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Abstract: The diversity of true bugs gave rise to various lifestyles, including gaining advantage
from other organisms. Plokiophilidae are cimicomorphan bugs that live in the silk constructions
of other arthropods. One group, Embiophila, exclusively settles in the silk colonies of webspinners
(Embioptera). We investigated the lifestyle of Embiophila using microscopy to study the micromor-
phology and material composition of the leg cuticle, choice assays and retention time measurements
based on different characteristics of the embiopteran galleries and tilting experiments with different
substrates to quantify the attachment performance of the bugs. Embiophila neither explicitly preferred
embiopteran presence, nor required silk for locomotion, but the bugs preferred fibrous substrates
during the choice experiments. The hairy attachment pad on the tibia showed the best attachment
performance on substrates, with an asperity size of 1 um. Additionally, very rough substrates enabled
strong attachment, likely due to the use of claws. Our findings suggest that Embiophila settle in
galleries of webspinners to benefit from the shelter against weather and predators and to feed on
mites and other intruders. The combination of behavioral and functional morphological experiments
enables insights into the life history of these silk-associated bugs, which would be highly challenging
in the field due to the minute size and specialized lifestyle of Embiophila.

Keywords: cuticle composition; ecomorphology; Hemiptera; tarsus; adhesive structures; insect
behavior; attachment systems

1. Introduction

Many animals seek shelter in different kinds of domiciles. Whereas the majority of
animals use temporary constructions for protecting themselves against environmental
influences, there are also several examples of construction of permanent shelters [1]. How-
ever, only a few animals produce the material for their homes by themselves; examples
include primarily invertebrates building these shelters by their own secretions e.g., but-
terflies [2—4] and crickets [5]. Such domiciles can be useful for colony building in social
insects, such as bees and wasps [6], but also for solitary predators to catch prey, as in
spiders [7]. Webspinners (Embioptera) represent one peculiar case of colony-building
insects [8-10]. These insects are known for building their domiciles (=galleries) using silk
secretion from their own fore tarsi [11-14], in which they forage and reproduce [8,9,15].
Such galleries aid in establishing a secured colony from changing environmental conditions
and especially predators for webspinners [9,16]. The said benefits of embiopteran silk
galleries attract other species that make use of the sheltered hideouts. For the comparably
poorly studied group of webspinners with their highly specialized domiciles, there are just
few examples known of other animals specifically entering the galleries and living in the
galleries with the webspinners. Just a few parasites and parasitoids (e.g., bristle flies, [17];
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braconid wasps, [18]; and sclerogibbid wasps, [19,20]) are known to be associated with
Embioptera. However, there is one enigmatic group of insects with a strong association to
webspinners as a host: the silk-lovers from the family Plokiophilidae. Silk-lovers are true
bugs (Hemiptera: Heteroptera), which all use sucking-piercing mouthparts [21]. Plokiophil-
idae are nested within Cimicomorpha [22-28]; they are diverse and have various feeding
preferences that include extraction of plant sap, preying on other small invertebrates or
hematophagy [23,29]. Plokiophilidae, in particular, are generally very host-specific. They
are called silk-lovers, or web-lovers, as they inhabit the webs of spiders or webspinners,
with just one known free-living exception [30]. The group currently consists of nine genera
and 20 species, which are all small, ranging from 1.2 to 3.0 mm in length [31]. However,
despite their largely different hosts, Plokiophilidae are considered monophyletic [25] and
their members are strictly separated by their preferred hosts [32]. Most Plokiophilidae
inhabit the webs of spiders (Heissophilinae and most Plokiophilinae) of the groups My-
galomorphae [33,34] and Araneomorphae [35,36]. One group within Plokiophilinae, in
contrast, inhabits the silken domiciles of webspinners [32]: Embiophila China, 1953. This
genus belongs to Embiophilina, which includes only another genus, Paraplokiophiloides
Schubh, étys and Cassis 2015. The latter, however, does not show this behavior.
Attachment, in general, is of importance for the locomotion of animals. To securely
locomote on different substrates animals employ different kinds of adhesive systems and
the functionality of any of these is constrained by the properties of the substrate [37]. Un-
related to the animal lineage of concern, including invertebrates [38] and vertebrates [39],
the design of the attachment apparatus is consequently adapted to the specific substrates
they encounter in their respective environments [37]. For Embiophilina the most dominant
substrate is the silk of Embioptera, whose galleries they inhabit. In contrast to silk of prey
capturing invertebrates, embiopteran silk is not intended to capture insects and, hence, is
not covered with sticky substances, but is arranged in fine fiber bundles that form dense
walls in the galleries [40,41] and is capable of transformation into thin films after contact
with water [42]. As Embiophilina exclusively settle the silk galleries of webspinners, they
are probably specifically adapted to this special kind of substrate. The feet of insects, in
general, show various attachment devices adapted to different surfaces [43-45], including
claws for interlocking with rough surfaces and adhesive pads aiding in attachment to a
spectrum of finer roughness and other surface characteristics [37]. This includes different
solutions to cope with the very different dimensions and challenges of the respective habi-
tats to which the taxa are adapted [37]. Often the tarsal morphology is tuned to a specific
problem or to facilitate certain tasks in which anchorage is required [46]. Especially, animals
that are specialized to inhabit certain challenging habitats or substrates, such as the leaves
of water-lilies [47], leaves covered with crystalline waxes [48], or the complex surfaces
of the host in case of parasites [49-52], usually possess strongly specialized attachment
systems. In case of such predictable substrate characteristics as a result of specialization to
a defined habitat, the tarsal morphology often includes devices that reflect the lifestyle of
the animal. This would be expected to be the case in the specialized silk-lovers as well.
Embiophile plokiophilids live with their silk-spinning hosts in their silken domiciles
and are considered inquilines. Based on observations of four species of plokiophilids
associated with embiopteran silk, Carayon [35] found the bugs to be fairly generalized in
their feeding habits. Those living within webspinner silk were seen to rarely feed on the
host’s eggs and to more likely feed on mites and recently dead webspinners. Carayon [35]
noted that bugs living in spider silk often feed on prey killed by their hosts. The inquilines
with embiopterans have been seen feeding on early-instar nymphs [53], but this appears
to be rare compared to cases where they feed on webspinners deceased for other reasons.
These observations align with reports by Callan [54] and Ross [8]. In any case, it has been
not clear whether the webspinner nymphs used as food had died of other causes. Ford [22]
studied Embiophila myersi China, 1953 in the laboratory and additionally noted that the
bugs feed on mites and sometimes are cannibalistic. She suggested that because the bugs
are so small relative to their webspinner hosts, predation is very unlikely. Indeed, she
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observed that the bugs did not attack their living hosts. The reliance on silk as a habitat
appears to be the more persuasive argument for why the bugs live with their silk spinning
hosts. Embiopteran silk might provide the same protection against the elements to the bugs
as it does to the webspinners. Furthermore, Carayon [35] reported that plokiophilids can
be raised for several generations without hosts as long as a fibrous substrate and mites
as food are present. He reported that for three species, they can be raised in moistened
fibrous cotton as well as in their host’s silk. Both Carayon [35] and Ross [8] concluded that
availability of silk-like substrate and food is more important than the presence of the host
embiopterans as a food source ([8] see Figure 38 showing a plokiophilid sucking fluids
from tarsi of a dead embiopteran).

