope, the
contact angles measured in different glossal regions are shown in Figure 2. The results
indicate that the contact angles turn smaller when using the sucrose solution with higher
concentration, which insinuates that the surface exhibits stronger hydrophilicity to the
thicker nectar. More extensively, the ranking of section-wise hydrophilicity suggests that
the dorsal side is much easier to be wetted than the ventral side (Figure 2). We calculated
the p-value as 0.03 between the two data sets of contact angles on the ventral surface and
the dorsal surface, respectively, which suggests a significant difference between these two
data sets, denoting that the dorsal surface is much easier to be wetted than the ventral
surface for the reason of that the ranking of hydrophilicity, namely, D > A, E > B, and F > C.
In order to better understand the comparison groups, we indicate them by stars shown
in Figure 2. Moreover, the glossa tip is more hydrophilic than the middle region of the
glossa, and the proximal part is the hardest to be wetted by the nectar. The section-wise
wettability of the glossa may be caused by the chemical and geometrical differences on
these hairy segments; the glossa surface is more hydrophilic to the higher-concentration
nectar, which might be beneficial for nectar trapping, especially for the dynamic glossa
surfaces. The combined chemical and geometrical differences on these hairy segments may
contribute to a high flexibility in adaptation to varying environments, for instance, a broad
range of liquid viscosities found in floral sources. In the next subsection, we will introduce
the feeding pattern of honey bees via high-speed filming under the conditions of foraging
on nectar with varying viscosities.

.

Figure 2. Section-wise wettability of a honey bee’s glossa. Six regions of the glossa immersed in
nectar, marked with A~F, and A~C, and D~F, represent the ventral part and dorsal part respectively.
Contact angles of different regions on the glossa surface of 25%, 35%, and 45% sucrose solution. The
glossa surface is more hydrophilic to the higher-concentration nectar, which is elucidated from the
decreasing of contact angles with the increased nectar concentration are shown in the histogram [21].
Asterisks indicates the comparison groups.
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3.2. Facultative Feeding Modes in Honey Bees

The feeding pattern of a honey bee was previously defined as “lapping”, which
refers to reciprocating movements of its glossa entraining nectar by the glossal hairs.
However, bees would also directly suck nectar with glossa keeping protracting and staying
still (Figure 3a). Wei et al. [10] demonstrate that bees have facultative feeding behaviour.
Bees prefer to suck the nectar with low sugar concentration and they tend to lap the
nectar with more sugar content (Figure 3b). Further lab tests showed that honey bees
can switch between these two feeding patterns to choose a more efficient ingesting mode
(Figure 3c). The capillary-based lapping mechanism that allows honey bees to achieve
high energy intake rates when feeding on highly concentrated nectar [22], while sucking
directly with glossa protracting and staying still facilitates feeding on less viscous nectar
(Figure 3d,e), besides the energy intake rate E′ was calculated by E′ = ρscQ/100, where
ρ denotes the density of the nectar, s the sugar concentration, c the energy content per
unit mass of sugar, and Q the nectar intake rate. Experiments validated that the key
stimulus of choosing the ingesting technique is the viscosity of the nectar, rather than
sugar content, according to the result that most bees feed on nectar with 10% sugar
concentration, but with viscosity equivalent to 50% concentration (by adding Tylose)
exhibited lapping pattern. This facultative drinking mode that is behaviourally adjusted to
fluid viscosity has potentially enhanced the adaptability of honey bees to a wider range of
nectar resources [23–25].

3.3. Kinematics of the Glossa and Glossal Hairs

For the lapping mode, the glossa extends out of the proboscid tube structured by the
labial palpi and galeae, with glossal hairs attaching on the glossa body. Then the glossa
moves back into the proboscis tube and glossal hairs flatten to offload the nectar. Here is a
kinematic asymmetry, in which glossa protracts faster in a spear-like shape and retracts
more slowly in a brush-like configuration. This asymmetry functions as a strategy to save
energy, especially reducing the energetic consumption induced by viscous fluidic drag [26].
By observing kinematics of the glossa and glossal hairs by high-speed filming, Zhao [16]
further found a specific asynchronization between glossa movements and glossal hair
erection. A physical model is proposed to describe the feeding process considering the
trade-off between nectar-intake volume and energy consumption. This asynchronization
may be caused by the material properties of the elastic rod and the compliance of the
segmented structures, especially the zig-zag shaped intersegmental membranes of the
glossa [12], which is validated to be effective in maximizing the nectar-intake amount by
theoretically figuring out the optimal moment when the glossal hairs begin to erect. This
asynchronization suggests that the honey bee glossa can perform a scheduled coordination
between glossa movements and hair erection, which could serve as valuable models for
developing miniature pumps that are both extendable and have dynamic surfaces.

To uncover the anatomical mechanism of the coordination of glossa extension and
hair erection, Zhu [27] compared hair erection and segment elongation and discovered a
high consistency of their kinematics during the drinking process (Figure 4). In a dipping
cycle, when the average erection angle of glossal hairs increases from 20 deg. to 38 deg.,
the average length of one glossal segment increases from 22.9 ± 1.6 µm to 24.7 ± 2.2 µm.
The concordance equation was applied for evaluating correlation between these variables.
The concordance measure is equal to 0.99 in the in vivo observation experiments, which
shows that the average elongation of a glossal segment is closely correlated to the average
erection angle of hairs.
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Figure 3. Switchable feeding pattern in a honey bee. (a) High-speed images of a honey bee sucking
the artificial nectar. (b) Occurrence rates of the two feeding modes in honey bees, when feeding on
sucrose solutions with various concentrations [10]. (c) Occurrence rates of switching between feeding
modes when offered extreme nectar concentrations, and the dotted lines represent binary feeding
mechanisms in various nectar concentrations. Each encircled number represents a different individ-
ual. (d) Nectar intake rates of suction and lapping under different concentrations nectar, dashed
line denotes the equivalent point of feeding efficiency and the corresponding sugar concentration,
the dotted line denotes an equal nectar intake rate of the feeding modes under a specific nectar
concentration. (e) Energy intake rates of suction and lapping under different nectar concentrations.
Blue dashed line depicts the optimal concentration for suction mode, and green dashed line denotes
that the optimal concentration for lapping mode is around 50% or above.
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Figure 4. Morphological changes in glossal surfaces during dipping nectar and surface configu-
rations through stretching the honey bees’ glossae. (a) Dipping pattern of a honey bee tongue.
(b) Asynchronization between tongue displacement and average hair erection angle. Both the in vivo
and postmortem observations reveal that shortening and lengthening of the glossal segments is
highly coordinated with the erection of glossal hairs, which aids in developing deformable gaps
between rows of glossal hairs during nectar trapping [16].

To further demonstrate the relationship between glossa protraction and hair erection,
Zhu [27] stretched the glossae of honey bees and observed them under a microscope.
Glossal hairs of a dead honey bee’s glossa erect only when the glossa is stretched by an
external force, suggesting that the elongation of the glossal segments is coordinated with
the hair erection (Figure 5). The average erection angle of hairs varies from 23 deg. to
57 deg., and the average length of one glossal segment increases from 34.7 ± 2.8 µm to
37.7 ± 3.1 µm accordingly. The concordance value is calculated as 0.96, which is close to
the observations on living animals (0.99). This highly-coordinated motion indicates that
the glossal hairs are hinged in the intersegmental membranes, which could deploy and
fold synchronously.
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Figure 5. Coordinated movements of hair erection and segment elongation of the glossa. (a) Natural behaviour of nectar
drinking. (b) Highly-coordinated movements of the glossal segments and hair erection through stretching the glossa under
a microscope [27].

3.4. Coordinated Movements of the Abdomen While Dipping Nectar

As a lapper, honey bee uses a mop-like glossa to trap nectar from flowering plants. By
filming the feeding honey bees, a significant increase in abdominal pumping frequency was
observed when honey bees drink the sucrose solution [16]. Zhao [16] combined high-speed
filming, X-ray phase contrast imaging, and mathematical models to investigate the effect
of abdominal pumping in liquid feeding of honey bee. A honey bee performs abdominal
pumping during feeding, which is in concordance with reciprocating movements of the
glossa (Figure 6). The modelling framework demonstrates that the abdominal pump-
ing powers the honey bee’s feeding efficiency and saves foraging time. The combined
experimental and theoretical investigations extend the knowledge about the function of
abdominal movements, which is considered only for adjusting flight attitude or crawling
through honeycombs [28]. This behaviour is functionally analogous to power suction
feeding in some fish that uses most power of axial swimming muscles not only by the
cranial muscles [29]. The multifunctional use of muscular actuations fulfils the switchable
requirements of these animals and makes the organs structurally compacted and efficient.
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Figure 6. Dependence of abdominal and glossal movements (three samples are shown here). Both the glossa and abdomen
protracted and retracted periodically, the pink arrow denotes the direction of protraction and retraction of the glossa and
abdomen, thereby showing an approximate sinusoidal principle. The left vertical axis shows the volume of abdomen when
lapping nectar against time, and the right vertical axis shows the real-time length of the glossa [15].
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4. Energy Saving Strategy

For the viscous dipping mode, a honey bee should have to meet the combined require-
ment of both high energetic intake rate and low energetic dissipation caused by viscous
drag. A honey bee may have to make millions of reciprocating movements during its
whole life, so an energy-saving mechanism may be required to reduce the energy consump-
tion and lower the possibility of wear caused by the viscous drag. This section includes
some interdisciplinary work that covers morphology, high-speed imaging, and lubrication
models, to uncover the energy saving strategy while feeding on nectar [30].

4.1. Modelling for Energy Saving

Figure 7 shows the actual glossa kinematics and hypothetical cases with various
kinematic apportionment. A 7-order Fourier function that fits the actual glossa velocity in
a dipping cycle (R2 = 0.9853) is shown as

u(t) = K1 f (t) = K1

(

a0 +
7

∑
i=1

(ai cos(ωt) + bi sin(ωt))

)

(1)

where f (t) is the fitting equation; a0, ω, ai and bi (1 ≤ i ≤ 7) are the parameters calculated
by Matlab to obtain the best fit for the scatter plot; and K1 (137 µm/cm) is a coefficient
that links the sizes in high-speed photographs into those for an actual honey bee. It can
be demonstrated that the honey bee can reduce its energy expenditure using the derived
protraction kinematics. The power required for resisting viscous drag can be estimated
as Pv~µLu2, where µ is the nectar viscosity and L is the glossa length during protrac-
tion, and the power to drive glossa can be estimated as Pt~mu’u~ρta

2u3, where a and ρt
are the radius of the glossa and the density of the glossa, respectively. Since the ratio
Pt/Pv ≪ 1, the effect of Pt can be neglected [26]. The viscous drag can be written as
Fv ∝ µ·(2πa)·x(t)·u(t)= K2µa·x(t)·u(t), where K2 is a proportionality coefficient. Combin-
ing Equation (1) and the formula x(t) =

∫ t
0 f (t)dt, the power needed to overcome viscous

drag reads.

Pv(t)= Fv·u(t)= µaK2K3
1 f (t)2

t
∫

0

f (t)dt (2)

One can evaluate the benefits of keeping the glossal hairs still during tongue protrac-
tion from Equation (1). If the honey bee erects the hairs, the outer diameter of the glossa
radius will augment from a to (a + hcosθ), which will lead to a significant increase in Pv(t).
Scanning electron microscope imaging indicates a ≈ 50 µm and h ≈ 170 µm, and since
θ ≈ 45◦, we then arrive at (a + hcosθ)/a = 3.4, which means that hair erection increases
the resistance by more than three times. Therefore, the honey bee is equipped with a
specific glossal hair erection pattern for energy saving, where the flatten hairs can reduce
viscous drag during protraction, whereas the hairs erect to trap more nectar in a single cycle
during retraction. When a glossa makes reciprocating movements through viscous fluid,
the viscous drag will exert on the hairy glossa surface. The nectar is a specific solution,
the physical property of which is analogous to the sucrose solution, and its viscosity rises
steeply with respect to concentration. From the perspective of Fluid Mechanics, the viscous
drag dissipates energy so we should have to consider the energy dissipation linked to
viscous drag. Some previous tests were made to validate the fact that more viscous nectar
causes higher rate of wear, which indicates the viscous drag can accelerate the structural
deterioration on the seemingly fragile glossal hairs.
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Figure 7. Energy saving by specific glossa kinematics. The scattered points show three independent
protraction velocities measured from the high-speed video and the light blue area indicates the
error band of the velocities. The bold blue curve represents the Fourier kinematics u1, which fit
the scatter plot well. The bold red curve shows the constant-acceleration-and-deceleration (CAaD)
kinematics u2. The dotted blue line P1 and the dotted red line P2 indicate the protraction power
under the fitted kinematics and constant-acceleration-and-deceleration kinematics, respectively [26].

4.2. Effects of Galea Ridges on Drag Reduction

Biological surfaces with unique microstructures in nature may perform specific func-
tions, such as impact absorption and drag reduction in dung beetles or sharks, respec-
tively [31]. The honey bee, Apis mellifera L., dips viscous nectar at a high rate which is about
5 Hz by the glossa, which causes non-negligible fluidic drag that results in structural and
functional deterioration. By postmortem examination, Li [32] found the ridges are parallel
distributed on the inner wall of the galeae and validated its effects on drag reduction. Li
then compared the structural discrepancy between workers and drones and proposed some
implications about the caste-related behaviour [32].

Scanning electron microscopy (SEM) images indicate that the honey bee galea has
internally transverse ridges uniformly distributed (Figure 8). Theoretical analysis show that
the ridges on the galeae of honey bee’s mouth parts of workers can reduce the friction coeffi-
cient by 86%. Li [32] then examined the dimensional diversities of the uniformly-distributed
micro-ridges on inner walls of galeae among workers and drones of Apis mellifera L. The
hydrodynamic model was used to calculate the friction coefficient in the mouth parts,
further testing whether the sexually-dimensional variations of the micro-ridges could
influence the effect on drag reduction. Theoretical estimations of the friction coefficient
with respect to the dipping frequency show that the inner micro-ridges can significantly
reduce friction during the feeding process of a honey bee. Li then compared effects of
drag reduction regulated by the sexually-selected micro-ridges and demonstrated that
the hydrodynamic coefficients of workers and drones are 0.011 ± 0.007 and 0.045 ± 0.010
respectively, which indicates that workers exhibit better capability of drag reduction in
their mouth parts than that of drones. This discrepancy may have some more indications
in caste-related work of honey bees. The main physiological requirement of drones is to
find an airborne queen to mate and accordingly, so drones exhibit strong adaptations to
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forceful flying, and drones possess elaborate mating organs and powerful sense organs,
such as big eyes and long antennae with many receptors for visual and olfactory orien-
tations toward airborne queens [33]. Thus, although drones have bigger bodies, their
mandibles are shorter, and their stomachs for honey storage are slimmer than those of
workers [34]. Compared to drones, workers should have to fulfil a variety of tasks [35].
Workers tidy the hive, care the brood, nourish the larvae, drones, and the queen, and
work for nest homeostasis [36,37]. Given these various duties, workers are equipped with
well-developed hypopharyngeal and possess longer mouth parts than drones. Notably,
adult drones are nourished by worker-prepared food, and their feeding ability is weaker
than that of workers [34]. This experimental and theoretical combined research elucidated
that the sexually-selected micro-ridges, developed inside workers and drones of honey
bees’ mouth parts, are structurally adapted to meet the demands of caste-related laborers
of honey bees.

ξ

μ μ

μ −

−

Figure 8. The friction coefficient against the heights of the micro-ridges on the inner wall of the
galeae of workers and drones. The blue square and red dot represent the friction coefficient against
the heights of the microridges on the inner wall of the galeae of workers and drones, respectively.
Here a and b denote the dimensions of the microridges of different castes of honey bees, in which a is
the length of the galea and b is the ridges, and ξ denotes the average dimensions of the workers and
drones. The dotted lines illustrate the measured mean height of the microridges on the galeae of the
workers was 3.98 µm, whereas that of the drones was 3.15 µm [32].

5. Functional Compensation by Regulating Dipping Frequency

Because of the highly-intensive viscous drag exerting on the glossa during nectar
feeding, the glossal setae tend to wear out in the high-viscosity nectar. However, bees
at varying day ages can maintain the nectar intake rate at 0.39 ± 0.03 µg·s−1 (35% nec-
tar). Shi found that the average glossal setae length decreases with respect to age from
17 to 25 days, and it degrades even faster when fed with higher-viscosity nectar. Lab tests
indicated that the older honey bees with short setae dip nectar more quickly. Moreover, a
correlation between dipping frequency f and the average glossal setae length h, is found as
h = −15.435f + 212.04. Based on the glossa anatomy, a fluid transport model is proposed
to calculate the nectar intake rate. Theoretical analysis showed that a honey bee with

78



Insects 2021, 12, 762

shorter setae can compensate the nectar intake rate by increasing the dipping frequency.
Considering the wear of the setae and dipping compensation, Shi arrived at the results
that the total energy intake rate is about 106 times the power required to overcome viscous
drag; the energy dissipation caused by viscous drag is negligible [26]. Therefore, the effect
of augmentation of viscous drag caused by the increase of the dipping frequency on the
energy intake rate of bees is almost negligible. Natural selection tends to feed quickly
and efficiently, as honey bees are threatened by predators and economic necessities [38].
Therefore, honey bees must meet the contradictive demands of keeping the visit time short
and the optimal nectar mass intake rate. Although the natural wear of glossal setae will
affect the nectar intake rate, by adjusting the dipping frequency, both requirements can be
satisfied, which is in accordance with the results from lab tests of wearing bee tongues in
the 35% and 45% sucrose solutions, respectively (Figure 9).

Figure 9. The honey bee augments dipping frequency to compensate for glossa hair deterioration.
The relationship between theoretical nectar mass intake rate

.
M and setae wear agrees with the

experimental data captured from lab tests for dipping both the 35% and 45% sucrose solutions [39].

6. Conclusions

Investigations of feeding techniques by a honey bee’s glossa are interdisciplinary work
that covers morphology, behavioural dynamics, and energy-saving strategies. Future work
might be extended to the following aspects. (1) The nectar property may drive the feeding
property more complicated, in which, for instance, the nectar viscosity increases steeply
with respect to the nectar concentration, and it is also influenced by the temperature [13].
The flowers may have an internal microclimate which is up to 4 ◦C higher than the external
temperature, which not only provides more heat to sustain the thoracic temperature of
honey bees especially in winter time but makes the nectar a bit thinner, which is much
easier to be digested because of the lower nectar viscosity [13]. The combined experimental
and theoretical methodology is required to uncover this. (2) The dipping behaviour may be
an indicator to reflect the health state of the honey bees. Air pollution, pesticide abuse, and
climate change may strongly influence the honey production rate and even survival rate
of the bee colony [40,41]. The dipping frequency is closely related to the energetic intake
rate, so we may use the dipping frequency as a measure to evaluate the health status of
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the bee colony. (3) The bee cannot only feed on nectar in different floral structures but can
lick dry sugar during droughts. The functional flexibility in feeding remains unexplored.
The bee glossa is comprised of segmented structure which can perform a million times
of reciprocating movements. How the bee glossa meets the contradictive demands of
high deformability and stiffness is still unknown. Combining various experiments and
theoretical frameworks, more extensive research will be conducted, not only to reveal the
behavioural characteristics of honey bees but for inspiring the next-generation facilities
like micropumps and other viscous fluidic transport facilities.
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Simple Summary: To better understand the feeding mechanism of Erthesina fullo, the fine structure
of the mouthparts is examined with scanning electron microscopy, and feeding performance are
observed directly under laboratory conditions for the first time. The adult feeding process involves
several steps, including exploring and puncturing of the host plant epidermis, a probing phase, an
engorgement phase, and removal of the mouthparts from the host tissue. Proceeding from labium
towards the mandibular stylets, the movement pattern becomes increasingly stereotypical, including
the sensilla on the tip of the labium probing, the labium making an elbow-like bend between the
first and second segment, the base of the stylet fascicle housing in the groove of the labrum, the
mandibular stylets penetrating the site and maxillary stylets feeding. The morphology of mouthparts
is similar to those of other Heteroptera. The four-segmented labium has eleven types of sensilla.
The mandibular stylet tips have two nodules preapically on the convex external surface. The structure
and function of the mouthparts are adapted for the phytophagous feeding habit in this species.
This study increases the available detailed morphological and behavioral data for Hemiptera and
will potentially contribute to improving our understanding of this pest’s feeding behavior and
sensory mechanisms.

Abstract: The yellow marmorated stink bug, Erthesina fullo (Thunberg, 1783), is a major pest of certain
tree fruits in Northeast Asia. To better understand the feeding mechanism of E. fullo, the fine structure
of the mouthparts, including the distribution and abundance of sensilla, are examined with scanning
electron microscopy (SEM), and their functions are observed directly under laboratory conditions.
The feeding performance is described in detail and illustrated for the first time. The adult feeding
process involves several steps, including exploring and puncturing of the host plant epidermis,
a probing phase, an engorgement phase, and removal of the mouthparts from the host tissue.
Proceeding from labium towards the mandibular stylets, the movement pattern becomes increasingly
stereotypical, including the sensilla on the tip of the labium probing, the labium making an elbow-like
bend between the first and second segment, the base of the stylet fascicle housing in the groove of
the labrum, the mandibular stylets penetrating the site and maxillary stylets feeding. In terms of
morphology, the mouthparts are similar to those of other Heteroptera, consisting of a triangular
pyramidal labrum, a tube-like and segmented labium with a deep groove on the anterior side, and a
stylet fascicle consisting of two mandibular and two maxillary stylets. The four-segmented labium has
five types of sensilla basiconica, three types of sensilla trichodea, two types of sensilla campaniformia
and 1 type of sensilla coeloconica. Among them, sensilla trichodea one and sensilla basiconica one
are most abundant. The tripartite apex of the labium is covered with abundant sensilla trichodea
three and a few sensilla basiconica 5. The mandibular stylet tips have two nodules preapically on
the dorsal margin of the convex external surface, which may help in penetrating plant tissue and
anchoring the mouthparts. The externally smooth maxillary stylets interlock to form a larger food
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canal and a smaller salivary canal. The structure and function of the mouthparts are adapted for the
phytophagous feeding habit in this species. Similarities and differences between the mouthparts of
E. fullo and those of other Heteroptera are discussed.

Keywords: Erthesina fullo; mouthparts; sensillum; ultramorphology; feeding performance

1. Introduction

Hemiptera is the largest and most diverse non-holometabolous insect order, containing over
75,000 species. They are characterized by specialized piercing-sucking mouthparts, in which the
modified mandibles and maxillae form two pairs of stylets sheathed within a modified labium [1,2].
These mouthparts facilitate feeding on fluids of various animal and plant hosts and have sensory
organs used in both host location and feeding. The Hemiptera have been classified into four major
taxa (suborders: Auchenorrhyncha, Sternorrhyncha, Coleorrhyncha and Heteroptera). Abundant
data are available on some aspects of hemipteran mouthpart morphology based on light and
scanning electron microscopy, for a few species of Auchenorrhyncha, e.g., Fulgoroidea [3,4],
Cicadellidae [5–9], Aphidoidea [10–13], Coccoidea [14] and Aleyrodidae [15,16] of Sternorrhyncha and
the Heteroptera [17–20]. These provide insights into feeding mechanisms and contribute to assessment
of phylogenetic relationships [7,8,11,13,19,21–25]. However, so far, mouthpart morphology of some
major groups remains little studied.

As a biologically successful group of organisms, the heteropterans (true bugs) are prolific and
diverse and have acquired a variety of feeding habits. Some heteropterans suck surface fluids
(e.g., nectar), some pierce tissues to suck sap or blood, and others obtain nourishment from dried seeds.
Numerous modifications of mouthpart structures reflect the diversity of food sources and feeding
habits of this group. Cobben [17] studied the heteropteran feeding stylets of 57 families and 145 species,
but provided little information on the labium and the types and distributions of sensilla present on this
stucture. In the carnivorous heteropterans, different feeding mechanisms are reflected in differences in
the labial tip sensilla [26] and the movement and penetration of the stylets during feeding [27].

The strategies used by various phytophagous Heteroptera to feed on a variety of plant structures
may include stylet-sheath feeding, lacerate and flush feeding, macerate and flush feeding, and osmotic
pump feeding [17,28]. In general, feeding damage from heteropterans can be classified into five
categories: Localized wilting and necrosis, abscission of fruiting forms, morphological deformation
of fruits and seeds, modified vegetative growth, and tissue malformation [29–31]. All plant-sucking
heteropterans are potential vectors of plant disease, and the lesions left behind at the feeding site can
facilitate secondary infections by plant pathogens [32].

Pentatomidae (stink bugs) is one of the largest families within the Heteroptera. Stink bugs feed by
inserting their stylets into the food source to suck up nutrients and may transmit plant pathogens,
resulting in plant wilt and, in many cases, abortion of fruits and seeds. Compared with more specialized
Hemiptera, Pentatomidae use diverse feeding strategies that allow them to feed from a wide range
of plant structures including vegetative structures, such as stems and leaves, and reproductive plant
structures such as seeds, nuts, pods and fruits [33]. Stink bug feeding can damage crops in different
ways dependent upon the plant structure(s) attacked, e.g., vegetative or reproductive. Previous
studies of mouthparts in Pentatomidae have mostly focused upon differences in certain aspects of
the mouthparts among stinkbug species, such as the types and distribution of labial sensilla [34–36]
and the internal structure of mandibular and maxillary stylets [37]. Information on the distribution of
sensilla on the mouthparts and the relationships between mouthpart structure and function in feeding,
useful in the classification of stink bugs, is not yet available.

The yellow marmorated stink bug Erthesina fullo (Thunberg, 1783) is one of the most widely
distributed phytophagous pests in East Asia. It causes severe loss to many horticultural crops, such as
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apples, cherries and pears [38–40], and disturbs humans by invading houses in large numbers when
overwintering. Both nymphs and adults of E. fullo primarily suck the sap from the trunk, leaves,
immature stems and fruits of plants. Previous research on this species has mainly been limited to
basic biology, behavior and integrated control [39,41,42]. Although, feeding damage from E. fullo

has been characterized in agronomic crops, tree fruits and vegetables, little is known about the fine
structure of the mouthparts and the feeding mechanism of E. fullo, and in particular, how the sensilla
are distributed on the mouthparts and function in locating host plants.