As the tibiae of Embiophilina are all equipped with spines that resemble those of
raptorial appendages [32], their actual food preferences remain in question. We investi-
gated the life history of these enigmatic bugs and particularly focused on their substrate
dependence. We aimed to study the functionality of their tarsal attachment system and
their searching behavior for typical embiopteran-associated gallery features to investigate
whether Embiophilina seek silk, mere hiding places, or orient more toward the presence of
their hosts (e.g., recent fecal pellets in silk).

The purpose of this investigation is three-fold: First, we aimed at evaluating the bugs
responses, in the short term, when given a choice of different substrate materials, such
as silk, fibers or other hiding places. If silk is critical to the bugs, we expected them to
locate the silk and settle. If finding a hiding place is critical, they should accept any of
the substrates offered in short term trials. Second, we quantified their ability to locomote
on substrates of various roughness to gauge the degree to which the tarsi of these silk
walkers are specialized. Third, we investigated their tarsal morphology in order to evaluate
the morphological equipment used for both behavior and locomotion ability due to the
tarsus—surface interactions with the substrates.

7

2. Materials and Methods
2.1. Study Subjects and Laboratory Cultures

Embiophila myersi, our focal plokiophilid species (Figure 1A), is common in the field
in Trinidad, where they are associated with colonies of Antipaluria urichi (Saussure, 1896)
(Clothodidae) and Pararhagadochir trinitatis (Saussure, 1896) (Scelembiidae). Laboratory
cultures of the two webspinner species have been maintained for many years at Santa Clara
University (Santa Clara, CA, USA). The bugs were also present in the culture boxes, having
been inadvertently collected in the field at the same time the webspinners were gathered.
Lighting in the environmental chamber was 12 h light, 12 h dark to emulate neotropical day
lengths. Temperature approximated 27 °C at all times. Culture boxes were moistened twice
per week, at the time the webspinners were fed on Romaine lettuce and lichens harvested
from Quercus agrifolia bark in California.

2.2. Choice Tests

To determine the preferences of insects, indicating the need to find silk or the need to
find a hiding place, different substrate choices were offered in 30 min trials. Each test was
conducted in 3D-printed arenas (40 mm x 40 mm frame with 10mm high walls) placed in a
glass Petri dish, put flat on a table, with a bottom liner of clean filter paper (Figure 1B). The
arena consisted of a circular center region and four quadrants separated by 10 mm high
walls. Individual bugs were allowed to wander between the four quadrants: two zones
with substrates and two empty zones. Ethovision XT Software (Noldus, Wageningen, The
Netherlands) was employed to record and summarize behavioral choices and wandering
behaviors by the bugs. To start a trial, the bug was gently placed in the central region
with gateways leading to the four zones. Choices presented were: Trial 1 (n = 10) offered
the bug a patch of clean silk, one of silk with fecal pellets (to represent recent presence
of webspinners), and two empty zones. Trial 2 (n = 10) offered a patch of clean silk and
one of fibers pulled from a cosmetic style cotton wool ball, and two empty zones. This
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arrangement was designed to test Carayon’s [35] idea that any fibers are acceptable, even if
not composed of silk. He also used cotton wool fibers in his experiments. For Trials 1 and 2,
the substrates were alternated between the top left and bottom right quadrants (as seen
in the video recording) to control for possible lighting or other unexpected biases. Trial
3 (n = 10) included lichens in two quadrants (typical food for the Trinidad webspinners
in the field) emulating natural hiding places for the bugs, and two empty zones. This
last trial tested whether they wander more if silk is not discovered. Because the bugs are
extraordinarily small, the Ethovision XT software had difficulty tracking them. Therefore,
for Trial 3, we switched to recording their wandering and analyzing videos manually. For
Trials 1 and 2, time spent in the different quadrants was recorded by Ethovision XT. Heat
maps showing where they spent time were produced by the software and time along the
edge (evidence of thigmotaxis) was summarized automatically by the tracking software
(Figure 2). For all trials, we additionally recorded where each bug settled and whether the
bug left to wander again or transitioned from one zone to another. Each individual bug
was used only once.

Figure 1. Embiophila myersi adult and arena for testing. (A) Imago, dorsal view. (B) 3D printed testing
arena including one individual.

40 mm

Figure 2. Heatmaps showing an overlay of three separate trials for each set-up (1 = 6). Yellow and
red (hot colors) indicate longer periods of time, whilst blue indicates less time in a zone. Brightly
colored circles in each arena reflect the tendency for each of the bugs to settle under the silk patch
once it was found. The lighter colored blue lines show, where bugs tended to walk. The blue circles
show where they sat for longer periods of time.
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For Trial 1 and for Trial 2, total time spent in the different zones of the arena was
compared. Proportion of time spent along the edge in the different zones was similarly
compared. We also determined the amount of wandering for all three set ups. Number of
times the bug went into and out of the zones with substrate (lichens or the fiber samples)
or without (empty) were counted and compared. After using the Shapiro-Wilk Test that
revealed lack of normality in the data, we used the Kruskal-Wallis ANOVA on ranks with
Wilcoxon post hoc tests adjusted for multiple comparisons with the Benjamini-Hochberg
method (Section 3.3), or Wilcoxon rank sum tests corrected for multiple comparisons with
the Benjamini-Hochberg method for comparisons between the time spent at the edge in the
arena zones (Section 3.3) and the transitions between the zones (Section 3.4) respectively
with JMP Pro 16 statistical software (SAS Institute, Cary, NC, USA) to make comparisons at
a criterion for significance of p < 0.05.

2.3. Testing Attachment Performance

To determine the bug’s ability to attach to substrates of various roughnesses, adult
individuals (n = 7) were tested individually on six different substrates. Standardized
industrial polishing papers with aluminum oxide coating of different grit sizes (0.3, 1.0,
3.0 and 12 pum; FibrMet discs, Buehler), sandpaper with silicon carbide coating (35 pum;
Wetordry, Imperial) and clean glass were used as substrates. As the larger surface asperities
of the sandpaper enabled easy engagement of the tarsi, it was used for a preceding test to
confirm that each of the bugs was capable of walking easily. Presentation of the different
substrates was randomized so that each bug experienced a different sequence. Glass was
offered last. Once the bug was placed on the substrate and began to walk, the apparatus (a
plate affixed to a rotating wheel) was tilted slowly by hand and the angle at which the bug
lost its adhesion was recorded. After falling, the bug was placed in a holding container, the
next substrate was set in place and the bug was tested again until all substrates were tested
for that bug. The angle at which the bug started sliding on the substrate was considered
the critical tilting angle. Critical tilting angles were tested for normality (Shapiro-Wilk) and
equal variance (Levene) and compared using a one-way ANOVA in SigmaPlot 12.0 (Systat
Software GmbH), as the data was parametric and showed homoscedasticity.

2.4. Scanning Electron Microscopy (SEM)

Nymphs and adults of E. myersi were stored in 70-80% ethanol. The samples were
dehydrated in an ascending ethanol series and critical point dried using a Leica EM CPD300
(Leica, Wetzlar, Germany) CPD system. For SEM, the dried samples were sputter-coated
with gold—palladium (10 nm thickness; Leica Bal-TEC SCD500, Leica Camera AG, Wetzlar,
Germany), mounted on a rotatable sample holder [55] and examined in a Hitachi TM3000
(Hitachi Ltd. Corporation, Tokyo, Japan) scanning electron microscope (at 15 kV). Distances
(i.e., length of setae and spatulae, width of spatulae) and circular diameters (i.e., claw tip
sharpness) were measured from the micrographs, using Image] (v2.0.0-rc-43/1.50e, Wayne
Rasband, National Institutes of Health, Bethesda, MD, USA) by using the oval tool and
measuring the diameter of a circle fit into the tip of the claw (n = 4) and the straight line
tool for linear measurements (1 = 5 each).