Here, we used scanning electron microscopy to investigate the mouthpart morphology and
distribution of sensilla of E. fullo. We also observed feeding behavior. The outcome of this study
increases the available detailed morphological and behavioral data for Hemiptera and will potentially
contribute to improving our understanding of this pest’s feeding behavior and sensory mechanisms.
This study provides more data for future comparative morphological studies in Pentatomidae.

2. Material

2.1. Insect Collecting

Adults of E. fullo used for SEM in this study were obtained from the campus of Northwest A&F
University in Yangling, Shaanxi Province, China (34◦16′ N, 108◦07′ E, elev. 563 m) in August 2016,
and were preserved in 70% ethanol and stored at 4 ◦C. For observing feeding behavior, additional
adults of E. fullo were collected at the same locality in September 2019.

2.2. Samples for SEM

Ten females and twelve male specimens of E. fullo were fixed in 70% ethanol. The labium
and the stylet, dissected using fine dissecting needles under 40× magnification (Nikon SMZ 1500,
stereomicroscope, Tokyo, Japan), were prepared as study samples. The samples were cleaned in
an ultrasonic bath (250 W) (KQ118, Kunshan, China) for 10 to 15 s in 70% ethanol three times,
then dehydrated in serial baths of 80%, 90% and 100% ethanol each for 15 min. Samples then
underwent dehydration in a mixture of 100% ethanol and 100% tert-Butanol at the ratios 3:1, 1:1, and
1:3 (by volume) for 15 min at each concentration followed by a final replacement treatment in 100%
tert-Butanol for 30 min. Specimens were then freeze-dried with liquid CO2, mounted on aluminum
stubs with double-sided copper sticky tape and sputtered with gold/palladium (40/60) in a LADD
SC-502 (Vermont, USA) high resolution sputter coater. The samples were subsequently examined with
a Hitachi S-3400N SEM (Hitachi, Tokyo, Japan) operated at 15 kV [8] or Nova Nano SEM-450 (FEI,
Hillsboro, OR, USA) at 5–10 kV.

2.3. Feeding Behavior on Different Types of Substrates

To observe the feeding behavior of the insects on fresh fruit and twigs, some fruit of orange, pear
and grape as well as twigs of pear and grape were offered to twenty male and female individuals of E.

fullo in an optical quality colorless glass enclosure 100 mm in diameter and 135 mm tall. The insects
were observed intermittently throughout the feeding period for one week. Sequential images of adult
feeding performance were taken using a mobile phone (vivo Y18L) with an 8-megapixel camera when
conditions were suitable. The images were saved directly to a computer for later analysis.

2.4. Image Processing and Terminology

Photographs and SEMs of mouthparts were observed and measured after being imported into
Adobe Photoshop CC 2019 (Adobe Systems, San Jose, CA, USA). Measurements are given as means ±
standard error of the mean. Schematic diagrams were drawn with Microsoft Office Word 2007 and
processed with Photoshop CC 2019 (Adobe Systems, San Jose, CA, USA). For classification of sensilla,
the systems of Altner and Prillinger [43] were used in addition to the more specialized nomenclature
from other studies [44].
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2.5. Data Analysis

The lengths of the mouthparts were compared between sexes using a Student t-test. Statistical
analyses were executed using SPSS 19.0 (SPSS, Chicago, IL, USA).

3. Results

3.1. General Morphology and Structure of Mouthparts

The mouthparts of E. fullo are similar to those of other heteropterans, arising from the anteroventral
part of the head capsule and composed of a long labrum, a tube-like labium and a stylet bundle
comprising two maxillary stylets (Mx) and two mandibular stylets (Md). The four-segmented labium
has a long internal labial groove (Lg) that surrounds the stylet fascile (Sf) and is covered with different
types of sensilla symmetrically distributed on the surface of both sides of the groove or on the distal
surface (Figure 1A–C). The two inner maxillary stylets interlock to form the food and salivary canals;
they are partially surrounded by two serrate-edged mandibular stylets. The stylet fascicle is housed
inside the labial groove and proximally covered by the small cone-shaped labrum. No obvious
differences were noted between the mouthpart structures of females and males except for the length of
the labium (t(9) = 9.473, p = 0.000) (Table 1).

 

 

μ μ

Figure 1. Scanning electron micrographs of the head of E fullo. (A) Ventral view; (B) Lateral view;
(C) Dorsal view showing four-segmented labium (I–IV); Lg, labial groove; Lm, labrum; Lb, labium.

3.1.1. Labrum

The cone-shaped labrum (Lm) is attached to the anterior margin of the anteclypeus and protrudes
forward beyond 2/5 length of the second segment (Figures 1A and 2A). It is closely adpressed over the
first labial segment and partly embedded in the labial groove. The surface of the labrum is plicated and
densely covered with regular transverse wrinkles (Figure 2A). The ventral side of the labrum bears a
pair of sensilla basiconica 1 (Sb1). Sensilla trichodea 1 (St1), sensilla coeloconica (Sco) and cuticular
pores (Cpo) are arranged irregularly on the ventral region of the labrum (Figure 2A–H).
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Table 1. Measurements of labrum and labium (mean ± SE) obtained from scanning electron microscopy.
N = sample size. Lm, labrum; Lb, labium; Lb1, first segment of labium; Lb2, second segment of labium;
Lb3, third segment of labium; Lb4, fourth segment of labium.

Sex Position Length (µm) Width (µm) N

Male Lm 4687.3 ± 310.1 6
Lb 11503.3 ± 123.9 6
Lb1 2013.0 ± 43.4 586.7 ± 7.9 6
Lb2 3946.8 ± 70.7 282.2 ± 5.3 6
Lb3 3491.6 ± 118.0 384.4 ± 5.7 6
Lb4 2366.7 ± 59.1 290.2 ± 7.6 6

Female Lb 12952.5 ± 75.5 5
Lb1 2359.3 ± 22.6 629.0 ± 15.5 5
Lb2 3771.6 ± 124.4 286.3 ± 5.3 5
Lb3 4055.9 ± 55.0 410.0 ± 6.0 5
Lb4 2579.4 ± 19.5 315.0 ± 3.5 5

 

 

Figure 2. SEM of labrum of E. fullo. (A) Ventral view; (B) Enlarged view of box in (A), showing
sensillum basiconicum 1 (Sb1); (C) Enlarged view of box in (A), showing sensilla trichodea 1 (St1),
sensilla coeloconica (Sco) and cuticular pores (Cpo); (D) Sensillum basiconicum 1 (Sb1); (E) Enlarged
view of box in (D); (F) Sensillum trichodeum 1 (St1); (G) Sensillum coeloconicum (Sco); (H) Enlarged
view of cuticular pore (Cpo).

3.1.2. Labium

The labium, suspended from the front of the head, is tubular in shape and subdivided into
four-segments externally (Figure 1A–C). The anterior surface of the labium is bisected by a deep
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longitudinal groove, which encases the mandibular and maxillary stylets. All segments of the labium
are covered with different types of sensilla mainly positioned symmetrically on each side of the labial
groove (Lg) and distally, with fewer sensilla on the posterior and lateral surfaces.

The four segments vary in size (Table 1) and morphology (Figure 1A–C). Overall the labium is
broad and of uniform width through most of its length with the distal segment widening near the tip.

The proximal labial segment (Lb1), the shortest and widest of the four segments, is broad at
the base, gradually narrows at the middle, and then slightly widens to the apex in posterior view
(Figures 2A and 3A,B). The distal part of the dorsum is contracted inward, is crescent-shaped and no
sensilla are observed on this surface (Figure 3A). Four types of sensilla (sensilla basiconica 1, sensilla
trichodea 1, sensilla coeloconica, sensilla campaniformia 1) and cuticular pores (Cpo) are arranged on
the ventral surface (Figure 3B–F).

 

 

Figure 3. SEM of first labial segment of E. fullo. (A) Ventral view; (B) Lateral view; (C) Enlarged
view of surface of the first segment, showing sensilla campaniformia 1 (Sca1), sensilla coeloconica
(Sco) and cuticular pores (Cpo); (D) Enlarged view of outlined box in (B), showing sensilla trichodea
1 (St1), sensilla coeloconica (Sco) and sensilla basiconica 1 (Sb1); (E) Sensillum campaniformium
1 (Sca1); (F) Enlargement of outlined box in (D), showing sensillum coeloconicum (Sco) and sensillum
basiconicum 1 (Sb1).

The second segment (Lb2) is longer than the first segment (Table 1). Viewed from the ventral
and dorsal sides, the base and ends are wider, while the middle part is narrower (Figure 4A,C).
However, from the lateral view, the middle part is expanded, and both ends are narrowed (Figure 4B).
Six types of sensilla were found on this segment, including three types of sensilla basiconica (Sb1, Sb2,
Sb3), one type of sensilla campaniformia (Sca1), and one type of sensilla trichodea (St1) and sensilla
coeloconica (Sco) (Figure 4D–H). Also, there are some cuticular pores (Cpo) arranged on the surface of
second segment (Figure 4E).

The third segment (Lb3) is a little longer than the second, and of uniform width on both sides
(Table 1, Figure 5A–C). Generally, there is a groove on the dorsal surface of the last 3/5 (Figure 5C).
A wrinkled area is present on the dorsal surface at the internode between the second and third labial
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segment. Three types of sensilla are distributed on this part, including sensilla basiconica 1 (Sb1),
sensilla trichodea (St1) and sensilla coeloconica (Sco) (Figure 5D–G).

 

 

Figure 4. SEM of second labial segment of E. fullo. (A) Ventral view; (B) Lateral view; (C) Dorsal view;
(D) Enlarged view of outlined box of (B) showing sensilla basiconica 2 (Sb2); (E) Enlarged view of
outlined box of (A) showing sensilla campaniformia 1 (Sca1), cuticular pores (Cpo), sensilla trichodea
1 (St1), sensilla coeloconica (Sco) and sensilla basiconica 3 (Sb3); (F) Sensillum basiconicum 3 (Sb3);
(G) Enlarged view of surface of the second segment of outlined box of (A); (H) Enlarged view of
outlined box of (G), showing sensilla basiconica 1 (Sb1), sensilla trichodea 1 (St1), cuticular pore (Cpo)
and sensilla campaniformia 1 (Sca1).

The fourth segment (Lb4) is nearly conical, of uniform width from base to apical 1/4 then narrowing
to the apex (Figure 6A–C). There are abundant sensilla distributed on this segment, including three
types of sensilla trichodea (St1, St2, St3), three types of sensilla basiconica (Sb1, Sb2, Sb3), two types of
sensilla campaniformia (Sca1, Sca2) and sensilla coeloconica (Sco) (Figures 6D–I and 7A–E). E. fullo has
very long and numerous sensilla trichodea 3 (St3) covering the end of the labium giving it a brush-like
appearance (Figure 7A–C). Several sensilla basiconica 5 (Sb5) are visible among these sensilla trichodea
3 (St3) (Figure 8A,B).
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Figure 5. SEM of the third labial segment of E. fullo. (A) Ventral view; (B) Lateral view; (C) Dorsal
view; (D) Enlarged view of outlined box of (A); (E) Enlarged view of outlined box of (C); (F) Enlarged
view of surface of the third segment, showing sensilla basiconica 1 (Sb1), sensilla trichodea 1 (St1), and
sensilla coeloconica (Sco); (G) Enlarged view of outlined box of (F), showing base pore (p).

 

 

Figure 6. SEM of the fourth labial segment of E. fullo. (A) Ventral view; (B) Lateral view; (C) Dorsal
view; (D) Enlarged view of outlined box of (C), showing sensilla trichodea 2 (St2), sensilla coeloconica
(Sco) and sensilla campaniformia 2 (Sca2); (E) Enlarged view of outlined box of (D), showing sensilla
campaniformia 2 (Sca2); (F) Enlarged view of outlined box of (A), showing sensilla basiconica 2 (Sb2);
(G) Sensillum trichodeum 2 (St2); (H) Sensillum basiconicum 2 (Sb2); (I) Enlarged view of surface of the
fourth segment, showing sensilla campaniformia 1 (Sca1), sensilla trichodea 1 (St1), sensilla coeloconica
(Sco) and sensillum basiconicum 1 (Sb1).
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Figure 7. Proximal position the fourth labial segment of E. fullo. (A) Ventral view; (B) Lateral view;
(C) Dorsal view; (D) Sensilla basiconica 4 (Sb4); (E) Enlarged view of outlined box of (B), showing
sensillum trichodeum 2 (St2) and sensilla coeloconica (Sco).

 

 

Figure 8. Tip of labium of E.fullo. (A) Vertical view of labial tip showing sensilla basiconica 5 (Sb5) and
sensilla trichodea 3 (St3); (B) Enlarged view of outlined box of (A), showing sensilla basiconica 5 (Sb5).
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3.1.3. Labial Sensilla Types and Their Arrangement

Based on their external morphology and distribution, eleven types (subtypes based on the length
and shapes are distinguished) of distinct sensilla were observed on the surfaces of the labial segments.
They were classified as: sensilla trichodea (St), sensilla campaniformia (Sca), sensilla coeloconica (Sco)
and sensilla basiconica (Sb).

Sensilla trichodea (St) are hair-like sensilla. Their walls are smooth without any pores or grooves on
the surface. Three subtypes of sensilla trichodea were distinguished. Sensilla trichodea 1 (St 1) are short
(Table 2), aporous, smooth, with a slightly rounded tip and flexible sockets (Figure 2F). These sensilla
are numerous and uniformly distributed on the labrum (Lm) and labium (Lb1–4) (Figures 2C and 3D).
Sensilla trichodea 2 (St 2) are longer than sensilla trichodea 1 (Table 2), straight, with a smooth surface,
a rounded tip and flexible sockets (Figure 6D,G). These sensilla are uniformly distributed on the fourth
labial segment (Lb4). Sensilla trichodea 3 (St 3) are the longest sensilla (Table 2). These sensilla are
curved at the tip and embedded in inflexible sockets. These sensilla are very numerous and located on
the tip of the labium (Figure 8A,B).

Five subtypes of sensilla basiconica were distinguished. Sensilla basiconica 1 (Sb 1) are hair-like
sensilla identical sensilla trichodea except for their smooth walls and blunt-tip. In the studied species,
these sensilla are long (Table 2) ribbed and straight, slightly branched at the tip and arise from a cuticle
with a flexible socket (Figure 2D,E). These sensilla are distributed on the labrum (Lm) and labium (Lb
2–4) (Figure 2B, Figure 3B,D,F, Figure 4G,H, Figure 5D–F and Figure 6I). Sensilla basiconica 2 (Sb 2)
are cones with a smooth surface that arise from flexible sockets (Figures 4D and 6H). Three pairs of
sensilla basiconica 2 are arranged at the junction of the first and second segment, two are present on
each side of the junction of the third and fourth segments (Figures 4D and 6F). Sensilla basiconica 3
(Sb3) are short with a smooth surface, have a sharp tip and sit in a pit (Figure 4E,F). These sensilla
are sparsely distributed on the ventral surface of the second segment. Sensilla basiconica 4 (Sb4) are
peg-like with a smooth surface and have a rounded tip (Figure 7D). They are sparsely distributed on
the lateral surface of the last segment (Figure 7B). Sensilla basiconica 5 (Sb 5) are present at the center
of each distal lobe (Figure 7A). This type of sensillum is long, straight and with a smooth surface and a
rounded tip, probably with a terminal pore (Figure 8B). Several of these sensilla basiconica are visible
among the sensilla trichodea of the distal brush (Figure 7A,B).

Sensilla campaniformia (Sca) are flat, oval-shaped discs. Two subtypes of sensilla campaniformia
are distinguished. Sensilla campaniformia 1 (Sca 1) are large (Table 2), numerous and present on
the labrum (Lm) and labium (Lb 1–4) (Figure 2C, Figure 3E, Figure 4E,H and Figure 6I). Sensilla
campaniformia 2 (Sca 2) are smaller than sensilla campaniformia 1 (Sca 1), fewer in number and located
on the antero-lateral surface near the apical 1/3 (Figure 6D,E).

Sensilla coeloconica (Sco) consist of a small oval protuberance or cone inserted in a cuticular
depression (Figure 2G). These are located on the labrum (Lm) and labium (Lb1–4) (Figure 2C,
Figure 3C,D, Figure 4E, Figure 5F, Figure 6D,I and Figure 7E). These are without pores and have an
inflexible socket.
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Table 2. Distribution, morphometric data (mean ± SE), terminology and definition of sensilla used in the present paper. Data are mean ± SE values obtained from
scanning electron microscopy. N = sample number; Lm, labrum; Lb, 1, 2, 3, 4, the first, second, third, fourth segment of labium; St 1–3, sensilla trichodea 1–3; Sb 1–5,
sensilla basiconica 1–5; Sco, sensilla coeloconica; Sca 1–2, sensilla campaniformia 1–2; SF, sensory field on the labial tip; Wp, wall pore; Tp, tip pore.

Type
Location on
Mouthparts

Length (µm)
Basal Diameter

(µm)
N Shape Socket Surface Pore Category Function

St1 Lm, Lb1–4 12.0 ± 1.7 1.6 ± 0.2 10 Hair Flexible Smooth No Mechanoreceptive sensilla Tactile
St2 Lb4 79.8 ± 1.9 4.92 ± 0.2 7 Hair Flexible Smooth No Mechanoreceptive sensilla Tactile
St3 Lb4 83.1 ± 6.3 4.2 ± 0.6 16 Hair Inflexible Smooth No Mechanoreceptive sensilla Tactile
Sb1 Lm, Lb1–4 89.0 ± 15.4 7.4 ± 1.2 20 Hair Flexible Grooved No Mechanoreceptive sensilla Tactile

Sb2 Lb2, Lb 4 86.3 ± 7.1 6.5 ± 0.7 6 Peg Flexible Smooth
Wp

(Uniporous)
Proprioceptive sensilla

Perceive the degree of
flexion of the joint

Sb3 Lb2 55.8 ± 3.3 6.8 ± 0.4 16 Peg in pit Inflexible Smooth No Thermo-hygroreceptive sensilla Temperature/humidity
Sb4 Lb4 12.8 ± 0.6 1.9 ± 0.1 6 Peg in pit Inflexible Smooth No Thermo-hygroreceptive sensilla Temperature/humidity
Sb5 SF Longer than Sb1 Wider than Sb1 Peg Flexible Smooth Tp Chemoreceptive sensilla Gustatory
Sco Lm, Lb1–4 2.4 ± 0.4 10 Pegs in cavity Inflexible Smooth No Thermo-hygroreceptive sensilla Temperature/humidity

Sca1 Lb1, 2, 4 6.7 ± 0.4 4 Oval plate Inflexible Smooth No Proprioceptive sensilla
Perceive the degree of

flexion of the joint

Sca2 Lb4 6.2 ± 1.2 4 Oval plate Inflexible Smooth No Proprioceptive sensilla
Perceive the degree of

flexion of the joint
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3.2. Stylet Fascicle

The stylet fascicle is long, slender, and composed of two separated mandibular stylets and two
interlocked maxillary stylets (Figure 9A), ensheathed by the labium at rest and extending from the
opening of the labial tip during feeding.  

 

 

Figure 9. SEM of stylet fascicle of E. fullo. (A) Stylet fascicle showing mandibular (Md) and maxillary
stylets (Mx); (B)External view of mandibular stylet (Md) showing eleven short transverse ridges
(tr); (C) Interior view showing small squamous textures (sst), bigger squamous textures (bst) and
middle squamous textures (mst); (D) Lateral view showing two nodules (no); (E) Apices of interlocked
maxillary stylets; (F) Apex of left maxillary stylet (LMx) showing food canal (Fc) and salivary canal (Sc);
(G) Apex of right maxillary stylet (RMx) showing food canal (Fc) and salivary canal (Sc); (H) External
view of left maxillary stylet (LMx); (I) External view of right maxillary stylet (RMx); dr, dorsal side; vr,
ventral side.

The mandibular stylets, located on each side of the maxillary stylets, are crescent-shaped in
cross-section, convex externally and slightly concave internally to form a groove enclosing the maxillary
stylets. On the lateral surface of each mandibular stylet, a series of approximately parallel, curved
serrate ridges or teeth (a regular series of longer transverse ridges and eleven shorter transverse ridges)
extend over the most distal part (Figure 9B). The most obvious features observed on the mandibular
stylets of this species are two nodules present on the dorsal margin of the convex external surface near
the apex (Figure 9B,D). There are four rows of squamous structures regularly distributed on the inner
surface of the mandibular stylet (Figure 9C). The first and third rows consist of small squamous textures
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(sst), the second has bigger squamous textures (bst) and the fourth has medium-sized squamous
textures (mst) with different cuticular spines.

The maxillary stylets (Mx) are interlocked by hook-like hinges and are not symmetrical (Figure 9E).
The hook-like hinges include three joints from the cross-section, one of which is located at the center of
the maxillary stylets and two of which are positioned at the lateral sides (Figure 10A,B). The external
and internal surface of a maxillary stylet is smooth and the tip is sharp (Figure 9F–I). A row of nodes is
present on the joint surface of the left stylet, which opposes the series of indentations on the right stylet
(Figure 9G). A food canal (Fc) and salivary canal (Sc) are formed by the interlocked maxillary stylets,
and the width of food canals is evenly distributed across the two stylets, while most of the salivary
canal is housed in the right stylet (Figure 9F,G). The diameter of the central food canal is much greater
than that of the salivary canal (Figure 10A,B). The cross-section of the stylet fascicle shows that each
mandibular stylet has a dendritic canal, which is a large duct that runs the length of the stylet and is
located centrally in the thickest portion of each structure (Figure 10A,B).

 

 

 

Figure 10. Cross-section of stylet fascicle of E. fullo. (A) Cross-section of stylet fascicle through middle of
second and third segment showing food canal (Fc) and salivary canal (Sc); (B) Diagram of cross-section
of stylet fascicle. LMd, left mandibular stylet; RMd, right mandibular stylet; LMx, left maxillary stylet;
RMx, right maxillary stylet; Fc, food canal; Sc, salivary canal; Ic, interlocking canal; CN, dendritic
canal; RPr, Right process of the maxilla; A, Straight; A’, Hooked; B, Hooked; B’, Straight; C, Straight; C’,
Hooked; D, T-shaped; D’, Hooked; E, Hooked; E’, Hooked; F, Straight.

3.3. The Process of Feeding by E. fullo

The adult feeding process involves several steps, including the exploring and puncturing of the
plant epidermis, a probing phase, an engorgement phase, and removal of the mouthparts from the
plant tissue. These processes vary slightly in mouthpart position and duration.

When the insect is at rest or not feeding, the rostrum is in contact with the ventral surface of the
body from the front coxal base to the anterior part of the abdomen (Figure 11A). The proximal end of
labial segment 2 articulates with the bucculae.

Insects feeding on the internal fluids of other organisms must first penetrate the plant tissues.
After landing, an adult of E. fullo walks on its plant and explores for a suitable feeding location by
probing. It then stops and remains still while the antennae swing up and down several times. After a
few seconds, gripping the plant with its legs, the bug tilts the anterior part of its body upward at an
angle to the surface, and the rostrum is then extended forward and used as a sense organ in conjunction
with the eyes and antennae to examine the plant material for a suitable feeding spots. The labium
first moves forward by swinging from its horizontal position of repose until it is perpendicular to
the plant surface. The rostrum tip then taps the surface or slides over it. When the labium is moved
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forward from its resting position, the stylet tip reaches the tip of the labium and may even extend a
short distance beyond the top (Figure 11B).

 

 

 

 

Figure 11. Feeding on fruits and young stalks in adult E. fullo showing positions of the mouthparts.
(A) At rest or not feeding; (B) Exploring suitable feeding location; (C) Feeding on grape; (D) Feeding
on green stalk of grape; (E) Feeding on stalk of pear; (F) Feeding on pear.

Upon contact with a potential feeding site, the bug may probe with sensilla on the tip of the
labium and penetrate the site with the stylets to test if this site is suitable for feeding. After selecting an
appropriate feeding site, the insect then presses the tip of the labium onto the plant surface and inserts
the feeding stylets. Then, the labium makes an elbow-like bend between the first and second segment,
while the base of the stylet fascicle is held in the groove of the labrum (Figure 12A). The labium continues
retracting to its maximum extent, at which the angle between the first and second segments is nearly
90◦, allowing the head to be lowered as the stylet bundle penetrates the food tissue (Figure 12B,C), with
the maxillary stylets lagging slightly behind the mandibular stylets. Stylet probing continues until a
suitable tissue is found. It may take anywhere from five minutes to three hours from the beginning of
probing until a feeding site is reached. The bug secretes viscous saliva as the stylets progress through
the tissue.
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Figure 12. Feeding stages on orange in adult E. fullo showing positions of the mouthparts. (A) Location
of suitable feeding position by the labium; (B), (C) Puncture of orange by stylet fascicle showing
elbow-like fold of proximal and second rostral segments and stylet penetration; (D) The bug lifts up
the third and fourth segments of labium parallel to host surface and then feeds; (E) The bug gradual
straightens the first and second labial segments; (F), (G) Termination of feeding showing retraction
of stylets; (H) Use of forelegs to return stylet fascicle to labial groove; Lm, labrum; Lb, labium; Sf,
stylet fascicle.

After a feeding site is reached, the bug bends the third and fourth segments of the labium
backward, away from the inserted stylets until the distal section of the labium is parallel to the host
surface, after which feeding can commence (Figure 12D). The bug then extracts and sucks host fluids
repeatedly. Feeding may last from a few seconds to one hour at a time.
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When finished feeding, the bug gradually straightens the first and second labial segments;
meanwhile, the third and fourth labial segments rotate forward and contact the host surface (Figure 12E).
Then the body gradually raises and pulls out the stylet fascicle (Figure 12F,G). The bug replaces the
stylet fascicle into the labial groove with the help of the forelegs (Figure 12H). Finally, the rostrum
rotates back to its resting position along the sternum.

The process of feeding on young shoots of the plant is similar to that observed for fruit feeding,
except that the stylets are never fully retracted from the labium (Figure 11C–F).

4. Discussion

Substantial data are available on structure and function of mouthparts in Hemiptera. However,
detail on the mechanics of feeding behavior, especially with respect to the sensory and motor feedback
mechanisms, is lacking [45–47]. A study of the fine morphology of mouthparts allows us to interpret
the function of the component parts of the feeding apparatus and improves our understanding of the
actual feeding mechanism.