2.5. Confocal Laser Scanning Microscopy (CLSM)

Legs of E. myersi (nymphs and adults) were dissected and embedded in glycerine
(99.9%) on a microscope slide and covered with a high-precision cover slip. For CLSM
analysis, a Zeiss LSM 700 (Carl Zeiss AG, Jena, Germany) equipped with four laser lines
(wavelengths of 405, 488, 555 and 639 nm) and four emission filters (BP420-480, LP490,
LP560, LP640 nm) were used (cf. Figure 1 in [56]). Maximum intensity projections were
done using the ZEN2008 software (Carl Zeiss Microscopy AG, Jena, Germany). For more
information on how to use CLSM to determine the material properties of the insect cuticle,
we refer to Michels and Gorb [57]. Generally, CLSM analysis results in visualizations
of a combined autofluorescence signal (maximum intensity projections) in every single
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pixel, providing information about the presence of various components within the cuticle
with different material properties [57-59]. This allows for qualitative estimates of the
material composition of the analyzed cuticle. The following color code can be assigned
after [57]: (1) red signal—autofluorescence of stiff sclerotized cuticle; (2) blue, green and
red combined (resulting in pink, brownish, yellow and green signals within the overlay)—
autofluorescence of stiff but more flexible cuticle, often chitin-dominated; (3) characteristic
blue signal—autofluorescence of rubber-like cuticle with likely high proportion of resilin.
The analysis herein will allow for a qualitative description only and does not represent a
quantitative measurement.

3. Results
3.1. Tarsal Morphology

The studied nymphs and adults of E. myersi both show some differences between
the leg pairs (pro-, meso- and metathoracic legs) as well as between nymphs and adults
(Figures 3 and 4). In general, the legs represent regular walking legs. The tarsi are two
segmented with a pretarsus and an asymmetric pair of claws; here, the medial claw is
longer than the other (cf. Figure 3C). However, the tip sharpness is uniform in both
claws: 679.44 + 67.08 nm (mean £ SD, n = 4; measured for the adults). All legs are
covered with uniform setae. The density of these setae increases towards the tarsus, with
tibia and tarsus showing a dense coverage (Figures 3 and 4). In the maximum intensity
projections obtained from CLSM, the cuticular composition seems comparably similar
along the length of the respective leg, but might differ slightly between the legs of nymph
and adult (Figure 5). The mentioned setae, distributed on all parts of the legs, show a
green signal in both the nymphs and adults, indicating a chitinous cuticle. On both the
pro- and mesothoracic legs in both nymphs and adults, strong spines are developed on the
ventral surface of the femur (Figures 3 and 4). On the femur of the prothoracic leg, two
rows of spines are developed in a pair with slight offset (Figure 3D). Here, three spines are
over-proportionally well-developed: two in the posteroventral row of spines and one, in
between, in the anteroventral row of spines (Figure 3D). On the mesothoracic legs, only
one row of spines, almost in the midline of the ventrofemoral surface, is developed. These
spines also differ in size: increasing towards mid-femur and decreasing again towards
the femoral-tibial joint; showing two considerably large spines in the middle (Figure 4C).
These spines on all legs show a brownish-red signal in the maximum intensity projections
indicating a strongly sclerotized cuticle (Figure 5). Both nymphs and adults carry a row of
setae facing anterior on the tibia of the prothoracic legs (Figures 3B, 4C and 5E). Almost
identical structures are described in Pentatomidae as grooming devices and shown to be
used in cleaning [60]. At the apical tip of the tibia, a compact row of rod-like setae is present
ventrolaterally in both nymphs and adults (Figures 3B and 4B). The green signal of these
rod-like setae is indicating a chitinous cuticle. The most striking difference between nymph
and adult is the presence of a fibrillar adhesive pad—the tibial adhesive pad (TAP)—on the
ventral surface at the apical end of the pro- and mesothoracic tibia in adults (Figure 4B,D).
The TAP consists of densely packed spatulated setae (Figure 4B), showing a material
gradient from reddish signal at the base over greenish towards light blue signal at the tip
(Figure 5C) and an increasing length from posterior to anterior. The spatulated setae have a
length of 17.39 £ 6.97 um (n = 5) and the spatula at the apical end of the setae a length of
3.36 = 0.32 um (n = 5) and a width 1.62 &= 0.13 um (n = 5). The flattened terminal spatulae
are corrugated dorsally, but flat ventrally (Figure 4F).
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head

abdomen

Figure 3. SEM micrograph of Embiophila myersi, nymph. (A) Thorax, legs and abdomen ventral
view. (B) ‘Grooming’ setae, apical at the prothoracic tibia. (C) Prothoracic claws. (D) Rows of
spines (raptorial) on the prothoracic femur. Abbreviation: cl—claw; cs—cleaning structure; cx—coxa;
fe—femur; ta—tarsomere; tb—tibia; tr—trochanter.
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head

abdomen

300 pm

—

Figure 4. SEM micrograph of Embiophila myersi, adult. (A) Head, thorax, legs and abdomen ventral
view. (B) Ventral view of the spatula of the tibial adhesive pad. (C) Apical part of the prothoracic
leg showing claws, cleaning structure and the tibial adhesive pad. (D) Dorsal view of the spatulae
with corrugated surface. (E) Row of spines (raptorial) on the mesothoracic femur. (F) Apical part of
the mesothoracic leg showing claws and tibial adhesive pad. (G) Apical part of the metathoracic leg
showing the claws. Abbreviation: cl—claw; cx—coxa; cs—cleaning structure; fe—femur; sp—spatula:
ta—tarsomere; tap—tibial adhesive pad; tb—tibia; tr—trochanter.
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A
100 um
—_—

distal

Figure 5. CLSM maximum intensity projections of Embiophila myersi. (A—C) Adult (D-F) nymph.
(A—C) Prothoracic leg, anterodorsal view. (B) Claws. (C) Tibial adhesive pad. (D,E) Prothoracic
leg, anterior view. (E) ‘Grooming’ setae (F) Prothoracic leg, posterior view. Abbreviation: cl—claw;
cs—cleaning structure; fe—femur; ta—tarsomere; tap—tibial adhesive pad; tb—tibia.

3.2. Attachment Performance of Adult Bugs

The attachment performance was investigated by measuring the critical tilting an-
gles (cta) on substrates with varying surface roughness. The substrate roughness had a
significant influence on the attachment of the bugs to the substrates (Figure 6, One-way
ANOVA, df. =5, F =41.729, p < 0.001, N = 7). The strongest attachment was found on
the substrates with 1 pum and 35 um roughness, both revealed significantly higher tilting
angles than the other substrates (Holm—éidék—Posthoc test, each combination p < 0.001),
but not different from each other (p = 0.927). The cta were 70.57 (£16.87)° (mean =+ s.d.) on
1 um and 71.14 (£14.58)° on 35 pm roughness. Medium critical tilting angles were found
for the other structured substrates. The bugs started sliding at 30.43 (£10.11)° on 0.3 pm
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roughness, at 27.57 (£11.73)° at 3um roughness and at 23.57 (+7.93)° at 12 um roughness.
There was no statistically significant difference between the attachment performance on
these three substrates (Holm-Sidak—Posthoc test, 0.3 um vs. 3 pm: p =0.875; 0.1 pm vs.
12 pm: p = 0.722; 12 pm vs. 3 pm: p = 0.890), but they were different from the attachment
performance of 1 um and 35 um, as well as glass (Hol—Sidak-Posthoc test, glass vs. 12 um:
p = 0.003; all other combinations p < 0.001). The lowest attachment was present on smooth
glass, i.e., no adhesion at all.

100

| C (65
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?60- .
< . _ _ _ B_ -7 = _ _ _L _ ]
(@)
_§4o-L T T B
= T
T“JSZO—
s - — £ {1 |
O ‘A
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amn AN AN
0 0.3 1.0 3.0 12.0 35.0

Substrate Asperity size [um]

Figure 6. Attachment performance. Boxplots showing the critical tilting angles, at which the individ-
uals started to slide during the substrate tilting experiments. Letters indicate statistical differences.
Different letters are significantly different from each other (ANOVA on ranks, Holm-Sidak post hoc
test p < 0.05).