In this study, the feeding behavior of E. fullo is described. To our knowledge, this is the first
time that the detailed mouthpart morphology and feeding performance in a member of Pentatomidae
have been reported together. The modified mouthparts of E. fullo have a number of morphological
similarities to those heteropteran species described previously [17,19,22,37,44,48–55], but our study
revealed some new and interesting features that differ from those of other true bugs, and provide a
better understanding of the feeding strategies and the sensory systems of E. fullo.

4.1. Mouthpart Morphology and Their Adaptability to Feeding

The labrum, a conspicuous anterior structure on the adult insect head, should play an important
role in insect feeding. Recently the labrum was reinterpreted as fused paired appendages of an
intercalary segment [56–58] and a few scholars have conducted detailed studies on its morphology in
Heteroptera [52–55,59–61]. In previously published reports, the morphology of the labrum was used as
a taxonomic feature of higher taxa of Heteroptera [59–63], but its structure varies according to feeding
habits and mechanisms [61]. Spooner [59] recognized three basic types of labrum in Heteroptera:
(1) a broad, flap-like labrum; (2) a long, narrow, triangular labrum; (3) a broad, flap-like sclerite with
a long epipharyngeal projection. The labrum of E. fullo corresponds to the second group. This is
similar to other true bugs, e.g., Pyrrhocoris sibiricus [52], Cheilocapsus nigrescens [53], and four species of
Largidae (Physopelta quadriguttata, Ph. gutta, Ph. cincticallis, and Macrocheraia grandis) [55]. We observed
regular wrinkles from base to end on the ventral surface of the E. fullo labrum. These wrinkles may
function to add flexibility to the labrum, allowing deeper stylet penetration (Figure 12B,C). Such a
long labrum (Table 1) may also be used to hold the basal part of the stylet fascicle in the labial groove
during feeding (Figure 12D).

The labium of E. fullo has four segments as in most of other heteropteran bugs [27,52–55]. Usually,
when insects are feeding, the second segment approaches the first segment, allowing the head to be
lowered as the stylet fascicle penetrates the food tissue. Previous studies have reported that a band-like
dorsal plate is present between the first and the second segment [27,52,54,55,64–66], while the base
of the stylet fascicle is held in the groove of the labrum. However, in our study, there was no such
structure (a band-like dorsal plate), and the distal part of the dorsum of the first segment is contracted
inward (Figures 11 and 12). This is probably because, unlike Pyrrhocoris sibiricus [52], which moves the
labium back to its abdomen, E. fullo bends the first and second segments for deeper feeding. Moreover,
the first and second segment are stronger than the third and fourth segments. The first and second
labial segments of E. fullo are presumably folded to support the head, allowing the stylet fascicle to
penetrate the plant (Figure 12B).

Heteropteran stylets form a fascicle composed of two lateral mandibular stylets and two maxillary
stylets; the former are armed with teeth or rasps and the latter interlock and forms the salivary and
food canals [17,18,25]. As feeding and probing on host plants are responsible for the direct or indirect
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damage to plants by phytophagous hemipteran insects, the stylets, including the shape and dentition of
the tips, have been studied previously in several heteropterans [17,18,20,49,50,52–55,67–75]. In E. fullo,
there are a series of squamous textures regularly distributed on the inner surface of the mandibular
stylet and the left and right sides of the longitudinal groove are different. Similar structures are found
in other phytophagous species [17,52,53,55]. Cobben [17] mentioned that the orientation of this parallel
groove is such that the forward thrust of one mandible will cause considerable friction against the outer
surface of the adjacent maxillary stylet contributing to its inward deviation. We also observed two
nodules present on the dorsal margin of the external surface and a series of transverse ridges arranged
on the outer surface. In different phytophagous Heteroptera, the nodules are slightly different, and the
number of nodules also varies [49,52–55]. Depieri and Panizzai [49] observed 1 to 4 central teeth and
1–3 lateral teeth in Dichelops melacanthus, Euschistus heros, Nezara viridula and Piezodorus guildinii. Wang
and Dai [52] found that mandibular stylets of P. sibiricus have three central teeth and two paired lateral
teeth on the distal extremity, as well as five or six oblique parallel ridges on the subapex of the external
convex region. In polyphagous species of Largidae (Physopelta quadriguttata, Ph. gutta, Ph. cincticallis,
and Macrocheraia grandis), the serration pattern of the mandibles is 1–3 central teeth and 1–2 lateral
teeth [55]. The teeth at the tip of the mandibular stylet may help to fix the stylets in host tissues [17,76].

Both mandibles together with the maxillary bundle function as a single plunging instrument [17].
Maxillary stylets are asymmetrical only in the internal positions of the longitudinal carinae and grooves.
Their inner surfaces show traces of small, widely spaced notches arranged in longitudinal strips. As
found by Cobben [17] in his study of Graphosoma lineatum L., we also found these grooves on the
maxillary stylets of E. fullo to form a salivary canal (Sc) and a food canal (Fc). The maxillary stylets
are longer than the mandibular stylets and the salivary canal is narrower than the food canal as in
Pyrrhocoris sibiricus [52], Cheilocapsus nigrescens [53], Stephanitis nashi [54] and four species of Largidae
(Physopelta quadriguttata, Ph. gutta, Ph. cincticallis, and Macrocheraia grandis) [55]. In E. fullo, the
maxillary stylets are smooth externally but equipped with a longitudinal ridge that engages grooves in
the mandibular stylets, causing it to curve inward during probing of plant tissue [17]. Moreover, the
sharp ends of the maxillary stylet are specialized to pierce plant tissues while probing.

Brożek and Herczek [37] have studied the interlocking mechanisms of maxillae and mandibles in
Heteroptera. Three locks between maxillae and mandibulae have been identified, i.e., dorsal, middle
and ventral, similar to Fulgoroidea [3], in contrast with two locks in leafhoppers [6,8]. Our observation
of the internal structure of E. fullo mouthparts based on the cross-section of the subapical segment of
the rostrum reveals the same number of processes in each of the three locks. The food canal is oval
and the salivary canal is smaller than that of the food canal, which is semicircular in cross-section.
Both maxillary and mandibular stylets are flattened laterally; thus they are higher than wide in
cross-section [37]. There are five upper processes on the right maxilla and six processes on the left
maxilla, as found by Brożek and Herczek [37] in their study of other representatives of the Pentatomidae,
e.g., Acanthosoma haemorrhoidale and Elasmucha fieberi.

Heteropteran insects have four feeding methods including stylet-sheath feeding, lacerate-and-flush
feeding, macerate-and-flush feeding and osmotic pump feeding [17,28,31], and each is used on a
different kind of host tissue. Miles [77] suggested that some pentatomomorphans can employ two
types of feeding and that both phytophagous or carnivorous Pentatomorpha produce a stylet sheath.
Generally, the polyphagous E. fullo primarily suck sap from the trunk, leaves, immature stems and
fruits. Therefore, this species presumably employs the stylet-sheath feeding method when feeding
from the phloem of the host plant, and employs lacerate-and-flush feeding when feeding on the fruit.
In the stylet-sheath feeding method, the insect inserts the stylets into the feeding site (mainly phloem)
and forms a salivary sheath around the stylets. In the lacerate-and-flush feeding type, these insects use
their strong mandibular teeth to lacerate cells and the sharp ends of the maxillary stylet to pierce fruit
for flush and suck feeding.

Usually, before feeding, heteropteran insects secrete some saliva on the surface of the host plant
which is re-absorbed repeatedly to test the suitability of the feeding site [78]. In our observations,
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the labium lip of E. fullo has abundant sensilla trichodea (St3) and few sensilla basiconica (Sb5). We
suspect that these large numbers of sensilla trichodea (St3) may be used to smear the saliva and the
sensilla basiconica (Sb5) act as chemical sensors to taste the liquid.

4.2. Labial Sensillar System

Many previous authors have described rostral sensilla of Hemiptera and their possible function
as chemoreceptors and mechanoreceptors [4,22,48,52–55,79,80]. Detailed morphological descriptions
of Pentatomidae labial sensilla have never been previously reported. In this study, eleven types of
sensilla were observed on the mouthparts of E. fullo.

The sensilla that cover the labial surface (except the labial tip) in E. fullo are evidently similar to
those of most pentatomomorphan species, as well to other heteropteran species, as reported by several
authors [22,44,52–55]. According to the inferred functions of the sensilla, we divided the sensilla on the
labial surface into three categories: Thermo-hygroreceptive, proprioceptive and mechanosensory [43,81].
Mechanosensory sensilla include sensilla trichodea (St1, St2) and sensilla basiconica (Sb1), which have
no pores or are uniporous and are embedded in flexible sockets. The proprioceptive sensilla include
sensilla basiconica (Sb2), located on the junction between the first and second labial segment, and the
third and fourth segment, and nonporous cupola (Sca1, Sca2) located on the surface of the cuticle or
enclosed in a pit. The thermo-hygroreceptive sensilla include five types (Sb3, Sb4, Sco). Generally, all
of the sensilla with this function are nonporous pegs (Sb3, Sb4, Sco).

The labial tip, which contacts the host surface during host selection and feeding, usually has
poreless mechanosensory hairs and uniporous or multiporous pegs [34]. According to Rani [26],
the carnivorous stinkbug Eocanthecona furcellata (Wolff) possesses numerous sensilla of different types
at the tip of the labium, e.g., trichoid sensilla, long hairs with profusely branched shafts, an oval-shaped
peg surrounded by sensory hairs with branched shafts and a short, stout peg encircled by a group
of long hair-like sensilla. Six types of labial sensilla on the labium of phytophagous and predatory
pentatomid species were described by Shama et al. [44]. Both studies found long cuticular projections
and no sensory function on the labial tip. Nevertheless, in this study we observed in E. fullo many very
long sensilla trichodea (St3) covering the labial tip, as well as a few sensilla basiconica (Sb5) on the
central tip of the labium. Sensilla trichodea probably represent mechanosensilla as their morphology
suggests, whereas sensilla basiconica are gustatory (chemosensitive sensilla). E. fullo is a polyphagous
species sucking the sap from leaves, immature stems and fruits similar to other pentatomomorphan
species. Feeding by this species causes yellowish brown spots to appear on the surface of the plant.
Extensive injury results the leaf falling off. Damage to fruts includes which causes loss of edible value
and yield loss [40]. So far, this is the only pentatomid species observed to have such long and numerous
sensilla of the labial tip. Other studied polyphagous heteropteran species have fewer such sensilla
(10 to 12 sensilla) and are more uniform in structure [22,44,52–55,82,83] in contrast to E. fullo in which
the sensilla are much more numerous.

5. Conclusions

To sum up, the feeding structures in the few species of Pentatomidae studied so far seem similar to
each other, presumably due to strong structural and functional constraints on their evolution. However,
the mouthparts of E. fullo differ from those of previously studied stink bugs in the cross-sectional
shape of the stylets, arrangement of labial sensilla and number of teeth of the mandibular stylets.
This dissimilarity from other species of Pentatomidae and species of other hemipteran families so
far described makes Erthesina fullo unique, particularly in its excessively long and numerous sensilla
trichodea covering the end of labium. The structure and function of the mouthparts of this species are
adapted for phytophagous feeding habits.

The adult feeding process involves several steps, including the exploring and puncturing of the
host epidermis, a probing phase, an engorgement phase, and removal of the mouthparts from the host
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tissue. Studies of feeding behavior and mouthpart morphology of additional pentatomid species are
needed to determine how much variation occurs in this diverse and economically important family.
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35. Brożek, J. Morphology and arrangement of the labial sensilla of the water bugs. Bull. Insectol. 2008, 61, 67–168.
36. Baker, G.T.; Chen, X.; Ma, P.W. Labial tip sensilla of Blissus leucopterus (Hemiptera: Blissidae): Ultrastructure

and behavior. Insect Sci. 2008, 15, 271–275. [CrossRef]
37. Brożek, J.; Herczek, A. Internal structure of the mouthparts of true bugs (Hemiptera: Heteroptera).

Pol. J. Entomol. 2004, 73, 79–106.
38. Li, Q.C.; Cheng, A.Y.; Wang, H.S.; Zhang, W.Y. Control technicians of the Halyomorpha picus (Fabricius) and

Erthesina fullo (Thunberg). Plant Doctor 1998, 11, 17–18. (In Chinese)
39. Mi, Q.Q.; Zhang, J.P.; Gould, E.; Chen, J.H.; Sun, Z.T.; Zhang, F. Biology, Ecology, and Management of

Erthesina fullo (Hemiptera: Pentatomidae): A Review. Insects 2020, 11, 346. [CrossRef] [PubMed]
40. Song, H.W.; Wang, C.M. Studies on the harm and prevention of the Halyomorpha picus (Fabricius) and

Erthesina fullo (Thunberg) to Chinese jujube. Chin. J. Appl. Entomol. 1993, 30, 225–228. (In Chinese)
41. Sun, S.X. Studies on the alimentary canal of Erthesina fullo Thunberg. J. Shandong Agric. Coll. 1956, 2, 37–50.

(In Chinese)
42. Zhang, C.T.; Li, D.L.; Su, H.F.; Xu, G.L. A study on the biological characteristics of Halyomorpha picus and

Erthesina fullo. For. Res. 1993, 6, 271–275. (In Chinese)

102



Insects 2020, 11, 503

43. Altner, H.; Prillinger, L. Ultrastructure of invertebrate chemo, thermo, and hygroreceptors and its functional
significance. Int. Rev. Cytol. 1980, 67, 69–139. [CrossRef]
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55. Wang, Y.; Brożek, J.; Dai, W. Morphological disparity of the mouthparts in polyphagous species of Largidae
(Heteroptera: Pentatomomorpha: Pyrrhocoroidea) reveals feeding specialization. Insects 2020, 11, 145.
[CrossRef] [PubMed]

56. Finkelstein, R.; Perrimon, N. The molecular genetics of head development in Drosophila melanogaster.
Development 1991, 112, 899–912. [PubMed]

57. Popadić, A.; Panganiban, G.; Rusch, D.; Shear, W.A.; Kaufman, T.C. Molecular evidence for the gnathobasic
derivation of arthropod mandibles and for the appendicular origin of the labrum and other structures.
Dev. Genes Evol. 1998, 208, 142–150. [CrossRef] [PubMed]

58. Boyan, G.; Williams, J.; Posser, S.; Bräunig, P. Morphological and molecular data argue for the labrum being
non-apical, articulated, and the appendage of the intercalary segment in the locust. Arthropod Struct. Dev.

2002, 31, 65–76. [CrossRef]
59. Spooner, C.S. The phylogeny of the Hemiptera based on a study of the head capsule. Illinois Biol. Monogr.

1938, 16, 1–102. [CrossRef]
60. Gupta, A.P. A consideration of the systematic position of the Saldidae and the Mesoveliidae (Hemiptera:

Heteroptera). Proc. Entomol. Soc. Wash. 1963, 65, 31–38.
61. Štys, P. On the morphology of the labrum in Heteroptera. Acta Entomol. Bohemoslov. 1969, 66, 150–158.
62. Forthman, M.; Weirauch, C. Phylogenetics and biogeography of the endemic Madagascan millipede assassin

bugs (Hemiptera: Reduviidae: Ectrichodiinae). Mol. Ph. Evol. 2016, 100, 219–233. [CrossRef]
63. Forthman, M.; Weirauch, C. Millipede assassins and allies (Heteroptera: Reduviidae: Ectrichodiinae,

Tribelocephalinae): Total evidence phylogeny, revised classification and evolution of sexual dimorphism.
Syst. Èntomol. 2017, 42, 575–595. [CrossRef]

64. Weber, H. Zur vergleichenden Physiologie der Saugorgane der Hemipteren. Zeitschrift für vergleichende

Physiologie 1928, 8, 145–186. [CrossRef]
65. Snodgrass, R.E. Principles of Insect Morphology; McGraw Hill Book Co.: New York, NY, USA, 1935.

103



Insects 2020, 11, 503

66. Esquivel, J.F. Stylet penetration estimates for a suite of phytophagous hemipteran pests of row crops.
Environ. Èntomol. 2015, 44, 619–626. [CrossRef] [PubMed]

67. Faucheux, M.M. Relations entre l’ultrastructure des stylets manibulaires et maxillaires et la prise de nourriture
chez les insects Hemipteres. CR Acad. Sci. Paris (Ser. D) 1975, 281, 41–44.

68. Cohen, A.C. Feeding adaptations of some predaceous Hemiptera. Ann. Èntomol. Soc. Am. 1990, 83, 1215–1223.
[CrossRef]

69. Swart, C.C.; Felgenhauer, B.E. Structure and function of the mouthparts and salivary gland complex of the
giant Waterbug, Belostoma lutarium (Stål) (Hemiptera: Belostomatidae). Ann. Èntomol. Soc. Am. 2003, 96,
870–882. [CrossRef]

70. Roitberg, B.D.; Gillespie, D.R.; Quiring, D.M.J.; Alma, C.R.; Jenner, W.H.; Perry, J.; Peterson, J.H.; Salomon, M.;
VanLaerhoven, S. The cost of being an omnivore: Mandible wear from plant feeding in a true bug.
Naturwissenschaften 2005, 92, 431–434. [CrossRef]

71. Romani, R.; Salerno, G.; Frati, F.; Conti, E.; Isidoro, N.; Bin, F. Oviposition behaviour in Lygus rugulipennis:
A morpho-functional study. Èntomol. Exp. Appl. 2005, 115, 17–25. [CrossRef]

72. Bérenger, J.; Pluot-Sigwalt, D. Notes sur Micrauchenus lineola (Fabricius 1787), espÈcetermitophile et termitophage
(Heteroptera: Reduviidae: Harpactorinae, Apiomerini). Ann. Soc. Entomol. Fr. 2009, 45, 129–133. [CrossRef]

73. Sahayaraj, K.; Kanna, A.V.; Kumar, S.M. Gross morphology of feeding canal, salivary apparatus and digestive
enzymes of salivary gland of Catamirus brevipennis (Serville ) (Hemiptera: Reduviidae). J. Entomol. Res. Soc.

2010, 12, 37–50.
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1 Key Laboratory of Plant Protection Resources and Pest Integrated Management of the Ministry of Education,
College of Plant Protection, Northwest A&F University, Yangling 712100, Shaanxi, China;
wangyan105422@163.com (Y.W.); millipedeassassin@gmail.com (J.Z.); wangwanshang1004@163.com (W.W.)

2 Faculty of Natural Science, Institute of Biology, Biotechnology and Environmental Protection,
University of Silesia in Katowice, Bankowa 9, 40-007 Katowice, Poland; jolanta.brozek@us.edu.pl

* Correspondence: daiwu@nwsuaf.edu.cn; Tel.: +89-29-8708-2098
† These authors contributed equally to this work.

Received: 31 May 2020; Accepted: 19 June 2020; Published: 22 June 2020
����������
�������

Abstract: Millipede assassin bugs are a diverse group of specialized millipede predators. However,
the feeding behavior of Ectrichodiinae remains poorly known, especially how the mouthpart structures
relate to various functions in feeding. In this study, fine morphology of the mouthparts and feeding
performance of Haematoloecha nigrorufa (Stål, 1867) was observed and described in detail for the
first time. The triangular labrum is divided by a conspicuous transverse membrane into a strongly
sclerotized basilabrum and a less sclerotized distilabrum. Fifteen types of sensilla are distributed on
the mouthparts. Each mandibular stylet has an expanded spatulate apex and about 150 approximately
transverse ridges on the external middle side; these help in penetrating the ventral trunk area and the
intersegmental membranes of millipede prey. The right maxilla is tapered. On the internal surface are
a row dorsal short bristles near the apex and a row of ventral bristles preapically. A longitudinal row
of long lamellate structures extend proximate for a considerable distance, lie entirely within the food
canal, and bear several short spines and short bristles. There is no obvious difference between males
and females in the distribution, number, and types of sensilla on mouthparts. The adult feeding
process involves several steps, including searching and capturing prey, paralyzing prey, a resting
phase, and a feeding phase. The evolution of the mouthpart morphology and the putative functional
significance of their sensilla are discussed, providing insight into the structure and function of the
mouthparts adapted for millipede feeding.

Keywords: Reduviidae; mouthparts; sensillum; feeding; predation

1. Introduction

Mouthparts are the feeding organs of insects [1–3] and morphological variation in mouthparts
generally corresponds well to their different feeding requirements [4,5]. A large number and variety of
sensilla are attached to the different mouthparts, which play important roles in host search, detection,
feeding, and mating [6–9]. The types and quantities of various sensilla are closely related to the
feeding habits of insects. The mouthpart complex in Hemiptera is often called the “rostrum”, “sucking
beak”, or piercing-sucking mouthparts [10]. During the long-term evolutionary history of Hemiptera,
the components of this feeding apparatus have been clearly modified to serve their unique functions
in different groups of bugs [11–16] and specialized to various sources of food [17]. Heteroptera,
as compared to other groups of hemipterans (Cicadomorpha, Fulgoromorpha, Sternorrhyncha,
and Colleorrhyncha) display a wider array of trophic and morphological diversity [12].
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The sensillar systems of heteropteran mouthparts have been studied in representatives
across different trophic groups and different families often display specific characteristics under
examination [15,16,18–25]. Although data on some aspects of mouthpart morphology of Heteroptera
are abundant, based on light and scanning electron microscopy, previous observations have been
reported at various levels of accuracy [12,26–36]. Thus, consistent and detailed studies are needed in
order to provide useful comparative data.

The feeding behavior of Hemipterans has been inferred from mouthpart structures [31,32], or was
based on electropenetrograph (EPG) apparatus [37,38]. Unfortunately, ethological details about feeding
behavior are lacking [39–41]. The fine morphology of mouthparts allows for us to interpret the function
of the component parts of the feeding apparatus and provides us with information to understand the
actual feeding mechanism.

Assassin bugs, or Reduviidae (Insecta: Heteroptera), are the second largest family and one of
the most morphologically diverse groups of true bugs, with more than 6600 species [42]. Some data
suggest that the evolutionary transition to predation in this family coincided with the reduction of
one segment of their labium [43]. Generally, the reduviid rostrum is three-segmented, short and thick,
usually curved and arched, and, when at rest, the labium is held in a longitudinal groove (the friction
groove) in the center of the anterior thoracic and abdominal plates.

Details of mouthpart morphology of reduviid species have received only sporadic. Previous
studies have mostly concentrated on the terminal labial sensilla [12,18,44], gross morphology of the
mandible and maxilla [45,46], interlocking mechanisms of maxillae and mandibles [47], and gross
morphology of the labium and labrum [46,48–52]. More detailed information on fine structure is
needed to determine how much variability in mouthparts occurs across different taxa, particularly
those with relatively narrow feeding specialization.

Millipede assassin bugs (Hemiptera: Reduviidae: Ectrichodiinae) are a diverse group with more
than 700 species known worldwide [52]. Many ectrichodiines appear to be specialized millipede
(Diplopoda) predators, but details of the predator-prey relationships, including prey specificity and
point of mouthpart insertion are largely undocumented [53]. Haematoloecha nigrorufa (Stål, 1867) is a
common and widespread species of assassin bug in China (Beijing, Zhejiang, Sichuan, Fujian, Jiangxi,
Jiangsu, Gansu, Liaoning, Shaanxi) and some other Asian countries (Japan, Korean Peninsula), mainly
feeding on millipedes and some arthropod pests. The fine structure of the mouthparts of H. nigrorufa,
and the significance of these mouthpart structures for feeding, have not been previously studied.

This paper describes morphological observations of the mouthparts and feeding performance of
H. nigrorufa to expand our knowledge of modifications of these organs and their sensilla system in a
species that is adapted to the difficulties of obtaining food from millipedes. We focused on sensilla
typology, distribution, and possible functions with the aim of identifying more character sets that are
useful for future comparative morphological studies in Reduviidae.

2. Material and Methods

2.1. Insect Collecting

Adults of H. nigrorufa used for SEM in this study were collected with sweep nets at the campus of
Northwest A&F University in Yangling, Shaanxi Province, China (34◦160 n, 108◦070 E, elev. 563 m)
in August 2019, preserved in 75% ethanol, and stored at 4◦C. For observing the performance of the
mouthparts during feeding inside different types of prey, additional adults of H. nigrorufa were collected
at the same locality in September 2019. Prey animals were not dissected after feeding.
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2.2. Samples for SEM

Adult males (n = 4) and females (n = 12) were dipped into 10% NaOH solution for 2h and cleaned
twice while using an ultrasonic cleaner (KQ118, Kunshan, China) 15s each time. Dehydration used
serial baths of 80%, 90% and 100% ethanol each for 15 min. The materials were air dried, coated with
a film of gold (Q150T-S, Quorum, West Sussex, UK), and then imaged with a Nova Nano SEM-450
(FEI, Hillsboro, OR, USA) at 5–10 kV in the scanning microscopy laboratories of the Life Science
Research Core Services of Northwest A & F University.

2.3. Feeding Behavior on Millipedes

The observation of predatory behavior in H. nigrorufa lasted for two months and insects were bred
in a transparent plastic basin 150 mm diameter, 50 mm tall. The bottom of the basin was covered with
cotton wool 15 mm high, which was moistened with about 50 ml of water. On the cotton wool, bark and
some leaves were placed to simulate the natural environment. The feeding conditions were (24 ± 1) °C,
RH (70 ± 15) %. Mealworms, armyworms, earwigs, polydesmid millipedes, juliform millipedes,
and spirostreptid millipedes were separately used as prey. After 72 hours of fasting, the prey was
offered to 20 adult individuals of H. nigrorufa in the basin and observations of the results. The predatory
behavior was captured by a Nikon D500 camera and the images were imported into a computer for
later analysis.

2.4. Image Processing and Morphometric Measurement

Photographs and SEMs were observed and measured after being imported into Adobe Photoshop
CC 2019 (Adobe Systems, San Jose, CA, USA).

2.5. Data Analysis

The lengths of the mouthpart were compared between sexes using Student t-test. Statistical
analyses were executed using SPSS 19.0 (SPSS, Chicago, IL, USA).

2.6. Terminology

The sensilla were classified according to their external morphology, length, distribution, and position.
The terminology of sensilla follows Altner and Prillinger [54] and Frazier [55], with less specialized
nomenclature from Brożek and Chłond [18]. Terminology of the labium and stylet bundle structures
follow Weirauch [42,43], Cobben [12], Brożek, and Herczek [47], with some new terms established
based on the present study.