3.3. Choice Tests: Trials with Fibers Offered

Typically, the bugs stayed closer to the walls of the arena when they were in a zone
that was empty than they chose to when silk was present (Wilcoxon rank sum test: Z = 4.87,
p < 0.0001; Figure 7). The bugs walked around without appearing to specifically orient to
the silk or cotton fibers, as evidenced by the amount of time the bugs clung to the outer
walls, even when fibers were nearby. A few bugs did not find the fibrous substrate until the
end of the trial, contributing to the high variability in time spent in zones containing such
materials (Figure 8; Supplementary Figure S1). When presented with a choice of cotton or
silk in the arena, the time spent did not differ significantly between cotton and actual silk
(Kruskall-Wallis ANOVA x? = 6.59, p = 0.037; Wilcoxon post hoc test: Z = 1.679, p = 0.09).
This was also true for clean silk and silk with fecal pellets presented as a choice to the bugs
(Wilcoxon post hoc test: Z = 0.113, p = 0.91). Once a bug wandered to silk or cotton, it
tended to stay there, as reflected in the significantly greater amount of time spent in those
zones compared to the empty zones overall (Kruskall-Wallis ANOVA x? = 10.96, p = 0.0009;
Wilcoxon post hoc test: Z = 5.11, p < 0.0001; Figure 8). Heat maps also demonstrate the
wandering, edge-seeking and tendencies to stay in the silk or cotton once discovered
(Supplementary Figures S1 and S2).
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Figure 7. Box-and-whisker plots showing proportion of the time that individual adult E. myersi spent
along the edges of arena walls. Clean silk and silk with fecal pellets were presented in different zones
with two empty zones in the arena also as choices for each experiment (1 = 10). Clean silk and cotton
wool fibers were presented at the same time also with two empty zones for a second experiment
(n=9). Data from the empty zones that were presented along with the different substrates are
combined, as the times along the walls in empty zones did not differ for these different experiments.
Outliers are shown as purple circles.
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Figure 8. Amount of time, shown as box-and-whisker plots, that individual adult E. myersi spent
in zones with different choices. (A) Zones included clean silk, silk with fecal pellets and two empty
zones (n = 10). (B) Zones contained cotton wool fibers, clean silk and two empty zones (1 = 9).
Outliers are purple circles.

3.4. Choice Tests: Wandering

Wandering was at a higher level if the bugs moved into an empty quadrant because,
alternatively, when a substrate was present, they usually moved onto or underneath to
settle and stay (Figure 9). Bugs presented with cotton fibers and clean silk as alternative
choices showed a higher rate of transitioning into empty zones but once they located a zone
with one of the substrates they tended to stay (reflected in the lower value shown in red
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in Figure 9). Transitions out of the empty zones were not significantly different for trials,
when lichens or a fiber substrate were offered in the other quadrants (Wilcoxon rank sum
test: Z =1.085, p = 0.279). The number of transitions into zones with the substrates were
higher when lichens were present than when a fiber (cotton or silk) was present (Wilcoxon
rank sum test: Z = 2.02, p = 0.04; Figure 9). This result reflected the tendency for the bugs
to wander away again when lichens were encountered only to come back later compared
to when silk was discovered. When they wandered into a zone with silk or cotton, they
tended to stay there, and the number of transitions into such zones was lower than for
zones stocked with lichens. Detailed records of transitions are shown as red and blue
arrows in Supplementary Figure S3.
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Substrates Presented in Arena

Figure 9. Transitions of E. myersi individuals between the presented four zones (see Figure 2) Blue
represents transitions, where a bug walks out of empty zones; red represents transitions when a bug
walks out of a zone with any of the substrates presented. See Supplementary Figure S3 for a summary
of each trial.

4. Discussion
4.1. Behavioral Choice for Silk

In all behavioral experiments, the bugs actively wandered in the arena, but they
tended to settle once they encountered a fibrous substrate. This tendency is detectable
in the heat maps (Figure 2). The most frequented spots are associated with substrates
and are not in the open areas. Lichens were not as much frequented even though they
would have provided a natural hiding place. The bugs often walked into and under the
lichen pieces but tended to emerge again to wander. These results suggest that the bugs
are actively seeking silk as habitat, as expected, given the recorded association with host
silk in the field [53]. Even in the short term, as in these trials, hiding did not appear to be
the general motivation for site selection. Their ability to walk easily around the arena also
indicates that they do not require a fibrous substrate in order to travel. This corroborates
our observations of their ability to walk on substrates of various roughnesses. Surveys
have not been conducted in Trinidad in the field to know how often they are wandering
outside the silken embiopteran domiciles. Dispersal out of silk could be part of their life
cycle, however, as they are dependent of embiopteran colonies, which can be temporary
and might require them to migrate into another colony after collapse or abandonment of
the previous gallery.

Although Embiophila spend their whole lifetime in the galleries of webspinners, our
results do not suggest that they are particularly dependent on the silk itself, but prefer
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any kind of fibrillar substrate, as evidenced by their willingness to settle in cotton fibers.
Nevertheless, these bugs explicitly look for such kinds of substrates. The strong association
with webspinners is rather driven by exploitation of the galleries for protection than using
webspinners as a food source [35]. The strong spines on the ventral surface of the femur of
both the pro- and mesothoracic legs of nymphs and adults suggest a predatory lifestyle, as
already pointed out by Carayon [35] and Ross [8]. However, their actual food preferences
still remain in question. It seems that the bugs are rather opportunistic and do not solely
depend on embiopterans, if at all [8,35]. It is likely that Embiophila primarily feed on other
small invertebrates that intrude into the galleries of the webspinners, such as mites, and,
hence, seek shelter in the silk galleries, where they find not only protection, but also a
source for food.

4.2. Morphological Attachment Constraints

While an arolium, a lobed pretarsal attachment pad, is present in the ground plan of
most polyneopteran insects, and even Coleorrhyncha have one, this attachment pad has
been reduced in true bugs (Heteroptera; [61]). Its absence is considered a synapomorphy of
Cimicomorpha + Pentatomorpha [62], as it is reduced to a peg-like structure in Cimicomor-
pha [63]. Instead, different other attachment devices evolved within Heteroptera, including
pulvilli and parempodia [64—66]. Embiophila myersi possesses a strongly reduced tarsal
attachment system, as in most other cimicomorphan bugs of which the tarsal morphology
is known in detail [67,68]. No tarsal attachment devices are present, except for paired pre-
tarsal claws and a few tenent setae on the tarsi which can potentially generate attachment as
well (shown for a pentatomid bug: [65]. Although parempodia and similar tarsal setae are
reported to generate attachment as well [65], the contribution of the two small parempodia
to the overall attachment is probably quite low in Embiophila. Instead of the tarsus, the
tibia of many adult Cimicomorpha bears a tibial attachment pad (TAP) consisting of many
spatulate tenent setae [67,68]. This pad is called fossula spongiosa in Reduvioidea [69-71],
and is absent in juvenile individuals of the same species [67]. The fossula spongiosa is
present in other true bugs as well [43,72,73], and different authors showed that a similar
structure evolved at least three times independently in Heteroptera [24,74-77]. As the
fossula spongiosa of Reduvioidea and the equivalent attachment pad in Plokiophilidae are
not homologous, the plokiophilid structure will be called tibial adhesive pad (TAP) herein.
However, the functional principle of both structures is the same: deformable setae enable
adjustment of the structures to the surface profile and the spatulae at the tips make close
contact to the substrate to generate adhesion [46]. The TAP likely provides the greatest
contribution to attachment in Embiophila on smooth surfaces, where claws can not engage
(see Attachment Performance), whereas the claws are the only other attachment device with
major importance for this insect.

The asymmetric claws are conserved in Plokiophilidae [34]; however, their functional
role for locomotion on silk remains to be experimentally tested. The outwards-facing
(lateral) claw is smaller. This could be beneficial for adapting to the cylindric nature of the
silk domiciles of webspinners. The apomorphic presence of asymmetry of the claws for
Plokiophilidae could indicate a common adaption to the silk domiciles of the hosts [34,36];
however, all plokiophilids bear asymmetric claws, but only Embiophila settles in the nests
of webspinners. Nevertheless, it is possible that the claw asymmetry evolved due to the
specification towards silk domiciles in general.

4.3. Attachment Performance

The asymmetric claws of E. myersi are well suited for mechanical interlocking with
their preferred substrate silk, or similarly frequented fibrous substrates, as discussed above.
On non-fibrous substrates with low roughness, however, the main contributing devices are
the TAPs. The material composition of the TAPs cuticle is very characteristic for hairy attach-
ment systems; the material gradient of the setae—soft, likely resilin-dominated apical tips
and stiff, more sclerotized bases—is well known for attachment systems of insects [52,65].
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As described by Peisker and colleagues [78], this gradient within the setae allows for an
optimized contact formation with the substrate to generate attachment forces. Here, the
combination of soft tips that adapt to varying roughnesses on the substrate and stiff bases to
generate mechanical stability facilitates efficient attachment [78,79]. Hairy adhesive devices
similar to the TAP of E. myersi usually perform good on smooth substrates [46,80]; however,
the plokiophilids were not able to adhere to smooth glass at all. The performance of the TAP
on smooth substrates is ambiguously reported in other Cimicomorpha as well. Bed bugs
(Cimex lectularius Linnaeus, 1758) do not well adhere to plastic and glass surfaces according
to Hottel et al. [81], while Reinhardt et al. [68] measured significant attachment forces
on different smooth substrates (smooth epoxide resin, hydrophilic glass and silanized,
hydrophobic glass). Nevertheless, these forces also differ between the sexes of C. lectular-
ius [68]. While males adhered better on hydrophilic substrates, females performed better
on hydrophobic ones. This is hypothesized in the literature to be a result of the different
substrates the animals attach to during mating [67,68,71,82]. The position of the TAP on
the distal tip of the tibia appears to be beneficial for grasping non-planar substrates. At
least it is suboptimal for attaching to flat substrates, as indicated by the tilting tests. On
curved substrates, the position of the TAP might be more suitable for engagement with
the substrate.