3. Results

3.1. General Morphology of Mouthparts

The main elements of the mouthparts of H. nigrorufa are similar to other reduviid species and
include the two-part labrum, three-segmented labium (the order of segment numbers in this group is
from II–IV) (Figure 1A–C), and stylet fascicle (Sf) composed by two separated mandibular stylets (Md)
and two interlocked maxillary stylets (Mx) (Figure 1B). No obvious differences were noted between
the mouthpart structure of females and males except for their length (t(13) = 2.235, p = 0.044) (Table 1).
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labrum is divided by a conspicuous transverse membranous zone into two unequally sclerotized 
parts: a strongly sclerotized basilabrum (bl) and a less sclerotized distilabrum (dl) (Figure 2A,C,D). 
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Figure 1. Scanning electron micrographs of the head of Haematoloecha nigrorufa. (A). Ventral view;
(B). Lateral view; (C). Dorsal view showing three-segmented labium (II–IV); Sf, stylet fascicle; Lm,
labrum; Lb, labium; Lg, labial groove.

Table 1. Measurements of labrum, labium and stylets (mean ± SE) obtained from scanning electron
microscopy. Lb, labium; Lb, 2, 3, 4, the second, third, fourth segment of labium; Lm, labrum; Md,
mandibular stylets; RMx, right maxillary stylet; LMx, left maxillary stylet; N = sample number.

Sex Position Length (µm) Width (µm) N

Female Lb 2058.0 ± 25.8 - 12
L2 1174.8 ± 35.9 215.3 ± 4.4 12
L3 587.4 ± 15.7 301.7 ± 5.8 12
L4 298 ± 18.3 194 ± 2.8 12

Male Lm 476.5 ± 8 - 4
Lb 1875.2 ± 113.5 - 3
Lb2 1011 ± 131.2 219 ± 8.7 3
Lb3 583.6 ± 14.2 288.2 ± 1.2 3
Lb4 285.8 ± 18.9 183 ± 4.4 3

Md (spatulate apex) 507.4 ± 15.3 - 4
RMx (dorsal short bristles) 104.3 ± 6.5 - 3

RMx (ventral lamellate structures) 424.2 ± 13.7 - 3
LMx (dorsal short spines) 15.8 ± 0.5 - 3

LMx (ventral short bristles) 76.4 ± 3.6 - 3

3.2. Labrum

The triangular labrum reaches the base of the second labial segment (Figure 1A,B and Figure 2A).
The labrum is divided by a conspicuous transverse membranous zone into two unequally sclerotized
parts: a strongly sclerotized basilabrum (bl) and a less sclerotized distilabrum (dl) (Figure 2A,C,D).
The basilabrum is wide and it accounts for 1/3 of the length of the labrum. The surface of the basilabrum
is slightly plicated and sensilla trichodea (St1) and multilobular sensilla (Sm) are sparsely distributed
on it (Figure 2A,C). The distilabrum (dl) is elongated and cone-shaped. In this part of the labrum,
sensilla trichodea (St1) and multilobular sensilla (Sm) are less numerous. Moreover, several small
spikes (smi) were observed at the tip of the distilabrum (dl) (Figure 2E,H). On the ventral side of
the distilabrum there is a groove (gr) that holds a proximal part of the stylet fascicle (Sf) (Figure 2D).
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Spike-like microtrichia (smi) are irregularly distributed on the ventral surface (Figure 2D,H). Sensilla
trichodea I (St1) are at mid-length, slightly curved, and lay flat on the surface of the labrum (Table 2,
Figure 2B). The base of the sensilla is set in a pit, the surface has many pores and the tip is rounded
(Figure 2B,F). Multilobular sensilla (Sm) are very small, but numerous, placed in cuticular cavities and
resemble spread fingers (Table 2, Figure 2B,G).
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Figure 2. SEM of labrum of Haematoloecha nigrorufa. (A). Ventral view; (B). Enlarged view of box in (A),
showing sensilla trichodea (St1) and multilobular sensilla (Sm); (C). Lateral view; (D). Dorsal view;
(E). Enlarged view of tip of labrum; (F). Enlarged view of surface of sensilla trichodea (St1) showing
pores (p); (G). Enlarged view of multilobular sensilla (Sm); (H). Enlarged view of box in (D), showing
spike-like microtrichia (smi); bl, basilabrum; dl, distilabrum.
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Table 2. Distribution, morphometric data (mean ± SE), terminology and definition of sensilla used in the present paper after data of prior authors [18,48,49]. Lb2, 3, 4,
the second, third, fourth segment of labium; Lm, labrum; N = sample size; St1–4, sensilla trichodea I-IV; Sb1–6, sensilla basiconica I-VII; Sca1–3, sensilla campaniformia;
Spe,placoid elongated sensilla; Sm, multilobular sensilla; SF, sensory field on the labial tip; Wp, wall pore; Tp, tip pore.

Type
Distribution and

Number
Length (µm)

Basal Diameter
(µm)

Shape Socket Surface Pore Category Function N

St1 Lm, Lb2-Lb4 42.8 ± 1.7 1.45 ± 0.1 Hair in pit Fnflexible Smooth
Wp

(Multiporous)
Chemoreceptive sensilla Olfactory 20

St2
Lb2 (1 pair), Lb3

(2pairs), Lb4
(5pairs)

142.8 ± 6 5.3 ± 0.2 Hair, peg Flexible Grooved No Mechanoreceptive sensilla Tactile 11

St3 Lb2 (about 16 pairs) 103.8 ± 5.8 5.2 ± 0.1 Hair Flexible Grooved No Mechanoreceptive sensilla Tactile 10
St4 Lb3 (6 pairs) 9.4 ± 0.6 1.6 ± 0.1 Hair, peg Flexible Smooth No Mechanoreceptive sensilla Tactile 14

Sb1

3 pairs at the base of
the second segment,

1 pair on the
junction between

the third and fourth
segment

32.7 ± 2.5 4.9 ± 0.1 Peg Flexible Smooth
Wp

(Uniporous)
Proprioceptive sensilla

Perceive the degree of
flexion of the joint

10

Sb2 Lb2 (2 pairs) 9.5 ± 0.7 1.4 ± 0.1 Peg in pit Inflexible Smooth No
Thermo-hygroreceptive

sensilla
Temperature/humidity 6

Sb3 Lb4 (4 pairs) 6.0 ± 0.4 1.1 ± 0.1 Peg Flexible Smooth No Mechanoreceptive sensilla Tactile 14

Sb4 SF (2 pairs) 5.1 ± 0.4 4.2 ± 0.2
Peg (sensillum
coleoconicum)

Inflexible Smooth Tp Chemoreceptive sensilla Gustatory 8

Sb5 SF (1 pair) 1.3 ± 0.1 1.2 ± 0.1 Peg Flexible Smooth Tp Chemoreceptive sensilla Gustatory 4
Sb6 Tip (1 pair) 1.7 ± 0.1 1.2 ± 0.1 Peg in pit Flexible Smooth Tp Chemoreceptive sensilla Gustatory 4

Sca1 Lb2-Lb4 - 7.2 ± 0.7 Oval plate Inflexible Smooth Tp Proprioceptive sensilla
Perceive the degree of

flexion of the joint
8

Sca2 SF (1 pair) - 5.5 ± 0.3
Dome-like
structures

Inflexible Smooth Tp Proprioceptive sensilla
Perceive the degree of

flexion of the joint
4

Sca3 SF (1 pair) - 1.2 ± 0.1 Oval plate Inflexible Smooth Tp Proprioceptive sensilla
Perceive the degree of

flexion of the joint
4

Spe SF (1 pair) 16.8 ± 2.1 2.2 ± 0.1 Dome-elongated Inflexible Smooth Tp Chemoreceptive sensilla Gustatory 8

Sm Lm, Lb2-Lb4 - 1.5 ± 0.1
Pegs in cavity
surrounded by

fingerlike structures
Inflexible Smooth No

Thermo-hygroreceptive
sensilla

Temperature/humidity 20
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3.3. Labium

The assassin bug H. nigrorufa is similar to most other reduviids in having a labium with only three
segments. The short and stout three-segmented (II–IV) labium encloses the two mandibular stylets
(Md) and two maxillary stylets (Mx) in the labial groove (Lg) (Figure 1B). The groove (Lg) is a shallow
depression that is situated on the anterior side of segments two to four. The edges of the groove are
close together and form one straight suture above the stylets (Figure 1A). The labial segments differ in
morphology and size (Table 1, Figure 1A–C).

Following previous authors we interpret the first labial segment (I) to be either lost or fused to
the head capsule. The first visible segment is the second segment (II) and it is the longest segment
of the labium (Table 2, Figure 1A–C). The proximal part is slightly narrowed and abundant sensilla
are concentrated on this area (Figure 3A) whereas, the distal part of the segment is slightly widened
(Figure 3A–C). Seven types of sensilla are found on this segment, including three types of sensilla
trichodea (St1, St2, and St3), two types of sensilla basiconia (Sb1 and Sb2), one type of sensilla
campaniformia (Sca1), and one type of multilobular sensilla (Sm). Numerous sensilla trichodea
(St1) and multilobular sensilla (Sm) are distributed all over the labium II surface (dorsal, lateral,
and ventral surfaces). Sensilla trichodea (St1) are distinguished by the presence of many surface pores
(Figure 2B,F). One pair of sensilla trichodea (St2) is arranged on the base of segment II. St2 are very
long, straight, and almost perpendicular to the surface of the labium (Table 2, Figure 3D,E). The base of
the sensillum has a flexible socket, the surface has a vertical groove, and the tip is narrow (Figure 3D,E).
Approximately 16 pairs of sensilla trichodea (St3) cover 1/4 of the area of segment II. St3 are long,
slightly curved and almost lay flat on the surface of the labium (Table 2, Figure 3D,G). There are three
pairs of sensilla basiconica (Sb1) at the base of the second segment (Figure 3D). Sb1 are at middle length,
are straight, with a smooth surface, have a base wall pore, a rounded tip, and a flexible socket (Table 2,
Figure 3H). Sensilla basiconica (Sb2) are short, small, with a smooth surface, and they have a rounded
tip that sits in a pit (Figure 3I). This type of sensillum is sparsely distributed on the ventral surface of
the second segment. Sensilla campaniformia (Sca1) are flat, oval-shaped discs with a terminal pore,
sparsely distributed on the ventral surface (Table 2, Figure 3F,J).

Labial segment III is straight (Figure 4A–C). The latero-dorsal side of the segment is more expanded
in the proximal part than in the distal part. The shorter membrane between segments III and IV viewed
from the lateral and dorsal side is usually more or less undulate. Four types of sensilla were found on
this segment, including two types of sensilla trichodea (St1 and St2), one type of sensilla campaniformia
(Sca1), and one type of multilobular sensilla (Sm). Numerous St1 and Sm are distributed all over the
segment III surface (dorsal, lateral, and ventral surfaces) (Figure 4A–D). One pair of St2 is found on
the distal part of the ventral surface and one pair is found laterally (Figure 4D). One pair of Sca1 is
distributed on the dorsal surface (Figure 4E).

The labial segment IV is short, blunt, and robust (Figure 5A–C). The shape of the segment is
slightly conical, because the ventral side is somewhat convex, in contrast to the lateral–dorsal surface
(Figure 5B) with a distinct concavity covering 1/3 of the area. The proximal part of the segment is
almost as wide as the end of the third segment (Figure 5B). The end of segment IV is narrowed and
slightly bent ventrad, appearing hooklike. A stridulatory organ is composed of two parts, namely a
plectrum on the end of the fourth labial segment and a stridulitrum on the prothorax, is present. In the
analyzed specimens, the plectrum consisted of one sclerotized tubercle (tr) on each of the paired lateral
lobes of the apex of the last labial segment (Figure 5E).
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Figure 3. SEM of second labial segment of Haematoloecha nigrorufa. (A). Ventral view; (B). Lateral view;
(C). Dorsal view; (D). Base of the second segment showing sensilla trichodea (St2), sensilla trichodea
(St3), sensilla basiconica (Sb1) and sensilla basiconica (Sb2); (E). Base view of sensillum trichodeum
(St2); (F). Enlarged view of dorsal surface of labium showing sensilla campaniformia (Sca1) and sensilla
trichodea (St1); (G). Sensilla trichodea (St3); (H). Sensilla basiconica (Sb1); (I). Sensilla basiconica (Sb2);
(J). Sensilla campaniformia (Sca1); p, pore.

Thirteen types of sensilla were found on this segment, including three types of sensilla trichodea
(St1, St2, and St4), five types of sensilla basiconica (Sb1, Sb3, Sb4, Sb5, and Sb6), three types of sensilla
campaniformia (Sca1, Sca2, and Sca3), one type of sensilla placoid elongated (Spe), and one type of
multilobular sensilla (Sm). There are many sensilla trichodea (St1) and multilobular sensilla (Sm) all
over the segment IV dorsal, lateral, and ventral surfaces (Figure 5A–H). Five pairs of sensilla trichodea
(St2) are found on segment IV (two pairs on the ventral surface, one pair on the lateral surface, and two
pairs on the dorsal surface). Six pairs of sensilla trichodea (St4) are distributed on the proximal part of
the fourth segment (Figure 5E). One pair of sensilla basiconica (Sb1) is distributed between the third
and fourth labial segments (Figure 5A). Four pairs of sensilla basiconica (Sb3) are found on the distal
part of the ventral surface (Figure 5D,E). Eight pairs of sensilla campaniformia (Sca1) are distributed
on the proximal position of the last segment (one pair on the ventral surface, two pairs on the lateral
surface, and five pairs on the dorsal surface) (Figure 5D,E,G, and Figure 6A).
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The labial tip has two lateral lobes and the sensilla are symmetrically arranged on this area and
form two sensory fields, including sensilla trichodea (St4), sensilla basiconica (Sb4, Sb5, and Sb6),
sensilla campaniformia (Sca1, Sca2, and Sca3), and placoid elongated sensilla (Spe) (Figure 6A–J).
Hair-like sensilla trichodea (St4) are short, small, with a smooth surface and they have a rounded tip
and a flexible socket (Figure 6B,D). Peg-like sensilla basiconia (Sb3) are short, small, with a smooth
surface and they have a narrowed tip and a flexible socket (Figure 5H). Sensilla basiconica (Sb4), similar
to sensilla coeloconica, are short cones that arise from inflexible sockets. The base of the sensillum
with the socket is elevated above the surrounding cuticle. A sensillum may either extend beyond the
socket or remain hidden inside the base (Figure 6C). Sensilla basiconica (Sb5) are a short, flattened cone
with additional small processes at the end; the cone base is embedded in a flexible socket (Figure 6H).
Sensilla basiconica (Sb6) are short cones with a single pore at the tip and they have a flexible socket
(Figure 6B,J). Sensilla campaniformia (Sca2) are flat, oval disks with a single pore on their surface
(Figure 6F). Placoid elongated sensilla (Spe) are elongated oval plates that have no pores (Figure 6E).
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Figure 4. SEM of the third labial segment of Haematoloecha nigrorufa. A. Ventral view; B. Lateral view 
showing sensilla trichodea (St2); C. Dorsal view; D. Enlarged view of dorsal surface showing sensilla 
trichodea (St2) and intercalary sclerite (is); E. Enlarged view of box in (C), showing sensilla 
campaniformia (Sca1) and sensilla trichodea (St1). 

Figure 4. SEM of the third labial segment of Haematoloecha nigrorufa. (A). Ventral view; (B). Lateral
view showing sensilla trichodea (St2); (C). Dorsal view; (D). Enlarged view of dorsal surface showing
sensilla trichodea (St2) and intercalary sclerite (is); (E). Enlarged view of box in (C), showing sensilla
campaniformia (Sca1) and sensilla trichodea (St1).
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Figure 5. SEM of the fourth labial segment of Haematoloecha nigrorufa. A. Ventral view showing a pair 
of sensilla basiconica (Sb1); B. Lateral view; C. Dorsal view; D. Enlarged view of box in (A), showing 
sensilla trichodea (St2), sensilla campaniformia (Sca1) (white arrows) and sensilla basiconica (Sb3) 
(white circle); E. Enlarged view of box in (C), showing some sensilla campaniformia (Sca1) (white 
circles), sensilla trichodea (St4) and sensilla basiconica (Sb3); F. Enlarged view of sensillum 
trichodeum (St2); G. Enlarged view of sensilla campaniformia (Sca1); H. Enlarged view of sensilla 
basiconica (Sb3) and multilobular sensilla (Sm); p, pore. 

Thirteen types of sensilla were found on this segment, including three types of sensilla trichodea 
(St1, St2, and St4), five types of sensilla basiconica (Sb1, Sb3, Sb4, Sb5, and Sb6), three types of sensilla 
campaniformia (Sca1, Sca2, and Sca3), one type of sensilla placoid elongated (Spe), and one type of 
multilobular sensilla (Sm). There are many sensilla trichodea (St1) and multilobular sensilla (Sm) all 
over the segment IV dorsal, lateral, and ventral surfaces (Figure 5A–H). Five pairs of sensilla 
trichodea (St2) are found on segment IV (two pairs on the ventral surface, one pair on the lateral 
surface, and two pairs on the dorsal surface). Six pairs of sensilla trichodea (St4) are distributed on 

Figure 5. SEM of the fourth labial segment of Haematoloecha nigrorufa. (A). Ventral view showing a
pair of sensilla basiconica (Sb1); (B). Lateral view; (C). Dorsal view; (D). Enlarged view of box in (A),
showing sensilla trichodea (St2), sensilla campaniformia (Sca1) (white arrows) and sensilla basiconica
(Sb3) (white circle); (E). Enlarged view of box in (C), showing some sensilla campaniformia (Sca1)
(white circles), sensilla trichodea (St4) and sensilla basiconica (Sb3); (F). Enlarged view of sensillum
trichodeum (St2); (G). Enlarged view of sensilla campaniformia (Sca1); (H). Enlarged view of sensilla
basiconica (Sb3) and multilobular sensilla (Sm); p, pore.
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expanded on the ventral side and they possess a wide nerve canal. On the inner ventral wall there is 
a longitudinal ridge that corresponds to the longitudinal ridges (lr) on Fig 7D. Lateral and dorsal 
parts of the mandibles are thinner than ventral portions (Figure 11A–D). 

 
Figure 6. SEM of tip of labium of Haematoloecha nigrorufa. A. Vertical view; B. Enlarged view of box in 
(A), showing sensilla trichodea (St4), sensilla placodeum elongated (Spe), three type of sensilla 
campaniform (Sca1, Sca2, Sca3), and three type of sensilla basiconica (Sb4, Sb5, Sb6); C. Sensilla 
basiconica (Sb4); D. Sensilla trichodea (St4); E. Placoid elongated sensilla (Spe) and sensilla basiconica 
(Sb5); F. Sensilla campaniformia (Sca2) and sensilla campaniformia (Sca3); G. Sensilla campaniformia 
(Sca3); H. Sensilla basiconica (Sb5); I. Sensilla campaniformia (Sca1); J. Sensilla basiconica (Sb6); p, 
pore. 

Figure 6. SEM of tip of labium of Haematoloecha nigrorufa. (A). Vertical view; (B). Enlarged view
of box in (A), showing sensilla trichodea (St4), sensilla placodeum elongated (Spe), three type of
sensilla campaniform (Sca1, Sca2, Sca3), and three type of sensilla basiconica (Sb4, Sb5, Sb6); (C).
Sensilla basiconica (Sb4); (D). Sensilla trichodea (St4); (E). Placoid elongated sensilla (Spe) and sensilla
basiconica (Sb5); (F). Sensilla campaniformia (Sca2) and sensilla campaniformia (Sca3); (G). Sensilla
campaniformia (Sca3); (H). Sensilla basiconica (Sb5); (I). Sensilla campaniformia (Sca1); (J). Sensilla
basiconica (Sb6); p, pore.

3.4. Stylet Fascicle

The stylet fascicle is composed of two separated mandibular stylets (Md) and two interlocked
maxillary stylets (Mx). The mandibular stylets (Md) are slightly shorter than the maxillary stylets (Mx),
and right maxillary stylets (RMx) are slightly longer than left maxillary stylets (LMx).
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The mandibular stylets (Md) are addressed laterally to the maxillary stylets (Mx). In H. nigrorufa,
the external side of the Md has a spatulate apex with about 150 slightly transverse ridges (str)
(Figure 7A,B) and the end is narrowed. Based on the transverse ridges, there are numerous strong
longitudinal ridges (slr) that are extended all the way to the base. On the inner surface of the spatulate
apex, dorsally, and ventrally are many visible longitudinal ridges (lr). Between them the surface is
smooth. Based of the spatulate apex, there are small spikes (ss) on the middle of the inner surface
(Figure 7C,D). In this specie, the left-right asymmetry of the maxillary stylets is noticeable.
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Figure 7. SEM of mandibular stylets of Haematoloecha nigrorufa. A. External view; B. Enlarged view of 
box in (A); C. Interior view; D. Enlarged view of box in (C); slr, strong longitudinal ridges; str, slightly 
transverse ridges; lr, longitudinal ridges; ss, small spinule. 

3.5. The Process of Feeding by Haematoloecha Nigrorufa 

H. nigrorufa only feeds on millipedes, according to our observations. Both nymphs and adults of 
this reduviid exhibit negative phototaxis and are gregarious. The adult feeding process involves 
several steps, including searching and capturing prey, paralyzing prey, a resting phase, and a feeding 
phase. 

Before insects feed, there is a process of finding and capturing prey. When a hungry predator is 
looking for prey, if the prey is wandering, the time to identify prey is shorter than when the prey is 
still, since the movement of the prey attracts the visual and the sensory attention of the predator. 
When this predator senses the presence of millipedes, it will sway the antennae and turn the body to 
locate the prey. Once the prey has been located, the predator tracks and slowly moves toward the 
millipede's head, raises the body, and then captures it as quickly as possible, securing it with the 
forelegs with stylets oriented toward the substrate. In most cases, the predator captures the prey from 
behind or from the side. 

Figure 7. SEM of mandibular stylets of Haematoloecha nigrorufa. (A). External view; (B). Enlarged view
of box in (A); (C). Interior view; (D). Enlarged view of box in (C); slr, strong longitudinal ridges; str,
slightly transverse ridges; lr, longitudinal ridges; ss, small spinule.

The apex of the right maxilla (RMx) is tapered (Figure 8A,C) and it has a distinct curvature
(Figure 8D). The external side of the right maxillary stylet apex of the subapical region is smooth
(Figure 8G) with ventral (vr) and dorsal rows (dr) of curved hair-like short bristles (sbr), and the ventral
row possesses lamellate structures (lss) (Figure 8A–E). On the lateral surface of the right maxillary stylet
(RMx) apex there is a submedial row of many small teeth (sto) (Figure 8F) and a lateral band of many
small pores (spo) (Figure 8F). The apex of the left maxilla is straight with a notch (no) and a narrow
lobe (nlo) directed anteriorly (Figure 9A,E). On the internal surface of the dorsal (dr) side, there are
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several short spines (ssp) and many small teeth (sto) (Figure 9D,E). On the ventral (vr) side of the left
maxilla, there are some transverse ridges (tr) and short bristles (sbr) (Figure 9A,B, and Figure 10A–C).
On the external surface of the left maxillary stylet there are many small pores (spo) (Figure 10C–E).
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Figure 8. SEM of right maxillary stylets of Haematoloecha nigrorufa. A. Interior view; B. Enlarged view 
of box in (A); C. Enlarged view of box in (A), showing tip of right maxillary stylet (RMx); D, Lateral 
view; E. Enlarged view of box in (D); F. Enlarged view of box in (D), showing tip of right maxillary 
stylet (Rmx); G. External view; dr, dorsal row; vr, ventral row; lss, lamellate-shaped structures; sbr, 
short bristles; spo, small pore; sto, small tooth. 

Figure 8. SEM of right maxillary stylets of Haematoloecha nigrorufa. (A). Interior view; (B). Enlarged
view of box in (A); (C). Enlarged view of box in (A), showing tip of right maxillary stylet (RMx);
(D), Lateral view; (E). Enlarged view of box in (D); (F). Enlarged view of box in (D), showing tip of
right maxillary stylet (Rmx); (G). External view; dr, dorsal row; vr, ventral row; lss, lamellate-shaped
structures; sbr, short bristles; spo, small pore; sto, small tooth.
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Figure 9. SEM of left maxillary stylets of Haematoloecha nigrorufa. A. Interior view; B, C, D, and E. 
Enlarged view of box in (A); tr, transverse ridges; sbr, short bristles; no, notch; nlo, narrow lobe; sto, 
small tooth; ssp, short spines. 

When the prey is caught, the predator uses the forelegs and midlegs to immobilize the prey and 
pierces the head-collum intersegmental membrane of the prey with its proboscis. In this process, the 
predator keeps its proboscis perpendicular to the site of paralysis (Figure 12A). It then presses the tip 
of the labium onto the paralyzing site and then inserts the stylets (Figure 12B). During this process of 
anesthetizing, the prey's body contorts acutely, while the predator clings to the millipede’s head for 
three to 10 minutes. Following paralysis, a resting period of five to fifteen minutes occurs. During 
this period, the predator might crawl around, clean the antennae and rostrum with the forelegs, and 
drag the immobilized prey. This cleaning of the body is essential in view of the fact that millipedes, 
which are preys of these insects, discharge a variety of defensive repellant secretions. 

Before the feeding begins, the predator drags the prey to a concealed place. The feeding site of 
these insects is usually at the intersegmental membrane in the ventral or ventrolateral area. When the 
predator begins to feed, the beak swings out and the angle between the head and the beak is obtuse 
(Figure 12C,D). They press the tip of the labium onto the feeding site, insert the stylet, and stay still 
for about five minutes, and then rest for a while before moving to another part of the body to feed 
again. The whole feeding process might last from one hour to more than four hours. The labium does 
not bend and the stylets do not detach from the labium during the entire feeding process. After 
feeding, the rostrum returns to its resting position along the sternum. 

If the predator is disturbed while feeding, it will drag its prey to a safer place and continue 
feeding. After feeding, it leaves the prey's body behind in order to rest and clean their antennae in a 

Figure 9. SEM of left maxillary stylets of Haematoloecha nigrorufa. (A). Interior view; (B–E). Enlarged
view of box in (A); tr, transverse ridges; sbr, short bristles; no, notch; nlo, narrow lobe; sto, small tooth;
ssp, short spines.

Cross-sections through the labium and stylet bundle (interlocked maxillae and mandibles) in
reduviid species show that the stylet bundles are distinctly laterally compressed (Figure 11A–F). In the
cross-section of the labium, the dorsal walls are visible (dw) (edges). The edges are close and they
form a tight connection. The floor of the labial groove (lg) is deeper, located under the dorsal edges
and envelopes the stylet bundle (Figure 11A,B).

The maxillary stylets are encased by the outer, overlapping mandibular stylets. The shape of
the cross-section of the maxillary and mandibular stylets changes from base to end (Figure 11A–F).
The two maxillae are held together by interlocking processes forming three locks: dorsal, medial,
and ventral. The dorsal lock has two hooked processes and two straight processes. The middle lock
has two hooked processes. The ventral lock has one straight and two hooked processes. Within each
maxillary stylet there is one axial canal (ac) with three dendrites (de) (Figure 11D). The mandibles are
expanded on the ventral side and they possess a wide nerve canal. On the inner ventral wall there is a
longitudinal ridge that corresponds to the longitudinal ridges (lr) on Figure 7D. Lateral and dorsal
parts of the mandibles are thinner than ventral portions (Figure 11A–D).

118



Insects 2020, 11, 386

Insects 2020, 5, x; doi: FOR PEER REVIEW 16 of 25 

 

dark hiding place. Most millipede prey are left with just the exoskeleton, with all soft internal tissues 
having been consumed by the reduviid. 

 
Figure 10. SEM of left maxillary stylets of Haematoloecha nigrorufa. A. Lateral view; B. Enlarged view 
of box in (A); C. Enlarged view of box in (A); D. Enlarged view of box in (A); E. External view; F. 
Enlarged view of tip of left maxillary stylet; tr, transverse ridges; sbr, short bristles; spo, small pore. 

4. Discussion 

The overall morphological features of the mouthparts of H. nigrorufa are similar to those of other 
reduviid predators [51,56], including the shape of the labrum, the number of segments of the labium, 
and the stylet fascicle being composed of two separated mandibular stylets (Md) and two interlocked 
maxillary stylets (Mx). According to Hwang and Weirauch [57], factors other than microhabitat 
association may have driven the diversification of Reduviidae; among these are prey specialization 
and changes in prey capture behavior. In this study of the mouthpart structures in the Reduviidae 
(Ectrichodiinae) species H. nigrorufa, we focused on detailed morphological features that may be 
related to their unique adaptation for millipede-feeding. 

Figure 10. SEM of left maxillary stylets of Haematoloecha nigrorufa. (A). Lateral view; (B). Enlarged view
of box in (A); (C). Enlarged view of box in (A); (D). Enlarged view of box in (A); (E). External view; F.
Enlarged view of tip of left maxillary stylet; tr, transverse ridges; sbr, short bristles; spo, small pore.
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Figure 11. Cross-sections of stylet fascicle and labium of Haematoloecha nigrorufa. A. Proximal part of 
labial segment; B. Median part of segment 2; C. Junction of segments 2 and 3; D. Junction of segments 
2 and 3 showing dendrites; E. Median part of segment 3; F. Junction of segments 3 and 4; LMd, left 
mandibular stylet; LMx, left maxillary stylet; RMd, right mandibular stylet; RMx, right maxillary 
stylet; Fc, food canal; Sc, salivary canal; de, dendrite; ac, axial canal; Lg, labial groove; dw, dorsal wall. 

4.1. The Mouthparts of A Millipede Specialist 

The detailed structure of the labrum is rarely discussed in studies of mouthpart morphology. 
Spooner [48] reported three different shapes of the labrum (broad and flap-like; long, narrow, and 
triangular, and broad and flap-like with a long epipharyngeal projection) in Heteroptera. Some 
previous authors showed that the shape of the labrum might be used for characterization of different 
Heteroptera taxa [46,48–50,52]. In 1969, Štys [50] described several shapes (spiniform, truncate, 
extremely narrow, and elongate) of the labrum of some Reduviidae, but another unusual condition 
of the labrum was found in a species of Ectrychotes (Ectrichodiinae): the division by a conspicuous 
transverse membranous zone into two equally well sclerotized parts, called the basilabrum and 
distilabrum. This labrum structure has been used to characterize the millipede assassin bugs 
[42,46,52]. In our study we observed that the labrum of H. nigrorufa is divided by a transverse 
membrane into a wide and plicated basilabrum (bl) and an elongated, cone-shaped distilabrum (dl). 
The non-sclerotized line dividing basilabrum from distilabrum in Ectrychotes [50] and other studied 
taxa (Nularda nobilitata, Ectrichodiella minima) [42] and H. nigrorufa may be, either a novel trait or a 
remnant of an intermediate stage in the evolution of a long labrum by means of sclerotization of the 
epipharynx [50]. As suggested by Spooner [48] and Štys [50], a broad, flap-like, simple labrum is 
probably a primitive feature of Heteroptera. Among reduviids, a subdivided labrum is only 
characteristic of Ectrichodiinae and Triatominae [42], both unique trophic specialists. Weirauch [42] 
suggested that a subdivided labrum is of independent origin in Ectrichodiinae and Triatominae, and 
synapomorphic for both groups. Moreover, the labrum of the studied species shows significantly 
different composition of sensilla when compared to other reduviid species and this aspect is 
discussed in the following section on types and functions of sensilla. 

Figure 11. Cross-sections of stylet fascicle and labium of Haematoloecha nigrorufa. (A). Proximal part
of labial segment; (B). Median part of segment 2; (C). Junction of segments 2 and 3; (D). Junction
of segments 2 and 3 showing dendrites; (E). Median part of segment 3; (F). Junction of segments 3
and 4; LMd, left mandibular stylet; LMx, left maxillary stylet; RMd, right mandibular stylet; RMx, right
maxillary stylet; Fc, food canal; Sc, salivary canal; de, dendrite; ac, axial canal; Lg, labial groove; dw,
dorsal wall.

3.5. The Process of Feeding by Haematoloecha Nigrorufa

H. nigrorufa only feeds on millipedes, according to our observations. Both nymphs and adults of
this reduviid exhibit negative phototaxis and are gregarious. The adult feeding process involves several
steps, including searching and capturing prey, paralyzing prey, a resting phase, and a feeding phase.

Before insects feed, there is a process of finding and capturing prey. When a hungry predator is
looking for prey, if the prey is wandering, the time to identify prey is shorter than when the prey is still,
since the movement of the prey attracts the visual and the sensory attention of the predator. When this
predator senses the presence of millipedes, it will sway the antennae and turn the body to locate the
prey. Once the prey has been located, the predator tracks and slowly moves toward the millipede’s
head, raises the body, and then captures it as quickly as possible, securing it with the forelegs with
stylets oriented toward the substrate. In most cases, the predator captures the prey from behind or
from the side.

When the prey is caught, the predator uses the forelegs and midlegs to immobilize the prey and
pierces the head-collum intersegmental membrane of the prey with its proboscis. In this process,
the predator keeps its proboscis perpendicular to the site of paralysis (Figure 12A). It then presses
the tip of the labium onto the paralyzing site and then inserts the stylets (Figure 12B). During this
process of anesthetizing, the prey’s body contorts acutely, while the predator clings to the millipede’s
head for three to 10 minutes. Following paralysis, a resting period of five to fifteen minutes occurs.
During this period, the predator might crawl around, clean the antennae and rostrum with the forelegs,
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and drag the immobilized prey. This cleaning of the body is essential in view of the fact that millipedes,
which are preys of these insects, discharge a variety of defensive repellant secretions.
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Figure 12. Feeding behavior of adult H. nigrorufa on millipede. A. Selecting an appropriate paralyzing 
site; B. Paralyzing millipede; C and D. Feeding on millipede; Lb, labium. 
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We consider the hook-shaped last segment of H. nigrorufa to be a special adaptation to feeding 
on millipedes, although the labium of heteropterans plays an indirect role in predation (maintaining 
the bundle of stylets, to act as a guide as the stylets are pushed into host/prey tissue) [10,23]. Members 
of Ectrichodiinae usually approach the millipede's head and paralyze their prey by inserting the stylet 
at the head-collum intersegmental membrane, according to descriptions of feeding behavior [62–66]. 
Moreover, if the assassin bug is disturbed, it will drag the prey to a safer place and continue feeding. 
In both situations, the hook-shaped segment of H. nigrorufa seems to be helpful because its curved 
shape facilitates the perpendicular insertion of the stylets to the membrane between the head and 
collum, as well as assists with dragging the victim's body. During an attack, the assassin bug clings 
to the millipede’s head (for about four minutes) and the head-collum region is frequently selected to 
avoid inserting stylets into laterally or dorsally located defensive glands along the trunk during 
millipede immobilization and consumption [53]. 

The stylets are the main feeding organs and show great differences among groups with different 
feeding habits in Heteroptera [12,15,16,19,23,24,35,36,42,45,46,51,56,67–74]. The subfamily of 

Figure 12. Feeding behavior of adult H. nigrorufa on millipede. (A). Selecting an appropriate paralyzing
site; (B). Paralyzing millipede; (C,D). Feeding on millipede; Lb, labium.

Before the feeding begins, the predator drags the prey to a concealed place. The feeding site of
these insects is usually at the intersegmental membrane in the ventral or ventrolateral area. When the
predator begins to feed, the beak swings out and the angle between the head and the beak is obtuse
(Figure 12C,D). They press the tip of the labium onto the feeding site, insert the stylet, and stay still for
about five minutes, and then rest for a while before moving to another part of the body to feed again.
The whole feeding process might last from one hour to more than four hours. The labium does not
bend and the stylets do not detach from the labium during the entire feeding process. After feeding,
the rostrum returns to its resting position along the sternum.

If the predator is disturbed while feeding, it will drag its prey to a safer place and continue feeding.
After feeding, it leaves the prey’s body behind in order to rest and clean their antennae in a dark hiding
place. Most millipede prey are left with just the exoskeleton, with all soft internal tissues having been
consumed by the reduviid.

4. Discussion

The overall morphological features of the mouthparts of H. nigrorufa are similar to those of other
reduviid predators [51,56], including the shape of the labrum, the number of segments of the labium,
and the stylet fascicle being composed of two separated mandibular stylets (Md) and two interlocked
maxillary stylets (Mx). According to Hwang and Weirauch [57], factors other than microhabitat
association may have driven the diversification of Reduviidae; among these are prey specialization
and changes in prey capture behavior. In this study of the mouthpart structures in the Reduviidae
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(Ectrichodiinae) species H. nigrorufa, we focused on detailed morphological features that may be related
to their unique adaptation for millipede-feeding.

4.1. The Mouthparts of A Millipede Specialist

The detailed structure of the labrum is rarely discussed in studies of mouthpart morphology.
Spooner [48] reported three different shapes of the labrum (broad and flap-like; long, narrow,
and triangular, and broad and flap-like with a long epipharyngeal projection) in Heteroptera. Some
previous authors showed that the shape of the labrum might be used for characterization of different
Heteroptera taxa [46,48–50,52]. In 1969, Štys [50] described several shapes (spiniform, truncate,
extremely narrow, and elongate) of the labrum of some Reduviidae, but another unusual condition
of the labrum was found in a species of Ectrychotes (Ectrichodiinae): the division by a conspicuous
transverse membranous zone into two equally well sclerotized parts, called the basilabrum and
distilabrum. This labrum structure has been used to characterize the millipede assassin bugs [42,46,52].
In our study we observed that the labrum of H. nigrorufa is divided by a transverse membrane into a
wide and plicated basilabrum (bl) and an elongated, cone-shaped distilabrum (dl). The non-sclerotized
line dividing basilabrum from distilabrum in Ectrychotes [50] and other studied taxa (Nularda nobilitata,

Ectrichodiella minima) [42] and H. nigrorufa may be, either a novel trait or a remnant of an intermediate
stage in the evolution of a long labrum by means of sclerotization of the epipharynx [50]. As suggested
by Spooner [48] and Štys [50], a broad, flap-like, simple labrum is probably a primitive feature of
Heteroptera. Among reduviids, a subdivided labrum is only characteristic of Ectrichodiinae and
Triatominae [42], both unique trophic specialists. Weirauch [42] suggested that a subdivided labrum
is of independent origin in Ectrichodiinae and Triatominae, and synapomorphic for both groups.
Moreover, the labrum of the studied species shows significantly different composition of sensilla when
compared to other reduviid species and this aspect is discussed in the following section on types and
functions of sensilla.

The labium of H. nigrorufa consists of three visible segments; but, the two subfamilies Hammacerinae
and Centrocneminae with four-segmented labia in Reduviidae [42,43,58–60]. In most Reduviidae the
first segment is deemed to be either lost or fused to the head capsule [43], which suggested that the
four-segmented labium in Hammacerinae is plesiomorphic and homologous to those of non-reduviid
Cimicomorpha Weirauch [43]. In most taxa of Heteroptera, the labium is four-segmented, and this
feature is used in the classification of the true bug taxa [43,48,60]. The labium of H. nigrorufa generally
is similar to those of other reduviid species in the number of segments and membrane connections
between them. However, another feature in this species is the shape of the last segment. Our SEM
observations showed that the segment is short, bent dorsad, and hooklike, differing from other species
of Reduviidae, in which the last segment is straight or slightly curved, long or short [61].

We consider the hook-shaped last segment of H. nigrorufa to be a special adaptation to feeding on
millipedes, although the labium of heteropterans plays an indirect role in predation (maintaining the
bundle of stylets, to act as a guide as the stylets are pushed into host/prey tissue) [10,23]. Members of
Ectrichodiinae usually approach the millipede’s head and paralyze their prey by inserting the stylet
at the head-collum intersegmental membrane, according to descriptions of feeding behavior [62–66].
Moreover, if the assassin bug is disturbed, it will drag the prey to a safer place and continue feeding.
In both situations, the hook-shaped segment of H. nigrorufa seems to be helpful because its curved
shape facilitates the perpendicular insertion of the stylets to the membrane between the head and
collum, as well as assists with dragging the victim’s body. During an attack, the assassin bug clings
to the millipede’s head (for about four minutes) and the head-collum region is frequently selected
to avoid inserting stylets into laterally or dorsally located defensive glands along the trunk during
millipede immobilization and consumption [53].

The stylets are the main feeding organs and show great differences among groups with
different feeding habits in Heteroptera [12,15,16,19,23,24,35,36,42,45,46,51,56,67–74]. The subfamily of
Ectrichodiinae has a strong preference for feeding on millipedes [53,75], but detailed research on the
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mouthpart structures in this group were previously lacking. We only found general data of morphology
of the stylets in previous papers by Cobben [12], Weirauch [42], and Forthman and Weirauch [46]
described for some species based on light or SEM microscope studies. The present study reveals several
new characters of the mandibular stylets in H. nigrorufa, e.g., a greatly expanded apex with abruptly
tapered tip and 150 approximately transverse ridges on the external middle side. Moreover, on the
inner side of the right and left mandibles are a row of cuticular spikes and longitudinal ridges (lr).
These longitudinal ridges are used to lock the two mandibular stylets together below the ventral side
of the maxillae; they are more visible in cross section (Figure 11). The maxillary stylets are enclosed in
the spaces between the inner longitudinal ridges. A similar spatulate shape of the mandibles is present
in other Ectrichodiinae, Brontosioma discus Burm [12], and Nularda nobilitata [42], but the transverse
ridges are usually less numerous (up to 35 or more than 35) and they apparently lack spikes on the
inner surface. Similar spatulate mandibles, but lacking the transverse ridges on the outer surface,
were observed in some species of Harpactorinae and Sphaeridopinae [12]. The greatest similarity in
mandible shape occurs between Ectrichodiinae and Tribelocephalinae [42]; the latter group feeds on
ants, termites, and blattids [75]. Both taxa are characterized by rather faint transverse ridges on the
outer stylet surface. Based on combined phylogenetic results, Tribelocephalinae were synonymized
with Ectrichodiinae [46]. Presumably, transverse ridges help to keep the stylets firmly anchored in
prey tissues during the initial attack when the prey may be struggling. Perhaps the larger number of
ridges in the studied species is related to the tendency of millipedes to struggle more vigorously after
being attacked than the prey of other reduviids with fewer or no ridges.

The left-right asymmetry of the maxillary stylets in H. nigrorufa is noticeably similar to that
found in most heteropterans, especially predators [12,19]. Previous studies indicate that the right
maxillary stylets of predacious bugs usually possess more barb rows [12,15,16,19,42,45,46,51,56,68,69].
Our study is consistent with these previous observations. The characteristic of the right maxilla appear
as lamellate structures in the internal ventral side. The lamella are only present in other species of
Ectrichodiinae and Tribelocephalinae [42]. Many of the different curved hair-like processes observed in
H. nigrorufa are also usually present in other true bugs [19,46,68]. Because the hair-like and bristle-like
structures are numerous and localized in ventral and dorsal rows (Figure 8A–E), their distribution is
similar to those of other heteropterans, except those taxa with reduced hairs, such as Triatominae [42].
The left stylet in the studied species has fewer internal hair-like processes. Frequently the hair system
of both maxillae is called a grating-system [12]. Because the food in the suction stylets is semi-fluid
substances and particulate matter, which result from the lacerating effects of the spines extending
from the maxillae, it must be filtered through the underlying grating structures. In H. nigrorufa, bigger
spikes and very small edge files are present on the outer side of the left stylet. This mentioned set of
hair-like structures is only similar to other Ectrichodiinae. Thus, as suggested by Weirauch [42] and
Forthman and Weirauch [46], more extensive comparative studies of the morphology of the maxillary
stylets may provide useful taxonomic characters.

Cross sections of the stylets show that the fine-structure and interlocking mechanism of the
maxillae of H. nigrorufa are similar to those of other reduviid taxa [12,47].

4.2. Labial Sensillar System

Detailed morphological descriptions of Ectrichodiinae (Reduviidae) labial sensilla have never
been previously reported. The labium of hemipterans plays an important role in not only receiving
the stylet fascicles, but also in the detection of the host by the sensory structures present on the
surface [6,10]. The various sensilla, distinguishable by their different external morphological characters
perform different functions including chemosensory (gustatory and olfactory), thermo-hygroreceptive,
proprioceptive and mechanosensory. In this study, fifteen types of sensilla were observed on the
mouthparts of the reduviid predator H. nigrorufa.

The most abundant sensilla on the labium in this species are three kinds of sensilla trichodea,
which have no pores, a more or less flexible shank, and the base embedded in a flexible socket (St2, St3,
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and St4), and are considered to be mechanoreceptive. Mechanoreceptors also include sensilla basiconica
type Sb1 with a proprioceptive function and sensilla campaniformia (Sca1, Sca 2, and Sca 3). New in this
study is the report of sensilla trichodea (St1) with porous walls, which occur in large numbers on the
labium and labrum. These sensilla are considered to be chemoreceptive (olfactory). In other species of
Ectrichodiina,e the sensilla on the labium were not studied, so it is not yet known whether these sensilla
represent a special adaptation that is related to feeding on millipedes. This type of sensilla was also
not observed in studies of the labial sensilla in Triatominae and Peiratinae [18,44,76]. The sensitivity
and chemical range of insect olfactory systems is remarkable, enabling them to detect and discriminate
a wide range of different odor molecules. There is a striking evolutionary convergence towards a
conserved organization of signaling pathways in all insect olfactory systems, because the olfactory
transduction and neural processing in the peripheral olfactory pathway involve basic mechanisms that
are universal across species [77]. Such functioning of the olfactory system does not exclude olfactory
sensillae of a different shape than those listed e.g., St1 may also be included in this system. We can
only assume that in the studied species (or all species of Ectrichodiinae) only one type of sensilla (St1)
on the labium responds to odors of their millipede prey, as suggested by their presence and abundance
in these millipede specialists, but absent in related groups of Reduviidae. Unfortunately, the antennal
system sensilla in this group of reduviids has not been studied, so data of other types of olfactory
sensillae are unknown.

On the labial tip in most heteropterans, there is usually a singule olfactory sensillum basiconicum
and/or sensillum placodeum. These sensilla are arranged in a pattern that is highly stereotypical
among most heteropterans [15,16,18,19,21,23–32,72,78].

The thermo-hygro receptive sensilla identified as sensilla basiconica (Sb2) and multilobular
sensilla (Sm). The flavor sensilla located near the plectrum, which includes three types—Sb4, Sb5,
and Sb6—and placoid elongated sensilla (Spe). The described shapes and functions of sensilla, except
for sensilla trichoidea (St1) in H. nigrorufa, conform to the general model of the labial sensilla present
in other reduviids [18,44,76]. However, slight differences may be observed among taxa, especially
in the quantity and size of sensilla. The present morphological and functional classifications of the
labial sensilla in H. nigrorufa are in accordance with the features described for the mentioned types and
functions of sensilla reported by many authors [18,24,25,44,54,55,79].

5. Conclusions

This study provides the first detailed fine-structural characterization of the unique mouthparts in
Haematoloecha nigrorufa (Ectrichodiinae), including the location and distribution of different sensilla
types. Judging from the morphology and function, the basal set of types/subtypes of the labial sensilla
of H. nigrorufa does not strongly differ from other species of reduviids, meaning that a similar pattern
of sensilla is visible. However, in particular, we report the presence of more numerous olfactory
sensilla trichodea (St1) on the labium and labrum in comparison to the other types of olfactory sensilla
in reduviids and other heteropteran taxa. There is also novelty in the special shapes of the labrum,
the hook-shaped ultimate segment of the labium, and the large spatulate apex with the many transversal
shallow grooves on the external side of the mandibles. These mentioned structures may represent
specialized adaptations that are related to the millipede feeding.
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Simple Summary: The antennae of insects are multipurpose sensory organs that can detect chemicals,
gravity, vibrations, and sound, among others. While such sensors are very specialized and adapted to
their specific needs, the way the antenna itself is built has often been considered either uninteresting
or unimportant. We used a laser to scan the antenna of the midge Chironomus riparius. Insect cuticle,
if illuminated with laser light, reflects autofluorescent light, an emission that has long been known
to indicate the material properties of the scanned cuticle sample. Rather than a simple beam-like
structure of constant material stiffness, we saw bands of hard and soft material, distributed along the
length of the antenna. We were able to computer-simulate the effect of this banded structure on the
antenna’s resonant frequency and showed that it allows the beam to vibrate at different frequencies
than would be expected only by its shape. This discovery will help us to better understand these
animals’ biology and can inspire future biomimetic sensors for detecting sound or vibration.

Abstract: Small-scale bioacoustic sensors, such as antennae in insects, are often considered,
biomechanically, to be not much more than the sum of their basic geometric features. Therefore,
little is known about the fine structure and material properties of these sensors—even less so about
the degree to which the well-known sexual dimorphism of the insect antenna structure affects
those properties. By using confocal laser scanning microscopy (CLSM), we determined material
composition patterns and estimated distribution of stiffer and softer materials in the antennae of
males and females of the non-biting midge Chironomus riparius. Using finite element modelling
(FEM), we also have evidence that the differences in composition of these antennae can influence their
mechanical responses. This study points to the possibility that modulating the elastic and viscoelastic
properties along the length of the antennae can affect resonant characteristics beyond those expected
of simple mass-on-a-spring systems—in this case, a simple banded structure can change the antennal
frequency sensitivity. This constitutes a simple principle that, now demonstrated in another Dipteran
group, could be widespread in insects to improve various passive and active sensory performances.

Keywords: Chironomus riparius; Diptera; insects; confocal laser scanning microscopy; finite element
modelling; antennal hearing; biomechanics; multimodal sensor
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1. Introduction

Contrary to mosquitoes, whose bite is not only a nuisance but also a pathway for the transmission
of disease, midges receive limited scientific attention. However, midges are numerous in both numbers
of individuals and number of species [1] and have been shown to be ecologically important for aquatic
and lotic systems [2,3], in terms of biomass and production [4]. The present study on the intricate
antennal structure, especially of the male non-biting midge Chironomus riparius, aims to reveal some
adaptations of these animals’ biology.

Chironomus riparius is a non-biting midge that, like many mosquitoes, displays swarming
behaviour [5–7]. Since acoustic communications play an essential role in finding mating partners [5,7–9],
it is reasonable to expect that there are similarities in the antennal form and hence properties in species
of midges and mosquitoes whose mating behaviour includes swarming. Antennae are remarkable
sense organs capable of responding to a variety of sense modalities all at once [10,11]. Known functions
include senses of smell and gravity, windspeed detection and, in many species, acoustic perception,
the latter postulated as long ago as the 19th century [12]. The flagellar nematoceran antenna is built
by three elements: most proximally-the scapus, which is partially responsible for orienting the rest
of the antenna, followed by the spherical pedicel, housing a Johnston’s organ, and most distally the
flagellum, which in both sexes appears sub-divided. The number of sensory neurons in the pedicel of
mosquitoes has been estimated to be around 16,000 [13]. Most neurons in the Johnston’s organ are
thought to be involved with acoustic perception, although which ones remains a matter for debate [14].

In males the flagellum is densely covered by fibrillae (also known as setae). These are hair-like
structures which are thought to improve sensory performance by increasing the drag of the antenna [8].
Antennae exhibit strong sexual dimorphism, and the female antennae have shorter and fewer fibrillae
than the male antennae, which are often referred to as plumose. Despite the known complexity of these
auditory systems, mechanical properties of insect sensory organs are often overlooked [15], with just
one recent study on the antenna of swarming and non-swarming mosquitoes [16].

To provide another mechanical case study on dipteran antennae, we chose the swarming midge,
Chironomus riparius. As in the previous study [16], which deployed state-of-the-art confocal laser
scanning microscopy (CLSM), the present study presents morphology of the male and female antenna
of C. riparius through observation of different autofluorescences of varying cuticle configurations.
In turn, this study hints at a potential functional influence of the distribution of material composition
on resonant tuning of the flagellum. During the last decade, inferring material properties in this way
has become an established method [17–23]. CLSM furthermore has the advantage of allowing the
imaging of whole structures with no loss of depth resolution, at higher resolutions than conventional
light microscopy. In addition to this structural observation, finite element modelling (FEM) of the
mechanical behaviour of the antennae with an elasticity distribution in accordance to the observed
CLSM data (following the method of [24], see also [16]) shows the potential effect of element position
on the mechanical sensitivity. Finally, we discuss the impact of sexual dimorphism of structures and
material composition patterns on resonant tuning and its diversity among species in relation to their
mating biology.

2. Material and Methods

2.1. Specimen Preparation

Prior to dissection, the animals were anaesthetised with CO2. Dissection was performed in
phosphate buffer solution (PBS) (Carl Roth GmbH & Co KG, Karlsruhe, Germany). The specimens were
briefly subjected to small amounts of Triton X-100 (Sigma-Aldrich Chemie GmbH, Steinheim, Germany),
to remove air bubbles trapped on the surface by decreasing water surface tension. Triton X-100 then
was washed repeatedly with the PBS to fully remove traces of Triton X-100. Microscopical observations
were made after transfer of antennae or antennal fragments to glycerine (Carl Roth GmbH & Co. KG,
Karlsruhe, Germany).
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2.2. Confocal Laser Scanning Microscopy (CLSM)

To analyse local distributing patterns of material compositions within the antenna, we applied
CLSM for insect cuticles according to the method established by Michels and Gorb [17]. This technique
is successfully used in studies of a wide range of insect exoskeletons [17,23,25,26] including the
antennae of mosquitos [16]. The method was applied here as described by Michels and Gorb [17]
using a confocal laser scanning microscope, CLSM Zeiss LSM 700 (Carl Zeiss Microscopy GmbH, Jena,
Germany). Samples were sequentially exposed to four stable solid-state lasers with wavelengths of 405,
488, 555, and 639 nm, and the excited autofluorescences were filtered with 420–480 nm band-pass and
long-pass emission filters transmitting light with wavelengths ≥490, ≥560, and ≥640 nm, respectively.
Then, we assigned blue, green, red, and (again) red to the micrographs captured using the filters,
respectively, and superimposed them into a final image. To avoid oversaturation, the last two laser
lines were combined into one “red” channel, each on 50% intensity. It has to be noted that colours are a
product of the colour code applied to the material autofluorescence, and it does not reflect the natural
appearance of the antennae. In superimposed images of insect exoskeleton parts, the colour code is
as follows: (1) well-sclerotized structures are shown in red, (2) tough flexible cuticular structures are
indicated in yellow-green, (3) relatively flexible parts containing a relatively high proportion of resilin
appear light-blue and (4) resilin-dominated regions are visualized as deep-blue.

2.3. Finite Element Modelling (FEM)

Finite Element Modelling (FEM) with COMSOL 5.3a (Comsol Inc., Stockholm, Sweden) was
conducted to determine the effects of the CLSM results on the mechanical behaviour of the antenna.
As with the previous study [16]—where details of the modelling method were already described—the
sole purpose of the present simulations is to show that banding and the location of said bands have the
potential to influence the beam mechanics. Hence a simplification to a cylinder (10% shell volume)
was deemed justifiable to limit computation time, while still encompassing all relevant features of
the system.

Similarly, as opposed to stiffness, mass does not tend to be dramatically different between different
types of specialised cuticle [27], and therefore it is assumed to be constant in the present simulations.
The parts with higher stiffness were simulated with 5 GPa, medium-hard stiffness elements with about
0.5 GPa, and soft material is around 1 MPa (mimicking a typical value for resilin) [27–29].

While the effect of the articulation in the pedicel was not the subject of our study, an approximation
was needed and this was achieved by modelling the entire articulations as a round disc at the base of the
flagellum, whose flexibility was fixed [16]. For illustration of the basic cylindrical model, please refer
to the inset in the FEM simulation figure.

3. Results

In the male Chironomus riparius, the pedicel is spherical and exhibits weak autofluorescence
in comparison to the rest of the antenna (Figure 1a). The flagellum is composed of 11 units,
called flagellomeres. With the exception of the most proximal flagellomere—whose flexible part
might be hidden by the pedicel or be part of the articulation—the following ten flagellomeres consist of
a basal flexible ring (blue) followed by a sclerotized (red) part, where, except for the 11th flagellomere
(Figure 1a *), a circular crest of fibrillae emerges. In the most proximal 11th flagellomere (Figure 1b),
fibrillae emerge in an apparently arbitrary pattern. The length of the flagellomeres decreases from
the 2nd to 9th, and the lengths are approximately 20–30 µm. The flexible part of the proximal
flagellomeres is similar in length to the sclerotized part. In more distal flagellomeres approaching the
10th flagellomere, the flexible part decreases in length to about half of the length of the sclerotized part.
The sclerotized part, which is approximately similar in length, gradually loses the dominance of red
autofluorescence. From the 5th or 6th flagellomeres onwards, their autofluorescence becomes entirely
green (i.e., tough and flexible). The whole structure tapers continuously from the base to the 10th
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flagellomere—the diameter of the flagellomeres decreases from around 65 µm to 40 µm and continues
to taper towards a pointed tip. After the 10th flexible ring (showing strongly blue autofluorescence),
the antenna shows less intense autofluorescence until the tip. The fibrillae continuously become shorter
along the flagellum up to the very short and irregular fibrillae at the tip. Along the flagellum, none of
the fibrillae exhibits any strong autofluorescence (Figure 1a).

As in the other species previously investigated [16], all prongs are of the same diameter and
show homogeneous green autofluorescence. The red-orange autofluorescence of the rim of the pedicel,
already visible from the outside (Figure 1a), is also visible from the inside (Figure 1c). This indicates that
the rim is relatively well sclerotized. The ridge, where the prongs attach, is deep-blue autofluorescent
and possibly resilin-enriched, which is not encountered in any other species studied, while the prongs
between attachment and flagellum appear to be of stiffer material indicated by reddish autofluorescence
(Figure 1c).

In the female C. riparius, the pedicel is slightly rectangular in shape and exhibits comparatively
strong green fluorescence (Figure 1d). The flagellum is composed of five flagellomeres, which are
cylindrical but not constant in diameter within a flagellomere. All flagellomere have 6–8 separate
long fibrillae emerging in a crest. There are rings of blue fluorescence (Figure 1d), which are likely
resilin-enriched for flexibility. There is also another crest of shorter fibrillae present on each flagellomere.
The long fibrillae emerge in one crest at the widest part of each flagellomere as it broadens, before the
flagellomere tapers again. The bottom of each flagellomere, with diameters of 40 to 50 µm, tapers to
about half this width (Figure 1c,d).

In the first and second flagellomere of C. riparius, fibrillae sockets of the fibrillae crest are apparent
and are distinctly more orange/red than its remainder. To the right in Figure 1d, the optical section
shows the articulation of the flagellum: no further internal details are visible. In comparison to the
male and to the other species, the articulation is more flattened than domed (Figure 1d). An optical
section (Figure 1e) of the pedicel shows a rather flexible soft articulation with a central blue area
(Figure 1e). The pedicel as such is more fluorescent than the flagellum.

The male pedicel (Figure 1a,c), described in detail above, has a more detailed substructure than
the female pedicel (Figure 1d,e). The female pedicel, described in detail above (Figure 1d,e), is in
general more angular and less spherical, and the articulation of the flagellum is rather flat. There are
clear differences in the flagellum’s subdivision in to flagellomeres and material distribution along the
flagellum between sexes. Female antennae have five flagellomere, in contrast to the eleven flagellomere
of the males. In both sexes, the hard parts of the flagellomeres are separated by blue-fluorescent joints.
Furthermore, the female antenna is less covered by fibrillae (Figure 1a,d), which in both sexes similarly
show relatively weak autofluorescences. The female does not exhibit the characteristic short intervals
among green, red-orange, and light blue bands observed in the first ten antennal flagellomeres in
males. Instead, the fewer flagellomeres are more evenly spaced out along the whole length of the
female antennae.

Based on the observed flagellomere distribution and material distributions, FEM simulations
of the mechanical response of a beam structure with and without the revealed substructure were
performed (Figure 2). For the shorter female structure (green lines in Figure 2), no effect of the banded
structure on the resonant frequency is seen. For the male antenna (blue lines in Figure 2) a small
downwards shift of 4 Hz between the uniform structure (continuous light-blue line) and the more
realistic substructured beam (dashed, dark blue line) can be observed. In the lower right corner, a more
detailed 1 Hz step simulation of the frequency range around the strongest response 445–475 Hz in
males is shown.
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Figure 1. CLSM observations of the antenna of C. riparius. The colour code runs from blue colours for
comparatively soft structures to increasingly stiff structures in red. (a) Maximum intensity projection
of the male C. riparius antenna, pedicel and basal antenna part with magnified inset. (b) Maximum
intensity projection of the male C. riparius antenna, tip region. (c) Maximum intensity projection of
the male C. riparius pedicel, seen from inside. (d) Left: Maximum intensity projection of the female
C. riparius antenna, right: cross-section. (e) Optical cross-section of the female C. riparius pedicel.
Abbreviations: bp: basal plate, fl: flagellum, fm: flagellomere, fb: fibrillae, j: joint, pd: pedicel,
pdw: pedicel wall, pr: prongs, rg: ridge.
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Figure 2. Simulation results for models of uniform and structured female and male C. riparius antenna
in 5 Hz steps between 20 and 620 Hz. The figure includes for illustrative purposes the simulated female
and male model (left and right, respectively). In each model the point (node), whose displacement is
shown in the figure, is marked with a black triangle. The displacement is codified as gradient from low
(dark blue) to high (red). Indicated in green (female) and blue (male), triangles point to the frequency
of the strongest mechanical response. The figures underneath show the zoomed-in response for the
female (left, green) and the male (right, blue). In each panel the comparison between a uniform beam
of the sex-specific dimension depicted as solid line and the more natural situation of a substructured
flagellum-beam depicted as dashed line, also in the sex-specific dimension. The used distribution of
substructure is deduced from the antenna CLSM images Figure 1a,b (male) and Figure 1d (female).
Simulating an impinging sound field, load was applied perpendicular to the beam axis in the +X
direction on all but the lowest element.

4. Discussion

Our results show that the well-known sexual dimorphism of dipteran antennae goes further than
morphological structure alone, and in midge antennae also includes differences in material elasticity.
Like in mosquitoes [16], material composition of the antennae is not homogeneous along the flagellum,
but instead comprises hard and soft elements. Taken together with the structural complexity of the
antenna in mosquitoes [16] and stick insects [30], it is becoming more evident that the structure and
especially material and composition of insect antennae is much more complex as previously thought.
Despite the statement that material properties of insect sensors are largely overlooked made as early
as 2009 by Sane and McHenry [15], only limited research has been conducted to amend this lack of
understanding. A lot of questions remain open and there is much potential for future research given the
vast diversity of insect antennae not yet sampled. To our knowledge, none of the hitherto investigated
species here and in our previous study [16] closely resemble each other regarding material distribution
irrespective of their mating ecology. This indicates that further research will be necessary to better
understand the various factors influencing antenna morphology. Given the different sensory functions
of insect antennae that include, but are by far not limited to, olfaction, tactile sensation, and hearing,
it is clear that the structure balances various trade-offs and functional constraints. One example of
intricate structures of unknown function is the rapid sequence of flexible and sclerotized material at
the base of the male flagellum of C. riparius.

Pedicels have a large variation of autofluorescence intensity and are largest in C. riparius females.
In male C. riparius, a hard area on the distal ridge, where the flagellum emerges from the pedicel,
is most prominently visible. The two important messages regarding the prongs are as follows.
First, the prongs are neither particularly flexible nor stiff and are all amongst each other consistent
in their autofluorescence within an individual animal. Secondly, judging from our CLSM images,
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they seem rather similar in dimensions. The uniformity of the prongs in their stiffness and dimension
underpins previous assumptions by Avitabile et al. [31] that the prongs act more or less as rigid-body
extensions of the flagellum. The flagellum, however, is by virtue of stiffness variation, shown by our
study, potentially acts in a more complex manner than simply rigid beam of uniform stiffness. Similar
to our study on mosquito antennae [16], we confirmed here the presence of variation and increased
small-scale complexity of the dipteran antenna.

While the degree of effect remains under dispute, the direct fitness improvement of traits involved
in sexual selection is not [32–34]. An impact of these differences on mating behaviour seems likely given
the combination of the following three points: (1) certain mosquitoes (7–9) and at least some midges [5]
respond to acoustic stimuli; (2) their antennae clearly show a well-known structural sexual dimorphism
(e.g., [35]), and as demonstrated here also a dimorphism in material composition; (3) considerations
by Loudon [36] heavily imply the importance of getting the flexural stiffness of antenna right for any
given insect. This means that while the function of the different banded structure between species [16]
and sexes reported remains unclear for now, they will be meaningful for the behaviour and biology of
those animals.

Possible reasons for these antennal observations are that a different stiffness will inadvertently
correspond to a different resonant tuning for acoustic perception, or for reasons of static integrity of
the antenna, or perhaps another behavioural or ecological aspect of these animals’ biology. Compared
to results in mosquitoes [16], the effect might be smaller in male Chironomidae or different in
principle—both hypotheses require further investigation. Whatever the ultimate reasons for the
observed specialisation are, it is fairly clear that different specialisations of males and females might
require strong tuning of their acoustic sensors (antennae), which is not understood yet, but this study
shows further evidence for the presence of such a specialisation. A limitation of both these studies is
the lack of direct correlation of CLSM-based autofluorescence analysis with mechanical measurements,
which should be tackled in follow-up investigations.

5. Conclusions

We have demonstrated that the sexual dimorphism in the antenna of Chironomus riparius pertains
beyond geometry to material composition. The antennae of both sexes balance a variety of functions.
Hence it is difficult to decide—without further research—how much of the newly found complexity
actually is adaptive to a given sensory function. While effects on resonant tuning in male midges are
small compared to the hundreds of Hz shifts observed in mosquitoes [16], variation in stiffness can
alter the antenna’s vibrational characteristics in different species.

This result and other studies on the mechanics of antennae [16,30] as well as other appendages [26],
underlines the necessity of a more holistic and realistic future approach not only but especially for
modelling. That includes the hitherto unknown material complexity in these structures.

Future studies of insect antenna could include investigations on other species or be combined
with direct mechanical measurements, such as bending and indentation tests, which would provide
better understanding of their structure-function relationships. Such outcomes will improve the quality
of simulation results, as we clearly see how the mechanical responses can deviate due to structural
and material complexities so far observed. The importance of knowledge about material properties of
insect cuticle for understanding functional mechanisms of different organs is huge [21,26,30,37–41]
e.g., for robotics [40,41], and can be extended to the sensory structures [16,41–45]. This is not only a
matter of academic interest but could also feature in the improvement of biomimetic sensory systems
with wide applications. Rather than trying to find materials with a given Young’s modulus to satisfy a
design constraint, stiffness can be altered through careful design of banding with standard materials.
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Abstract: Leaf insects (Phasmatodea: Phylliidae) exhibit perfect crypsis imitating leaves. Although the
special appearance of the eggs of the species Phyllium philippinicum, which imitate plant seeds,
has received attention in different taxonomic studies, the attachment capability of the eggs remains
rather anecdotical. We herein elucidate the specialized attachment mechanism of the eggs of this species
and provide the first experimental approach to systematically characterize the functional properties
of their adhesion by using different microscopy techniques and attachment force measurements
on substrates with differing degrees of roughness and surface chemistry, as well as repetitive
attachment/detachment cycles while under the influence of water contact. We found that a combination
of folded exochorionic structures (pinnae) and a film of adhesive secretion contribute to attachment,
which both respond to water. Adhesion is initiated by the glue, which becomes fluid through
hydration, enabling adaption to the surface profile. Hierarchically structured pinnae support the
spreading of the glue and reinforcement of the film. This combination aids the egg’s surface in
adapting to the surface roughness, yet the attachment strength is additionally influenced by the
egg’s surface chemistry, favoring hydrophilic substrates. Repetitive detachment and water-mediated
adhesion can optimize the location of the egg to ensure suitable environmental conditions for
embryonic development. Furthermore, this repeatable and water-controlled adhesion mechanism
can stimulate further research for biomimeticists, ecologists and conservationalists.

Keywords: attachment; glue; oviposition; biomechanics; walking leaf; morphology; plant surface
interactions; insect–plant relations; egg dispersal

1. Introduction

Stick insects (Phasmatodea) are rather large terrestrial herbivores and well known for their
remarkable camouflage [1,2]. This masquerade, imitating parts of their environment, is particularly
striking in the lineage Phylliidae (leaf insects). Consequently, these insects are commonly called
“walking leaves” [3–5]. Leaf insects extraordinarily imitate the leaves of plants and visually merge
with their environment. The first fossil records of Phylliidae date back 47 mya with Eophyllium

messelensis Wedmann, Bradler and Rust 2006 as the oldest known representative of this lineage [6].
Visual camouflage in stick insects had already evolved during the Cretaceous period (approximately
125 mya), to avoid predators at a time when gymnosperm plants represented the majority of plant
diversity [6–8]. During the emergence of angiosperms and their major radiation [9,10], stick insects
evolved in a similar rapid fashion, possibly as a response to the burgeoning diversity of plants [8,11–14].
Camouflage is not only used by the insects to deceive predators, but also exhibited by the eggs
in their resemblance to plant seeds [1,13,15]. Beyond visual aspects, ranging from the imitation of
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twigs, bark, moss and other environmental elements, along with the convergent evolution of leaf
mimicry in Phyliidae and several other groups of stick insects [16], other characteristics diversified
as well. The attachment systems of phasmids, for example, adapted to the abundance of different
plant surfaces [5,17–21]. Females also made use of a remarkably broad range of oviposition techniques,
which differ between species depending on their ecological niche [2,5]. As a result, the egg morphology
reflects an oviposition technique and ecological niche [15,22,23]. Some species simply drop their
eggs passively while others catapult them actively. Passively dropping the eggs is considered an
extension of phasmids’ notorious masquerade crypsis [2] and probably an ancestral technique [2,13,24].
Another widespread principle is fixation of one egg or groups of eggs to specific spots, e.g., their
host plants [13]. While some species mechanically drill their eggs into the soil, into crevices or even
leaves and bark, other species secrete a glue during oviposition to permanently fix the eggs to the
substrate [2,5,13,20]. The latter is either used to attach single eggs or batches to a certain place, and in
one striking case, the egg batches are deposited in the form of an ootheca with a protective case [13].
The different strategies for egg deposition are a result of the low spatial distribution and extensive
radiation of phasmids, which presumably led to the co-evolution with angiosperms.

Interestingly, not only has the outer appearance of phasmids been shaped by their co-existence with
plants, but also the eggs of phasmids mimic the appearance of seeds and even copy functional principles
of seeds. Phasmids are not only the sole insect lineage with species-specific egg appearances [2],
but also the only lineage with eggs adapted to different oviposition techniques. Some taxa, in which
the eggs are dropped passively, produce eggs which bear a capitulum. This extension of the egg’s
operculum is not only a signal adaptation for zoochory by ants, but also a result of co-evolution
with plant seeds and ants [25,26]. In both capitulate phasmid eggs and elaiosome-bearing seeds,
such a lipid-rich extension mimics ant-specific signaling and convinces ants to carry the egg or seed
and thereby mediate dispersal [27–29]. Besides ant-mediated zoochory, the eggs of several species of
phasmids follow the same principles that plant seeds deploy for dispersion, or aggregation respectively.
Many plant seeds disperse via endozoochory, especially via birds [30,31]. Although an initial study
has shown that phasmid eggs (directly fed to birds) of a few species do not survive the digestion by
quills and ducks [32], a subsequent study found the eggs of several other phasmid species remain
viable inside a gravid female phasmid that has been consumed by a bird [33]. Other phasmid eggs,
especially Megacrania species, are experimentally shown to float in sea water, and disperse via the
ocean [34–37], like the seeds of Cycas spp. (Cycadaceae) or screw pines do [38,39].

Phyllium philippinicum Hennemann, Conle, Gottardo and Bresseel, 2009 (Phylliidae) is a species of
leaf insect commonly bred in labs and private cultures (Figure 1A). However, most of the literature
on the species revolves around taxonomic and phylogenetic classification and is mainly based on
adult morphology [3,40–42]. Leaf insects in general are reported to drop or catapult their egg
for deposition from the canopy tops of their host tree [2,13]. Basically, the eggs of this species,
as well as those of closely related species, employ a more specialized mechanism for host plant
association than previously reported. The specialized exochorionic morphology of leaf insect eggs is
predominantly accounted in descriptive morphological studies and taxonomic descriptions [4,15,23,42]
and, hence, functional aspects have been widely undocumented. The eggs of several Phyllium species,
including P. philippinicum, resemble plant seeds and bear protruding exochorionic structures (pinnae,
according to Clark [43]). The morphology of these pinnae is suggested to be species-specific and their
taxonomic use has been previously well demonstrated [4,42]. The functionality of these structures
is thus far largely unknown, but the unfolding behavior of the pinnae is often observed in captive
breeding. The fact that the pinnae morphologically respond to water has anecdotally raised questions
amongst the phasmid breeding community on what purpose this mechanism might serve. Only very
few taxonomic studies hypothesized the function of these pinnae. Hennemann et al. [3] described the
unfolding of the pinnae after their contact with water and suggested an adhesive function of this system,
however did not further elucidate this idea. Additionally curious, the oviposition technique employed
by the females, does not involve active gluing of the eggs, which begs the question of whether there is
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a presence or absence of accessory reproductive glands in P. philippinicum. Unfortunately, most studies
on leaf insects solely focus on external morphological features, leaving this question unanswered.

 

Figure 1. Examined species and experimental setup. (A) Female of Phyllium philippinicum (image is
provided by Daniel Dittmar). (B) Experimental set-up for detachment force measurements. The egg,
which was glued onto the particular substrate fixed on a lab boy using double-sided sticky tape. A hair
was glued onto the egg and connected to a force sensor. To detach the egg from the substrate, the force
sensor was moved away from the egg in perpendicular direction. The time force signal was amplified
and finally processed in a computer.

Overall, strong egg attachment has been reported in a number of other insect species on natural
substrates [44–47] and even stronger adhesion was measured from extracted egg glue on various
artificial substrates [48–50]. The specific properties of the egg glue seemingly depend on the level of
specialization in the attachment system and the habitat/substrate it is specialized for, therefore resulting
in different strategies [51]. One important component influencing attachment efficiency is the roughness
of the substrate: rougher surfaces create a greater contact area for glue and stronger adhesion after
glue solidification [52]. The high complexity in the structural features of plant leaves (trichomes, wax
crystals, stomata and cuticle foldings) and fruits (microcracks and epicuticular wax crystals) of various
plant cultivars leads to rougher surfaces and increases the adhesion of the eggs of the codling moth
Cydia pomonella (Linnaeus, 1758) (Lepidoptera, Tortricidae), as experimentally shown [44,45]. The egg
attachment strength of the parasitic warble fly (Diptera, Hypoderminae) positively correlates to the
roughness of the hairs on its host species [53]. Insect vectors of the human bot fly Dermatobia hominis

(Linnaeus Jr., 1781) (Diptera, Oestridae) are covered with setae, which enhances egg adhesion for the
human bot fly [54]. Another important factor influencing the attachment of eggs is surface chemistry.
Eggs of the asparagus beetle Crioceris asparagi (Linnaeus, 1758) (Coleoptera, Chrysomelidae) adhere
well to the surfaces of the plant Asparagus officinalis L. (Asparagaceae), which have superhydrophobic
and microstructured surfaces due to the coating by wax crystals [46].

Eggs with adhesive responses in contact with water are only reported for a few insect species.
The dragonfly Libellula depressa Linnaeus, 1758 (Odonata, Libellulidae), and other Anisoptera [55–64]
lay eggs which possess an adhesive coating that swells and generates adhesive properties after the
female deposits them in water [65]. The eggs of Ephemeroptera are covered with a thick layer
composed of tightly entwined filaments, causing cohesion of the eggs and adhesion to a substrate after
deposition into water [66]. The exochorionic structures of these species undergo modifications upon
interaction with water, in turn generating adhesion [65,66]. It is assumed that in lieu of colleterial
glands [55,56,67], these adhesive coatings are synthesized by follicle cells [65,68] which are involved in
eggshell deposition [66,69–71].

141



Insects 2020, 11, 400

On one hand, exploring the adhesive properties and response to water contact of the eggs of
P. philippinicum can enhance our knowledge of multifunctional bioadhesives. On the other hand,
this functional system can provide insights into the life history of this species and shed light on the
ecological environments this species inhabits, as this knowledge is usually missing in taxonomic
descriptions of museum specimens. This could assist future studies in obtaining broader ecological
knowledge of this species, contributing to conservational aspects for both phasmids and plants that
can be subject to damage by insects, and also give input on evolutionary studies, as the highly
specialized attachment mechanism of P. philippinicum is highly derived. In this paper, we asked the
following specific questions. (i) How do the eggs of P. philippinicum adhere? (ii) How do water contact,
surface topography and surface chemistry influence egg adhesion in this species? (iii) Is attachment in
P. philippinicum eggs reversible and repeatable?

2. Materials and Methods

2.1. Specimens

The eggs of Phyllium philippinicum Hennemann, Conle, Gottardo and Bresseel, 2009 were obtained
shortly after being laid by female insects from the culture of Kirsten Weibert (Jena, Germany).
The animals were fed with blackberry leaves ad libitum and kept in a natural day/night cycle.
The weight of freshly laid eggs (N = 20) was measured using an analytical balance AG204 Delta Range
microbalance (Mettler Toledo, Greifensee, Switzerland; d = 0.1 mg).

2.2. Morphology

Eggs attached to microscopy glass slides were observed with the Leica Microscope M205 (Leica
Microsystems Ltd., Wetzlar, Germany). Images were captured from both sides, overview of the egg
and view of the contact through the glass slide, using the microscope camera Leica DFC420 (Leica
Microsystems Ltd., Wetzlar, Germany). Multifocus stacked images were postprocessed using the
software Leica Application Suite (LAS) version 3.8.0 (Leica Microsystems Ltd., Wetzlar, Germany) and
Affinity Photo (Apple Inc., Cupertino, CA, USA).

For higher magnification, eggs in contact with different substrates, as well as detached
and untreated eggs, were air-dried and sputter-coated with gold-palladium of 10 nm
thickness. The substrates corresponding to the detached eggs were sputter-coated as well.
Additionally, some untreated eggs were dehydrated using an ascending alcohol series, critical
point-dried and sputter-coated as well. These samples were observed in the SEM Hitachi S4800
(Hitachi High-technologies Corp., Tokio, Japan) at an acceleration voltage of 5 kV. Subsequently, the
images were processed with Affinity Photo (Apple Inc., Cupertino, CA, USA).

The nomenclature of the egg morphology follows Sellick [23].

2.3. Detachment Force Measurements

The detachment force of individual eggs was measured in four different experiments. In all
experiments, the eggs were mounted on standardized surfaces, as described below, and individually
attached to a force transducer (100 g capacity; FORT100, World Precision Instruments Inc., Sarasota,
FL, USA) by gluing a horsehair with bees wax onto the lateral side of the egg (Figure 2B) and attaching
the hair to the sensor (Figure 1B). The force transducer was connected to a BIOPAC Model MP100 and
a BIOPAC TCI-102 system (BIOPAC Systems, Inc., Goleta, CA, USA). Force–time curves were recorded
by pulling the eggs off the surfaces using the software Acqknowledge 3.7.0 (BIOPAC Systems Inc.,
Goleta, CA, USA). The test surfaces were lowered away from the sensor with a speed of approximately
2–3 cm/s using a laboratory lifting platform. In all four experiments, the detachment force was
measured by pulling the egg off of a surface at an angle of 90◦, with the same setup, as described
by Wohlfart et al. [72] for spiders and later used for adult stick insects [19]. The highest peak of the
visualized graph was interpreted as the maximum detachment force. All surfaces were carefully
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cleaned with 70% isopropylic alcohol prior to each experiment. Detachment forces were measured in
the following four different experiments:

 

̈

 

Figure 2. Morphology of the eggs of Phyllium philippinicum. (A) Dorsal view. (B) Lateral view.
(C) Ventral view. mp, micropyle; op, operculum; or, opercular rim; pi, pinnae; ri, ribs; sc, serosal cuticle.
Scale bars: 1 mm.

(1) Freshly laid eggs (N = 32 per substrate) were mounted on four test substrates with different
roughness (0, 1 and 12 µm, and standardized p40 polishing paper) made of epoxy resin (as described
below). Eggs were prepared on the test substrates by placing individual droplets of distilled water
(~100 µL) on the epoxide plates and then placing one egg in a single droplet, to trigger the unfolding
of the pinnae. Subsequently, the eggs were allowed to dry completely (~24 h) and then attached to
the sensor.

(2) Eggs (N = 20 per substrate) were mounted on three surfaces with different chemical surface
properties with the same procedure as described above. The surfaces used differed in the wettability,
indicated by the contact angle of the water, which was 36.25 ± 1.15◦ (mean ± SD, n = 10) (hydrophilic),
83.38 ± 0.89◦ (the same epoxy resin as used for experiment 1) and 98.9 ± 0.47◦ (hydrophobic).

(3) Additionally, eggs were placed on the hydrophobic and the hydrophilic substrates in wet
condition (N = 20 per substrate) and the detachment force was measured. The eggs were individually
fastened with a horsehair as described above and fully submerged in distilled water for 20 min;
afterwards, they were attached to the force transducer and then placed on the test substrate. After letting
the eggs sit on the substrate for 1 min, the detachment force from the substrate was measured in the
same manner as in the other experiments.

(4) The reproducibility of egg attachment was tested by subsequent pull-offmeasurements of the
same egg. Individual eggs (N = 8) were prepared as described in the first experiment and attached
to the smooth epoxy resin substrate (0 µm roughness). Then, the detachment force was measured
by pulling off the egg. Afterwards, the same egg was then reattached once again using a droplet of
water and left to dry for another 24 h. This procedure was repeated for each of the eight eggs six
different times, until the measured detachment forces were similar in comparison to the previous day
(i.e., revealed no significant difference).

All experiments were performed at 19–21 ◦C temperature and 45–55% relative humidity.

2.4. Surface Preparation

Two different types of surfaces were used in the experiments. Epoxy resin with a different surface
roughness for the first and the fourth experiment and glass with different wettability, as well as epoxy
resin, for the second and third experiments.
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2.4.1. Glass

Clean microscope glass slides (Carl Roth GmbH & Co. KG, Karlsruhe, Germany) were used as
the hydrophilic substrate and silanized, as described by Voigt and Gorb [46], to obtain a hydrophobic
substrate. The surface chemistry was characterized by measuring the contact angle of the water on
the substrate (aqua Millipore, droplet size = 1 µL, sessile drop method; n = 10 per substrate) using
the contact angle measurement instrument OCAH 200 (Dataphysics Instruments GmbH, Filderstadt,
Germany). The contact angle of the water was 36.25 ± 1.15◦ for the hydrophilic glass substrate and
98.9 ± 0.47◦ for the hydrophobic one.

2.4.2. Epoxy Resin

Substrates with different roughness were produced using epoxy resin [73] following the protocol
of Salerno et al. [74]. Negative replicas were cast using polyvinylsiloxane (PVS)-based two-component
dental wax (Colthéne/Whaledent AG, Altstatten, Switzerland). Negatives were then filled with epoxy
resin and cured at 70 ◦C for 24 h. Glass (0 µm roughness) and polishing papers with the roughness of
1 µm, 12 µm (Buehler, Lake Bluff, IL, USA) and industrially standardized p40 polishing paper (particle
size ~440 µm) were used as templates for the resin replicas. The contact angle of the water on the
smooth epoxy resin was 83.38 ± 0.89◦ (mean ± SD, n = 10).

2.5. Statistical Analysis

Statistical analyses were performed with SigmaPlot 12.0 (Systat Software Inc., San José, CA, USA).
Normal distribution and homoscedasticity were tested using the Shapiro–Wilk test and Levene’s
test, respectively, prior to other tests. As the respective data were neither parametric nor showed
homoscedasticity, detachment forces of eggs on substrates with different surface roughness, as well
as on surfaces with different chemical properties represented by corresponding contact angles,
were compared using Kruskal–Wallis one-way analyses of variance (ANOVA) on ranks followed by
Tukey’s post hoc test. Detachment forces of wet and dry eggs on surfaces with different contact angles
were compared using Kruskal–Wallis one-way ANOVA and Tukey’s test as well. The Mann–Whitney
rank sum test was used to compare the detachment forces of eggs in the wet condition on hydrophilic
and hydrophobic surfaces. For a comparison of the detachment forces over a six-day period of repeated
measurements, a Friedman repeated measures ANOVA was performed along with a Tukey’s post
hoc test.

3. Results

3.1. Egg Morphology

The eggs of Phyllium philippinicum are laterally compressed and densely covered with small
exochorionic appendages (pinnae, sensu Clark [43]). These pinnae cover most of the egg’s surface,
except for some circular pits and the center of the micropylar plate (Figure 2A). A corona of shorter
expansion surrounds the micropylar plate, oriented away from it. The anterior pole of the egg is covered
by an operculum, the lid of the egg, which is released during the hatching of the nymph (Figure 2B).
A formation of larger pinnae surrounds the outer rim of the operculum anteriorly. Two ribs along the
lateral ridges of the egg are covered with long pinnae as well, expanding the lateral dimensions of the
egg (Figure 2). The ribs meet on the ventral side of the egg (Figure 2C). Pinnae of freshly laid eggs
lie flat on the surface of the egg, but unfold after contact with water, as described below (Figure 3).
Dimensions of the eggs are measured according to Sellick [23]. They measure 4.39 ± 0.36 mm (mean ±
SD, N = 7) in length, with a height of 2.77 ± 0.25 mm, and width of 2.16 ± 0.14 mm. The mean weight
was 15.9 ± 1.3 mg (N = 20).
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Figure 3. Unfolding behavior of Phyllium egg pinnae. (A) Succession of pinnae unfolding in Phyllium

rubrum Cumming, Le Tirant and Teemsma, 2018, after exposure to water (images are provided by Bruno
Kneubühler), lateral views. B,C. Lateral view of untreated Phyllium philippinicum egg. (B) Overview.
(C) Detail of folded pinnae. (D) Detail of unfolded pinnae of a Phyllium philippinicum egg after water
exposure. gl, glue; pi, unfolded pinna; pn, folded pinna. Scale bars: 1 mm (A,B), 500 µm (C,D).

3.2. Pinnae Behavior and Adhesive Secretion

The eggs are deposited by the female with the pinnae folded on the surface of the egg. A single
pinna consists of a central shaft that is hierarchically split several times towards the tip (Figure 3D, 4).
After oviposition, before initial contact with water, the folded pinnae are covered with an iridescent
layer of a solidified secretion deposited by the female (Figure 3B,C). The pinnae unfold after contact
with water and the secretion liquefies (Figure 3A). The larger pinnae on the operculum and the lateral
ribs of the egg unroll and expand the dimension of the projected lateral area of the egg. Smaller pinnae,
as well as hierarchical expansions of the main fringes of the pinnae, expand and increase the egg surface
as well. The liquefied secretion on the surface of the eggs, after expansion of the pinnae, concentrates
on the tips of the expansions (Figure 3D). Along the length of larger pinnae, a reservoir of the secretion
forms a bridging film between the shafts of the pinnae. During contact with a substrate, the pinnae
deform and spread the viscous secretion, in which they are imbedded, onto the substrate. After some
time without contact to water (5–6 h), the secretion dehydrates and solidifies again (Figure 4A,B).
After the curing off the secretion, the egg remains attached to the substrate. The adhesive function of
the glue is characterized below.
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Figure 4. Glue associated with Phyllium philippinicum pinnae. (A,B) Stereomicroscopic images of pinnae
attached to a glass surface, view through the glass slide. (A) Glue deposition on a glass surface and
pinnae interaction with the substrate (arrowheads). (B). Reinforcement and distribution of the glue
by the pinnae. (C,D) Scanning electron microscopy images of glue–pinnae interactions. C. Glue film
adhering to pinnae. (D) Dried glue residuals on a pinna after detachment from a smooth glass surface.
gl, glue; pi, pinnae. Scale bars: 500 µm (A), 300 µm (B), 100 µm (C), 10 µm (D).

3.3. Egg Attachment

The attachment performance of P. philippinicum eggs on different surface roughnesses is illustrated
in Figure 5. The maximum pull-off force measured before the egg detached from the respective substrate
(maximum detachment force, Figure 5A) is considered a measure for the attachment capability of
the egg to the substrate. The maximum detachment force values were highest on the intermediate
roughnesses, 12 µm with 144.65 ± 133.38 mN (median ± SD) and 1 µm with 144.23 ± 137.18 mN.
The lowest detachment forces were recorded on the roughest (p40; 81.71 ± 104.11 mN) and the
smoothest (0 µm; 122.94 ± 95.28 mN) surfaces. However, the differences in median detachment force
values between the four surface roughnesses were not significant (Kruskal–Wallis one-way analysis of
variance (ANOVA), H = 7.278, d.f. = 3, p = 0.064, N = 32 per roughness).
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Figure 5. Influence of roughness on egg adhesion. (A). Exemplary force-time curve from measurements
of the detachment force. (B) Detachment forces from substrates with different surface asperity (N = 32
for each roughness). Boxes are 25th and 75th percentiles, the line within the boxes defines the median,
and whiskers represent the 10th and 90th percentiles. n. s. = no statistical difference (p > 0.05,
Kruskal–Wallis ANOVA on ranks). (C) Scanning electron microscopy image of pinnae deformation
showing the adaptation of pinna extensions to surface corrugations. (D) Schematic interpretation of
the eggs’ glue with differing degrees of surface roughness. Roughness parameters are given in detail
by Salerno et al. [74]. Scale bar: 60 µm.

The attachment performance of eggs on surfaces of differing surface chemistry is displayed in
Figure 6A. The detachment force from pulling the eggs off of the hydrophilic surface (water contact
angle 36.25◦) was very high (792.37 ± 293.94 mN) and significantly higher than the force measured on
surfaces with a higher water contact angle (Kruskal–Wallis one-way ANOVA, H = 38.543, d.f. = 2,
p ≤ 0.001, N = 20 per surface; Tukey’s test, p < 0.05). The adhesion to epoxy resin (water contact angle
83.38◦) was significantly lower than that of the hydrophilic glass with 159.03 ± 117.31 mN (Tukey’s
test, p < 0.05), but higher than the adhesion to the hydrophobic glass (water contact angle 98.9 ◦) with
88.03 ± 114.81 mN. The latter difference, between the epoxy resin and hydrophobic silanized glass,
was not found to be statistically significant according to Tukey’s post hoc test (Tukey’s test, p > 0.05).
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Figure 6. Influence of surface chemistry and repetitive detachment on Phyllium philippinicum eggs.
(A) Detachment forces from surfaces with different water contact angles (N = 20 for each contact angle).
(B) Detachment forces from wet and dry surfaces with different chemical properties (N = 20 for each
treatment). “Hydrophilic” corresponds to a contact angle of 36◦ and “hydrophobic” corresponds
to a 99◦ water contact angle. Boxes are 25th and 75th percentiles, the line within the boxes defines
the median, and whiskers represent the 10th and 90th percentiles. * p ≤ 0.001, only significant
comparisons are highlighted (Kruskal–Wallis one-way ANOVA on ranks followed by Tukey’s post
hoc test). (C) Detachment forces during sequential detachment events (N = 8 eggs). Dots indicate the
median, whiskers represent the standard deviation. Lowercase letters indicate statistically similarity.
Groups with the same letter are statistically equal (Friedman repeated measurements ANOVA, followed
by Tukey’s test). (D) Scanning electron microscopy image of glue residuals on a smooth hydrophobic
glass surface. Scale bar: 300 µm.

Adhesion to both hydrophobic and hydrophilic surfaces was very low and practically negligible in
the presence of water on the surface (Figure 6B). Wet eggs on the hydrophobic surface (2.74 ± 0.34 mN)
showed no significant difference in detachment values compared with wet eggs on the hydrophilic
surface (3.17 ± 2.30 mN; Kruskal–Wallis one-way ANOVA, H = 66.77, d.f. = 3, p ≤ 0.001, N = 20
per treatment; Tukey’s post hoc test, p > 0.05). The comparison of the egg adhesion performance
between hydrophobic and hydrophilic surfaces in both wet and dry conditions yielded significant
differences between all comparisons, except for the comparison between the two wet surfaces (p < 0.05,
Tukey’s test). Eggs dried in adherence to hydrophilic surfaces showed significantly higher detachment
forces than eggs in contact with wet surfaces, as well as higher adhesion than eggs dried on hydrophobic
surfaces (all p < 0.05, Tukey’s test). The detachment force of dried eggs from the hydrophobic glass was
lower than from the hydrophilic substrates, but higher than wet eggs from both substrates (all p < 0.05,
Tukey’s test).

Figure 6C illustrates the attachment performance of eggs over a sequence of six repeated
detachment events. The median detachment force initially increased from day 1 (94.8 ± 38.0 mN)
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to day 2 (188.68 ± 66.75 mN). Subsequently, the detachment force consistently decreased from day
2 until day 6 (9.79 ± 4.56 mN). The detachment force was statistically different (Friedman repeated
measures ANOVA on ranks, χ2 = 35.179, d.f. = 5, p ≤ 0.001, N = 8 per day) and decreased between
day 2 and day 6. However, the first three days were statistically similar, but each of the days 1–3 were
significantly higher than days 5 and 6 (all p < 0.05, Tukey’s test). Although the overall decrease in
attachment performance is significant, the initially higher median detachment force on day 2 is not
significantly different from day 1 and day 3 (p > 0.05, Tukey’s test).

4. Discussion

4.1. Attachment Mechanism

The attachment capabilities of the eggs of Phyllium philippinicum were not readily paid attention
to in the past and recognized only anecdotally in the literature [3]. However, the combination of
an adhesive secretion and reinforcing microstructured exochorionic structures has proven to provide
excellent attachment. The mean safety factor (Fa/Fm; mean detachment force per weight force) of eggs
on a smooth epoxy resin substrate ranges around 924, i.e., the adhesion of one egg sufficiently attaches
924 times its own weight. On hydrophilic substrates, the average Fa/Fm is 4825.

Water exposure has two main effects on the egg: (1) unfolding of the pinnae and (2) liquefaction
of the glue (Figure 3). Both effects contribute to the enhancement of the adhesive properties of
the eggs. Like a solvent-based adhesive, the egg adhesive dissolves partially in water and once
the water evaporates, the adhesive dries and hardens on the substrate. When introduced to water,
the pinnae extend and fan out, adapting to the texture of the substrate. The liquid glue covers the
pinnae, which transmit and spread it out onto the substrate. Such horizontally oriented fibrillary
structures, that lay parallel to a surface, facilitate the spreading of a fluid, hence enhancing the surface
contact of the adhesive fluid [75]. Therefore, bridges of dried adhesive material between adjacent
pinnae are visible, when re-solidified (Figure 3D, 4C). To achieve proper attachment, the glue becomes
fluid to interact with an adjoining surface, then the adhesive fluid dries to either create a sufficient
contact area [76,77] at the interface or mechanically interlock with the surface irregularities [77,78].
Whether high humidity in the surroundings or solely the contact to water droplets cause the glue
to liquefy remains untested. To evaluate the effect of ambient humidity, further experiments with
exposure to differing humidity are necessary. While the pinnae facilitate adhesion through an increased
contact area with the surface, the fluid adhesive makes large real contact with the surface. The
exochorionic extensions may also be able to extend into and interdigitate with surface asperities
and further spread the adhesive fluid [79–81], depending on the roughness profile of the surface
(Figure 5C). Their hierarchical structure offers finer subcontacts with the substrate [82,83], and, hence,
optimizes contact formation on natural surfaces of fractal roughness with overlapping wavelengths
(e.g., tree bark) [84]. Overall, the pinnae reinforce the film of the glue, thus achieving a viable adhesive
system: soft enough to form intimate contact, yet stiff enough after solidification, to decrease elastic
deformation and hold a strong bond [84]. This pinnae-based reinforcement offers structural integrity
to the adhesive system of the egg.

Besides the mechanical interlocking of the solidified glue with surface corrugations, the glue
adheres by physiochemical interactions, presumably van der Waals that can prove very strong with
sufficient interfacial contact [77].

4.2. Influence of Substrate Roughness

Attachment on substrates with different surface roughness revealed no significant differences
among all tested surfaces (Figure 5B). Other biological attachment systems are found to be significantly
affected by surface roughness. The tarsal attachment systems of some flies and beetles consist of
tenent setae that, similar to the pinnae of P. philippinicum eggs, adapt to the surface profile [85–91].
However, the performance of these attachment systems for the purpose of locomotion fare better on
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smooth surfaces or rougher surfaces exceeding asperity sizes of 3 µm, with the worst performance on
micro-roughnesses ranging from 0.1–0.3 µm. This is explained by the spatula-like terminal elements of
insects’ tenent setae interaction with the surface [85,89,90]. These setae tips are able to make sufficient
contact with large surface asperities but are confounded by micro-rough surfaces that inhibit real
contact of the setae to the surface. The eggs of P. philippicum, in contrast, performed well on all surface
roughnesses tested.

This ability of P. philippicum eggs is presumably based on the action of initially fluid and
later solidified glue. For glues, like that of the adhesive material of the eggs examined herein,
rougher surfaces create a larger contact area and stronger adhesion [52]. This applies to the performance
of P. philippinicum eggs, with an increasing trend in attachment strength from 0–12 µm roughness.
Adhesion relies on the area of actual contact made with a surface [79–81]. Although surfaces with
micro-roughness are not generally favourable for many insect attachment systems associated with
locomotion, the egg’s adhesive fluid is able to conform around small surface irregularities and hence
increase the actual contact area (Figure 5D). Rough surfaces are beneficial for egg adhesion in different
insect species. For the codling moth, it has been previously shown that smoother surfaces with fewer
trichomes and rather low free surface energy deter their eggs’ attachment [44], while structural features
creating a rougher surface on leaves or fruits (e.g., trichomes, microcracks or epicutilar wax crystals)
lead to stronger attachment of codling moth eggs due to an increase in the contact area with the egg’s
glue [45]. Rough surfaces on plants are known to be favorable choices for oviposition sites in other
lepidopterans [92,93] and the willow leaf beetle Phratora vulgatissima (Linnaeus, 1758) (Coleoptera,
Chrysomelidae) [94], leading to an enhanced attachment strength. The same applies for the surface
texture of the oviposition substrates of parasitic flies [53,54]. In contrast, the eggs of P. philippinicum

adhere similarly strong to surfaces of all tested roughnesses. As the eggs are dropped without direct
oviposition onto specific substrates, this case of universal adhesion is most likely adapted to a broad
spectrum of surface roughness.

However, p40, the roughest surface tested, revealed the weakest overall attachment to the eggs.
The adhesive fluid probably generates a larger contact area on substrates with micro-rough surface
corrugations. The large surface asperities of the p40 substrate (~440 µm asperity size) principally
offer a larger surface for contact formation, but the glue of the egg presumably does not fill the
deeper asperities, creating only partial interaction with the walls of the surface asperities (Figure 5D).
The viscosity of the glue presumably prevents the glue from properly filling the surface texture.

4.3. Influence of Surface Chemistry

The adhesive strengths on surfaces with different water contact angles revealed significant
differences between the attachment strength of eggs on the hydrophilic substrate compared with the
two substrates with higher water contact angles. The contact formation and generation of attachment
by the adhesive fluid depends on the surfaces’ chemical properties. Higher free surface energy and
lower contact angles, which essentially vary inversely to one another [95], are characteristics of surface
hydrophilicity that invite greater wetting of liquids on such a surface, in turn forming greater contact
at the liquid–surface interface, which creates stronger adhesion [82,96,97]. Lower surface energy
reduces the overall attachment ability of a system [84] and therefore a lower surface energy results
in a lower detachment force of the eggs tested on the hydrophobic substrate. The same correlation
between surface chemistry and attachment is reported for the tarsal attachment system of several
groups of insects [87,88,98,99]. The water-mobilized adhesive presumably does not wet hydrophobic
surfaces properly and therefore attachment is reduced, as wetting is an important prerequisite for
this type of adhesion [78,100]. The adhesive fluid and its composition presumably best perform on
hydrophilic surfaces, most likely due to polarity within the adhesive fluid and water that is attracted
to polar/hydrophilic surfaces [78].

The range of suitable surface chemistry regimes in insect attachment is presumably a result of
co-evolution of the insects and their corresponding plants [95]. Adaptation to substrate chemistry

150



Insects 2020, 11, 400

is species-specific and depends on the degrees of specialization to various natural substrates.
Unfortunately, not many aspects of the ecology and natural habitat of P. philippinicum are known.
Therefore, assumptions about their host trees are based on diet compatibility with certain leaves from
their endemic region [3] and known host species of closely related Phyllium [1,101]. As P. philippinicum

are generalist phytophages, there are several potential host plants. Some of the supposed host species
of P. philippinicum are Psidium guajava L. (Myrtaceae), Mangifera indica L. (Anacardiaceae) and Nephelium

lappaceum L. (Sapindaceae) [1,3,101]. The higher attachment performance on hydrophilic surfaces does
not allow to specifically determine the actual host plants but enables an approximation of natural
substrates the eggs are adapted to. All three putative food plants are evergreen tree species which
have leaves that are generally hydrophobic with water contact angles around 100◦ [102]. In contrast,
the bark of guava and mango was estimated to have contact angles around 52◦ and 50◦ [103]. The eggs
more likely adhere to the bark than to the leaves. This is also reflected in the coloration of the eggs
and freshly hatched nymphs. Nymphs hatch a dark brown hue and change to green after feeding on
the foliage of the tree. Further tests are certainly necessary to test this assumption, but based on the
findings herein, P. philippinicum’s eggs have a better chance at attaching to wood surfaces of its host
tree species compared with leaf surfaces. Additionally, anchorage of the egg to a substrate could help
the new-born nymph successfully hatch from the inside of the egg while remaining arboreal.

Apparently, for the eggs of P. philippinicum, the surface chemistry influences egg adhesion more
than surface roughness. In experiments with beetles, their tarsal attachment systems worked the other
way around. The hairy, wet adhesive pads of Coccinella septempunctata Linnaeus, 1758 (Coleoptera:
Coccinellidae) and Leptinotarsa decemlineata Say, 1824 (Coleoptera: Chrysomelidae) responded more to
surface roughness than to surface chemistry [51,104]. However, Gastrophysa. viridula (De Geer, 1775)
(Coleoptera: Chrysomelidae) exhibited a decreasing attachment performance with hydrophobicity
and stronger performance on smooth surfaces [87]. On the other hand, the eggs of P. philippinicum

show decreased attachment on hydrophobic surfaces, but attachment values were high for all surface
roughnesses. However, for attachment of the eggs, in contrast to moving insects, the preconditions
are different.

Two studies on egg adhesion of the codling moth used various natural surfaces with specific
topographies and physiochemistries [44,45], however, the glue of the codling moth is permanent and
most likely water-insoluble, and the adhesive of P. philippinicum is reversible and mostly water-soluble.
Furthermore, these studies also found an effect of surface topography, which is probably due to the
specific topography of the natural surfaces. Regardless, further investigation into the combined effect
of surface chemistry and topography using a wider scope for both would be advantageous for the
comparative effect on the attachment of P. philippinicum eggs.

4.4. Glue Properties

Detachment force values from P. philippinicum eggs in the wet condition were extremely low and
practically negligible in comparison with other force measurements. It is assumed that the low force
values in the wet condition reflects surface tension and capillary forces exerted by the water droplet
that the egg was submerged in upon detachment, not the eggs’ actual attachment to the surface.

Many insect eggs require hydration to become adhesive [55,57–66]. For example, eggs of the
mayfly Siphlonurus lacustris (Eaton, 1870) (Ephemeroptera: Siphlonuridae) have a thick fibrous coat
surrounding their eggs that undergo exochorionic changes once deposited in water, creating cohesion
between egg masses and adhesion to a substrate [66]. However, these eggs attach in the wet condition
and remain underwater. Contrastingly, the eggs examined herein need to dry after hydration to generate
adhesion. The egg of P. philippinicum does not achieve attachment in water and necessitates a phase
change from liquid to solid for the adhesive material to adhere. This could serve as a mechanism for
the optimum site selection for the incubation of the egg to avoid adhesion under water, as attachment
under water would be lethal to the hatching nymph. The eggs of P. philippinicum may be almost
immediately ready to attach to a substrate once produced from the mother due to high humidity and
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the prevalence of water in a tropical rainforest [105]. This makes sufficient hydration of the egg highly
probable and triggers its adhesive capabilities. However, if suitable conditions are not found, the egg
retains the potential to adhere in a suitable environment in the next attachment event.

The glue mediated attachment of P. philippinicum eggs is reversible and reproducible over several
cycles of attachment, detachment and reattachment (Figure 6C). Apparently, no glue is secreted by
the egg itself; furthermore, colleterial glands for glue production are probably absent in the females
as well [106], similar to some odonates and mayflies [65,66]. The fact that the attachment strength
decreases after a few cycles of reattachment is probably due to the depletion in the supply of the
glue covering the egg. The test surfaces revealed residuals of the glue after detachment (Figure 6D).
However, the repeated ability to attach after submersion in water shows that the adhesive material is
not entirely water-soluble and most of the secretion remains on the egg. In all likelihood, a hydrophilic
polar portion of the material allows diffusion in water, facilitating adsorption at the glue interface [107]
and consequently facilitates contact adaptation to the substrate [78]. A hydrophobic nonpolar portion
most likely remains on the egg, preventing full dissolution [108]. The oviposition method that
P. philippinicum females employ does not give them as much control over the oviposition site compared
with other species that directly deposit eggs. The reversibility of adhesion may be a technique to
correct maladaptive attachment sites or to adapt to seasonal changes in the environment, as reported
for the egg glue of some alpine butterflies [47].

The chemical composition of the glue remains ambiguous and is not the subject of this study.
However, some assumptions can be drawn based on the experimental results. Most permanent
bioadhesives involved in egg attachment are largely proteinaceous [48,109–115]. The amphiphilic
nature of the glue could be achieved by glycoproteins, as in many other insect glues [116]. The highly
soluble glycan would serve as the polar portion [48,114,117], facilitating non-covalent bonding with
hydrophilic substrates. The protein serves as the hydrophobic portion [108,118], providing adherence
of the glue to the surface of the egg and its appendages.

5. Conclusions

Although the special appearance of the eggs of Phyllium species, including P. philippinicum,
received attention in different taxonomic and evolutionary studies [15,23,42], only a few hypotheses
on the function of the special morphological features were presented [3]. We herein elucidate the
specialized attachment mechanism of the eggs of this species and provide the first experimental
approach to systematically characterize the functional properties of their adhesion. The adhesive
mechanism of the egg exploits a combination of folded exochorionic structures (pinnae) and a film of
adhesive secretion. Both components respond to contact with water. The glue becomes fluid through
hydration, adapts to the substrate profile and adheres after solidification. The pinnae facilitate the
spreading of the glue, support adaptability using hierarchically splitting filaments and reinforce the
hardened film. This mechanism copes with surface roughness using this combination but is affected by
surface chemistry. The glue adheres very well to hydrophilic surfaces, but the attachment force decreases
with an increasing water contact angle. Although the egg cannot achieve attachment while submerged
in water, it can reattach itself after dislodgement from a surface, making its adhesive mechanism
temporary, and arguably long-term [77], depending on the conditions. This replicability of attachment
can accomplish attachment site optimization to ensure suitable environmental conditions for embryonic
development. This includes fixation in preferable environmental conditions, but also adjustment in
case of environmental changes. The mechanism described herein copes with different degrees of
surface roughness but is affected by the surface chemistry of the substrate. Other adhesive secretions
in insects interestingly perform differently, although they serve a very similar function: the larval glue
of the fly Drosophila melanogaster consists of glycosylated proteins and is used to anchor the pupa to
different substrates [119]. In contrast to the egg glue of P. philippinicum, the glue of D. melanogaster

larvae adheres well to various substrates independent of their surface chemistry or roughness [120].
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This leads to the assumption that the egg deposition in P. philippinicum favors hydrophilic substrates
and suggests preferable deposition site selection for the eggs in the natural habitat.

Knowledge about this mechanism can support ecologists and conservationists. Elucidating the
nature of the attachment mechanism helps in understanding the dispersal as well as the life history of
the species. This can help in quantifying fecundity for conservation purposes of the insect species [120].
Information on the attachment sites can help the conservation of plants and gauging the population
density [1,121]. The details of this potential transitory state between non-adhesive and permanently
attached eggs can be useful for evolutionary biologists.

Furthermore, this repeatable and water-controlled mechanism can stimulate biomimetic research
in the field of bioadhesives [48,122–124]. The origin and biochemical nature of the glue, however,
remain elusive and should be subject to future studies.
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Abstract: The jump performance of locusts depends on several physiological and environmental
factors. Few studies have examined the effects of different ground types on the jump performance
of locusts. Here, mature adult locusts (Locusta migratoria manilensis) were examined using a
custom-developed measuring system to test their jump performance (including postural features,
kinematics, and reaction forces) on three types of ground (sand, soil, and wood). Significant
differences were primarily observed in the elevation angle at take-off, the tibial angle at take-off, and
the component of the mass-specific reaction force along the aft direction of the insect body between
wood and the other two ground types (sand and soil). Slippage of the tarsus and insertion of the
tibia were often observed when the locusts jumped on sand and soil, respectively. Nevertheless,
comparisons of the different parameters of jump initiation (i.e., take-off speed and mass-specific
kinetic energy) did not reveal any differences among the three types of ground, indicating that
locusts were able to achieve robust jump performance on various substrates. This study provides
insights into the biomechanical basis of the locust jump on different types of ground and enhances
our understanding of the mechanism underlying the locust jump.

Keywords: ground type; jump; locust; reaction force; kinematics; elevation angle

1. Introduction

Locusts are some of the most famous insects for their jumping ability, as they can achieve velocities
as high as 2.6 m/s, accelerations as high as 75 m/s2, and can cover dozens of times their body length in
a single jump [1]. Their jumps serve several critical functions: to escape from predators, to achieve an
initial velocity for flight, and provide a more rapid alternative to travel than crawling. The locust jump
has been extensively studied, especially its postural control, the mechanics of the hind leg, patterns of
muscle and motoneuron activity, and mechanisms of energy storage and release [2–11]. The action
of jumping in locusts is fueled by their hind legs in the following steps: initial flexion of the tibiae,
co-contraction of the flexor and extensor muscles, and rapid tibial extension after trigger activity [2].
A large amount of strain energy is stored by the deformed exoskeleton during muscle co-contraction
(especially by the semi-lunar process (SLP) cuticle on the distal end of the metathoracic femur) and is
released during tibial extension to overcome the weaknesses of insect muscles [3,4].

Various physiological factors have been shown to have different effects on the jumping performance
of locusts. Compared with immature juvenile hoppers, adult locusts have three times the range of
escape jumps and at least twice the specific energy output [12,13]. Older juvenile insects hop less
frequently than younger ones within the same instar because of increased anaerobic metabolism and
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locomotory fatigue [14]. Adaptive change in muscle contraction has also been observed in newly
molted locusts to avoid cuticle damage during jumping [5]. In contrast, gravid females (20% heavier)
have the same jump distance and significantly lower endurance compared with non-gravid females,
as non-gravid females show a 20% increase in the duration of muscle contraction relative to gravid
females [15,16]. Furthermore, Katz and Gosline [17] found that the take-off speed of the locust jump is
relatively scale-independent (0.9–1.2 m/s for juveniles and 2.5 m/s for adults), showing that juvenile
insects often jump to maximize the distance traveled while the purpose of jumping in adults more
often serves to achieve a velocity necessary for initiating flight.

In addition, the effects of a few natural environmental factors have also been investigated. Hawlena
et al. [18] reported that the chronic risk of predation can increase both the take-off speed and the jump
distance of grasshoppers and that this pattern cannot be explained by morphological variation. Air
resistance reduces the kinetic energy of locust jumps by less than 10% at lower initial speeds [19],
and environmental temperatures ranging from 15 ◦C to 35 ◦C only weakly affect jump energy [20].
The properties of the ground are another set of environmental factors that can potentially affect the
locust jump, especially during the take-off stage. For example, surface roughness with an Ra value of
1–2 µm can reduce the ability of locust legs to attach to the substrate, resulting in considerable slippage
of the hind legs on the ground and thus take-off failure [21,22]. Similar effects of surface roughness have
also been documented in females of the Mediterranean field cricket (Gryllus bimaculatus) crawling on
smooth surfaces (Rq = 7.3 µm), which resulted in significantly lower phonotactic responses compared
with rougher surfaces (Rq = 16 or 180 µm) [23]. Several natural types of ground surfaces have other
key physical properties as well as surface roughness, such as normal stiffness, hardness, and tangential
friction/shear stress strength. However, whether natural ground types can affect the jump performance
of locusts has not been explored.

Here, we compared the kinematics, insect posture, and reaction force of the jump performance of
adult locusts on three natural ground types (sand, soil, and wood). We hypothesized that the jump
performance of locusts would differ among the three types of ground. Our results provide insight into
the biomechanical basis of the locust jump on different types of ground and enhance our understanding
of the mechanisms underlying the locust jump.

2. Materials and Methods

Mature Oriental migratory locusts (Locusta migratoria manilensis) were purchased from the Jiyuan
locust-breeding facility in Anhui Province of China. Before tests, all locusts were fed with wheat leaves
under natural light and room temperature (23–30 ◦C) for at least 2 weeks to ensure fully sclerotized
cuticles after their final molt.

A custom-developed test system was built to simultaneously measure both the kinematics and
reaction force of the locust jumps. Figure 1 shows the components of the test system, including a
coordinate background plate (indicated by the letter G), two high-speed cameras (CR600 × 2, Optronis
GmbH, Kehl, Germany; Hero4, GoPro Inc., San Mateo, CA, USA; indicated by letters D and E), a video
camera (IXUS 210, Canon Inc., Tokyo, Japan; indicated by the letter F), a desktop for data acquisition
(indicated by the letter H), and two custom-designed platforms (indicated by the letter B) supported
by a stand column and a three-dimensional high-precision force sensor (S3-001NTO-003, Bio-inspired
Technology Corp., Nanjing, China; indicated by the letter A). The two platforms were set in the same
horizontal plane with 1 mm of space. The two high-speed cameras were placed on the side of the
platforms. The GoPro camera (120 fps) was used to obtain the jump trajectory of the animals, and the
Optronis camera (1000 fps) was used to record the rapid movement of their hind legs before take-off.
The Canon camera was placed above the system to take images of insect posture and the jump azimuth.
The force sensor was used to measure the three-dimensional reaction force from one hind leg of the
locust during jumping (full-scaled range of 1 N, resolution of 1 mN, and sample frequency of 10 kHz).
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Figure 1. A custom-developed test system for measuring the kinematics and reaction force of adult
locusts while jumping. (A) Three-dimensional high-precision force sensor; (B) two platforms, one of
which is fixed to the force sensor and the other fixed to a stand column; (C) adult locust whose left and
right hind legs each stood on one platform; (D) a high-speed camera for obtaining the rapid movement
of the hind leg during the jump; (E) a high-speed camera for obtaining the trajectory of the locust jump;
(F) a video camera for imaging the posture of the locust from above; (G) a coordinate background plate;
and (H) desktop computer for data acquisition.

Three ground types (sand, soil, and wood) were studied. First, balsa wood was fixed on the
surface of the platforms to simulate wooden ground. The balsa wood was cut from some timbers and
polished using moderate sandpaper (#: P400). All obvious visual burrs were removed from the wood
surface. The locust was prepared by attaching its wings together using adhesive tape and placing it
on the platforms such that its left and right hind legs each stood on one platform. Either a sudden
sound or the touch of a brush was used to trigger the locust’s escaping jump. Data were excluded
for individuals that had two hind legs on the platform of the force sensor. Next, the balsa wood was
replaced by two boxes (width × length × depth = 15 mm × 40 mm × 10 mm) that were filled with
local sand (grain size of approximately 0.4 mm, density = 1.27 g/cm3) to create a sandy substrate or
commercial potting soil (soft and rich in organic matter, density = 0.317 g/cm3) to create a soil substrate.
Both of the fillings were lightly compacted, and the surface was carefully flattened before tests. Jumps
of the locusts on the sand and the soil were tested following the aforementioned procedures. In total,
nine adult locusts (4 females and 5 males) were included (body mass = 1.8 ± 0.51 g (mean ± SD)) and
used for all the three ground types in this study. For avoiding the animal fatigue, only one ground
type was tested in one day. For each ground type, each animal was tested less than seven trials and
its first successful jump was selected to represent the jump performance of this individual. In brief,
nine jumps were included for each ground type (one jump from each animal for each ground type).
The sand, soil, and wood ground types corresponded to a granular substrate with weak cohesion,
a granular substrate with strong cohesion, and a solid substrate, respectively.
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The yaw angle of a jump (ϕ) was obtained from the top camera image as the angle between the
body axis of the locust and the direction X of the force sensor (Figure 2). The real distance of each
locust jump (Sd) was then obtained by correcting the camera recordings using the following equation:

Sd =
Sd

cos(ϕ)
(1)

where Sd is the distance recordings from the lateral images. The physiological components of the
reaction force for the locusts were calculated from the force measurements of the sensor using the
following equation:

Fa = Fx cos(ϕ) − Fy sin(ϕ), Fl = Fx sin(ϕ) + Fy cos(ϕ), Fn = Fz (2)

where Fx, Fy, and Fz are the measurements from the force sensor along its axes X, Y, and Z, respectively.
Fa, Fl, and Fn are the physiological components of the reaction force along the aft, lateral, and normal
directions of the locust, respectively (Figure 2b). To eliminate the effect of body mass, the mass-specific
reaction force was calculated by normalizing the physiological components with body mass as follows:

Fa =
Fa

M
, Fl =

∣

∣

∣Fl

∣

∣

∣

M
, Fn =

Fn

M
, Ft =

√

F2
a + F2

l + F2
n (3)

where M is body mass. Fa, Fl, and Fn are the aft, lateral, and normal components of the mass-specific
reaction force, respectively. Ft is the total magnitude of the mass-specific reaction force. The elevation
angle of the locust at take-off (βt) was determined based on the real trajectory of the jump from the
images of the lateral GoPro camera after take-off (Figure 2).
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Figure 2. Schematic diagram illustrating how the kinematics and reaction force of the locust jumps
were calculated. Because of the yaw angle (ϕ), the real trajectory of the jump was corrected from the
image recordings of the sideway high-speed camera. The jump direction and real trajectory of the
locust are indicated by the blue and red dashed lines, respectively. The black dashed line is parallel to
both the lateral camera and the direction X of the force sensor. A0: the initial locust position; A1: the
real locust position after jumping; B: the locust position in the camera images after jumping; and βt: the
elevation angle of the locust at take-off. Similarly, the physiological components of the reaction force
were transformed from the sensor measurements using the yaw angle. The coordinate system of the
force sensor is shown by black axes, and the physiological coordinate system of the locust is shown by
red axes.

Three postural features of the locust during jumps were defined based on the camera images as
follows (Figure 3). First, the opening angle between the hind femur and the central line of the body (θ)
was measured from the image of the top camera just before tibial extension. Following a previous
study [6], a line was drawn through the proximal femoral and the distal tibial ends of the locust just
before tibial extension, and its tilt angle relative to the ground surface was defined as βe. Here, the
angle βe was determined by both the projected tilt angle in the Optronis camera image (βe) and the yaw
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angle ϕ as arctan(cos(ϕ) tan(βe)). Similarly, the angle between the tibial axis and the ground surface
at take-off (γ) was calculated as arctan(cos(ϕ) tan(γ)), where γ is the projected tibia–ground angle in
the Optronis camera image. Given the small waste in energy because of air resistance [19], the take-off
speed (Vt) was calculated based on the real jump distance Sd and the angle βt as

Vt =

√

gSd tan(βt)

2
+

gSd

2 tan(βt)
(4)

where g is the acceleration of gravity (i.e., 9.8 m s−2). The mass-specific kinetic energy (Em) for each
jump was determined as 0.5V2

t .
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Figure 3. Schematic diagram for three postural features of adult locusts while jumping. (a) The opening
angle between the hind femur and central line of the body just before tibial extension (θ); (b) the tilt
angle of the line through the proximal femur and distal tibia just before tibial extension (βe); and (c) the
tibial angle relative to the ground at take-off (γ).

Statistical analyses were performed to clarify the effect of ground type on the locust jump. First,
the normal distribution and homoscedasticity of the results were checked using Shapiro–Wilk tests
and F-tests/Bartlett’s tests, respectively. If the data met these requirements, t-tests were performed for
all of the data between female and male animals and between the angles βt and βe for each ground
type. Repeated one-way analyses of variance (ANOVA) with a Bonferroni post-hoc correction were
also used to compare results between the three different ground types. Mann–Whitney tests were used
instead of t-tests if the data were not normally distributed, and t-tests with Welch’s correction were
used if the data had unequal variances. For repeated one-way ANOVA, Friedman tests with Dunn’s
multiple comparisons were used if the data were either not normally distributed or variances were not
homogeneous. Results were reported as mean ± SD. Significance was defined as p < 0.05.

3. Results

Both the postural features (θ, γ, βt, and βe) and jump performance (Vt and Em), including the
reaction force (the maximal values of Fa, Fl, Fn, and Ft), of adult female locusts were not significantly
(p > 0.05) different from those of adult male locusts regardless of ground type. As a result, data for
both female and male locusts were pooled and analyzed together in subsequent statistical analyses.
All of the experimental data are shown in Tables S1–S6 of the Supplementary Materials.

The four postural angles of the locust jumps on the three ground types are shown in Figure 4.
The angles βe and βt were 57 ± 7.3 degrees and 36 ± 9.5 degrees, 52 ± 9.2 degrees and 43 ± 6.2 degrees,
and 64± 12 degrees and 63± 12 degrees for the sand, soil, and wood substrates, respectively. Significant
differences were detected in the angle βe between soil and wood (p < 0.05), in the angle βt between sand
and wood (p < 0.001), and in the angle βt between soil and wood (p < 0.01). Comparisons between
these two angles indicated that differences were only significant between sand and soil (p < 0.001).
Moreover, the angle γ for the wood (68 ± 10 degrees) was significantly (p < 0.001) higher than that for
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the sand (44 ± 8.6 degrees) as well as that for the soil (51 ± 6.5 degrees). By contrast, the angle θwas
not significantly affected by changes in ground type.
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Figure 4. Comparisons of the postural features of adult locust jumps on the three ground types: (a) the
elevation angle of locust jumps at take-off (βt) and the tilt angle of the line through femoral proximal
and tibial distal ends just before tibial extension (βe); (b) the open angle of the femur to the central line
of the body (θ); and (c) the angle between the tibial axis and the ground at take-off (γ). Results were
reported as mean ± SD. * p < 0.05; ** p < 0.01; *** p < 0.001.

Figure 5 shows comparisons of the kinematics and reaction force among the three ground types.
Neither the take-off speed (Vt) nor the mass-specific kinetic energy (Em) was significantly different
among the three ground types (2.3 ± 0.33 m/s and 2.7 ± 0.83 mJ/g for sand, 2.3 ± 0.13 m/s and
2.7 ± 0.31 mJ/g for soil, and 2.6 ± 0.17 m/s and 3.3 ± 0.42 mJ/g for wood). There were no significant
differences in the mass-specific reaction force among the three ground types except for Fa. The Fa for
wood (20 ± 6.3 mN/g) was significantly (p < 0.05) lower than that for sand (38 ± 5.6 mN/g) and soil (31
± 10 mN/g). In addition, the hind legs of the locusts during the jumps firmly adhered to the wood
substrate, often inserted into the sandy substrate (six of the nine jumps), or noticeably slid on the soil
substrate (seven of the nine jumps). To illustrate the different interactions between the hind legs of
locusts and the three ground types, some typical high-speed camera images and videos of the locust
hind legs during jumping are provided in Figure 6 and the Supplementary Videos S1–S3.
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Figure 5. Comparisons of the kinematics and reaction force of locust jumps on three ground types:
(a) the take-off speed (Vt); (b) the mass-specific kinetic energy (Em); (c) the total magnitude of the
mass-specific reaction force (Ft); (d) the aft component of the mass-specific reaction force (Fa); (e) the
absolute lateral component of the mass-specific reaction force (Fl); and (f) the normal component of the
mass-specific reaction force (Fn). Results were reported as mean ± SD. * p < 0.05; *** p < 0.001.

 

 

Figure 6. High-speed camera images for the rapid movement of the hind legs of locusts while jumpin
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Figure 6. High-speed camera images for the rapid movement of the hind legs of locusts while jumping.
Locusts jumped on sand (a), soil (b), and wood (c) ground types. The frame at 0 ms shows the
configuration of the hind leg at take-off. To analyze the jump process, white dashed lines were marked
for each panel to represent the location of the tibial distal end at 0 ms in the view of the camera.
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4. Discussion

We suggest that locusts have a robust jump sequence on various substrates. Both the take-off
speed and the mass-specific kinetic energy of the locust jump were not significantly affected by the
change in ground type even though tibial slip or insertion occurred on sand and soil substrates during
the initial stage of jumping (Figure 6b,c). Given that the main purpose of jumping for adult locusts
is to achieve a sufficient initial speed for initiating flight [17], the fact that the take-off speed did not
change among the different ground types revealed that the jump behaviors of the locust were robust on
various substrates. The kinetic energy of the locust jump was primarily released from the elastic strain
energy stored by the SLP cuticle during the extension of the hind leg [3,4]. The similar mass-specific
kinetic energy for the jumps on the three ground types meant that the stored strain energy was not
wasted by the somewhat useless extension arising from the slip or insertion of tibia. This finding
coincides with the previous observation that the semi-lunar processes of locusts do not start to unfurl
(i.e., release energy) until the tibia extends by 55 degrees [24]. In other words, the specific mechanism
underlying the storage and release of strain energy helps locusts achieve high jumping performance
on different ground types because the energy does not begin to release during the initial extension,
regardless as to whether the tibia slips on or inserts into the substrate. This property might enhance
the ability of locusts to evade predators and thus their survival in different environments.

By contrast, the postural features of locusts among the three types of ground indicated that
significant differences were primarily observed in the elevation angle at take-off (βt) and the tibial angle
at take-off (γ) (Figure 4). Sutton and Burrows [6] found that the angle βt was almost the same as the tilt
angle of the femoral proximal femur–distal tibia line before tibial extension (βe) when locusts jumped on
wood. Similar results were obtained by our measurements in that the difference between the two angles
βt and βe was only 1.5 ± 0.83 degrees for jumps on wood. By contrast, the angle βt was significantly
higher than the angle βe for jumps on the other two ground types (sand and soil). The differences
between the three ground types stem from the specific conditions of the tibia on the ground (i.e., sliding
or insertion). It was clearly illustrated in Figure 6 that the locust tibia firmly adhered to wood but
often inserted into sand or slid on soil during the take-off process. The sliding or insertion altered
the swinging angle of the hind leg, resulting in an altered take-off elevation angle. Although locusts
can use their claws and tarsal adhesive pads to firmly stick to a few types of substrates [25,26], these
strategies appear to be useless for successfully attaching to natural ground types, such as sand and soil.
In addition, the significant difference in the angle γ resulted from the different βt among the three types
of ground following the quantitative relationship between these two angles established by Sutton and
Burrows [6].

Another interesting finding is that only the aft component of the mass-specific reaction force
(Fa) was significantly different among the three ground types while its total magnitude and other
components were not (Figure 5). This finding might stem from the differing effect of the tibial angle
on the three physiological components. Given that the total reaction force (Ft) is along the tibial axis,
its aft and normal components were calculated by the decomposition theory of force as Ft cos(γ) and
Ft sin(γ), respectively. Thus, a higher tibial angle leads to a reduced aft component and an elevated
normal component. Although the Ft values did not significantly change among the three ground types,
the aft component was increased by 0.35Ft (from 0.37Ft to 0.72Ft) when the angle γ changed from
68 degrees (on wood) to 44 degrees (on sand) and by 0.26Ft (from 0.37Ft to 0.63Ft) when the angle γ
changed from 68 degrees (on wood) to 51 degrees (on soil). Similarly, the normal component decreased
by 0.24Ft (from 0.93Ft to 0.69Ft) when the angle γ changed from 68 degrees (on wood) to 44 degrees
(on sand) and by 0.15Ft (from 0.93Ft to 0.78Ft) when the angle γ changed from 68 degrees (on wood) to
51 degrees (on soil). Briefly, the influence of the angle γ on Fa was 1.5–1.7 times that of Fn, which might
explain why significant differences only existed in Fa among the different ground types.

However, some limitations of this study require consideration. First, the sample size of jumps
for each ground type was small, although paired statistical analyses were used in the comparisons.
It should be emphasized that the results of this study are preliminary and should be used as a basis
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from which future studies examining the effect of ground type on locust jumps could be conducted.
Second, the properties of the three ground types need to be quantitatively measured. Based on these
measurements, the quantitative relationship between ground properties and locust jump behaviors
could be characterized and provide some fundamental mechanical data for optimizing the jumping
tactics of bioinspired robots on different ground types.

5. Conclusions

In this study, jumps of nine adult L. m. manilensis locusts on three different types of ground (sand,
soil, and wood) were measured using a custom-developed test system. Specifically, measurements
were made of the postural features, kinematics, and reaction force. Both the elevation angle βt and
tibial angle γ at take-off were significantly different among the three types of ground, which might
have been caused by the hind legs slipping on or inserting into the ground. Nevertheless, the jumping
kinematics (including the take-off speed and the mass-specific kinetic energy) were not significantly
different among the different ground types, indicating that locusts were able to achieve robust jumping
performance on the various substrates. This study provides preliminary data that contribute to
enhancing our understanding of the jumping mechanisms in locusts, especially how jumping behaviors
are adapted to different types of ground.

Supplementary Materials: The following are available online at http://www.mdpi.com/2075-4450/11/4/259/s1,
Table S1: Experimental data of the kinematics for the locusts jumping on sand, Table S2: Experimental data of the
kinematics for the locusts jumping on soil, Table S3. Experimental data of the kinematics for the locusts jumping
on wood, Table S4: Experimental data of the reaction force for the locusts jumping on sand, Table S5: Experimental
data of the reaction force for the locusts jumping on soil, Table S6: Experimental data of the reaction force for the
locusts jumping on wood, Video S1: A typical video of the locust jumping on sand, Video S2: A typical video of
the locust jumping on soil, Video S3: A typical video of the locust jumping on wood.
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