Substrate geometry might play a role for contact formation of the tarsal segments [83],
which would also agree with the hypothesis that the TAPs are of particular interest for the
attachment during mating. The slight convex curvatures typically found on the female body
might be required for proper contact formation of the TAP, thus explaining the absence
of adhesion on plane glass found here. As a supplemental test, adult plokiophilids were
placed in a glass tube with 5.0 mm diameter. Within these tubes, they still attached at
angles of 90° tilting and even resisted tapping of the tube (pers. obs. JER). This observation
indicates that a concave surface curvature is beneficial for attachment of these insects
compared to plane surfaces. Given that the silk domiciles are at least in large parts tubelike
concave, this is a possible adaptation of the true bugs for the structure of the galleries.
In Zoraptera, specialized tarsal joints aid in torsion of the tarsus to enable movement
along small crevices [84] and can potentially enable contact formation of the tarsi with
the inner perimeter of tubelike constructions. However, we did not find indications for
a similar adaptation in the tarsi of E. myersi (Figure 4), except for a rather similar shape
of the tarsomeres between Zoraptera and E. myersi and a comparably mobile base of the
tarsus (Figure 4D). Kim et al. [67] additionally found differences between the adhesive
capability of C. lectularius and another closely related Cimex sp. with similar morphology
of the TAP interfering with a comparison of the attachment performance of E. myersi with
bed bugs in general. The micromorphology of E. myersi and Cimex spp., however, is very
similar and thus does not explain the functional differences between the taxa. The spatulae
of E. myersi are corrugated dorsally and flat ventrally (Figure 4), as described for Cimex spp.
as well [68], and their size is similar as well.

Most insects for which the attachment performance was tested in experimental studies
showed the lowest force in the range of 0.05 um and 3 pm roughness [64,85-88]. In general,
for both fibrillary and smooth attachment systems, the attachment performance was the
highest on smooth substrates due to the function of the attachment pads and on rough
substrates because of the claws [89]. The attachment performance of E. myersi differs from
these results obtained from other insects. First of all, the best attachment performances
were found on 1 um roughness and 35 pm roughness (Figure 6). Claws of insects can
sufficiently engage with the substrate if the diameter of the surface asperities is smaller
than the diameter of the tip of the claws [90]. The finer claw tips of E. myersi (~670 nm
diameter) compared to other insects’ claws used in similar experiments could therefore
explain the ability to generate attachment on micro-rough substrates. Fine claw tips are
useful for interlocking with the silk in their natural environments. The diameter of the silk
of webspinners is rather small compared to silk of other invertebrates [40]. The diameter of
the fiber bundles of A. urichi, the host webspinner of E, myersi, ranges around 800 nm [40,41].



Diversity 2023, 15, 415

15 0f 19

It makes sense that the tips of the claws of. E. myersi are smaller to interlock with the gaps
of the silk fibers [87]. A straight claw, as observed in the species examined here, can also be
beneficial for the detachment process from the silk, as the retraction of the claw can easily
disengage the claw from the substrate.

In addition to the morphology of the claw, structural features of the TAP can contribute
to the attachment on micro-rough substrates similar to the spatulate tarsal setae of other
insects [46]. We hypothesize that there was no attachment on smooth flat glass at all,
because of the geometry of the substrate. However, two studies on bed bugs with a very
similar TAP [67,68], show that these insects generated attachment on glass and even provide
photographs of the TAP of Cimex hemipterus (Fabricius, 1803) in contact with a smooth petri
dish [67]. One reason for this discrepancy could be the different tarsal morphology between
Cimex spp. and E. myersi. The combination of shorter, less curved tarsi and claws could
be less favorable to make contact with a planar substrate. The corrugations on very large
surface roughness, as on the 34 pm substrate, result in a more complex surface topography
for the dimension of the small tarsi of E. myersi. Although macroscopically planar, the
surface profile at 34 um roughness is constituted of both concave and convex structures
that can also enable the TAP to be brought into contact.

The dimension of the single spatulae of the TAP is another point that can potentially
explain the attachment performance on the 1 um rough substrate. The terminal spatulae
of the TAP in E. myersi is smaller (length 3.36 £ 0.32 pm, width 1.62 4= 0.13 um) than for
most species of which data on the spatula tip were available and that showed the minimum
attachment performance in this range of surface roughness. For example, the spatulae of
the chrysomelid beetle Gastrophysa viridula (De Geer, 1775) were reported to have a width of
~4 um [91] and those of the chrysomelid Leptinotarsa decemlineata (Say, 1824) were reported
to have a width of ~7 um (measured from Figure 2 in [85]). Both species represent insects
with fibrillary tarsal attachment structures and a performance minimum at low surface
roughness [85,89]. Smaller spatulae are likely an adaptation towards surface roughness,
with a smaller nominal asperity size of importance for the bugs. Indeed, the fiber bundles
of silk of the known webspinner host are below 1 um in diameter [40,41]. An adaptation
to this range could explain the comparably better attachment performance of E.myersi on
the substrate with 1 um roughness. As the small spatulae are almost in the range of the
substrate asperities, they are able to make sufficient actual contact with the surface [91].

Nymphs of E. myersi do not possess TAPs at all and, consequently, their attachment
ability is restricted to interlocking of the claws with the fibrous substrates. It is probable
that they benefit from the shelter of the silk galleries, and primarily use their claws for
engagement with the silk. The presence of the TAP being limited to adults might be due to
two reasons: either the TAP is involved in mating, or only adults serve as dispersal states
and might be urged to leave the secure galleries of the webspinners. A role of the TAP
for dispersal appears unlikely, as the observations on the functional morphology of the
attachment system is well adapted to living in the galleries and shares less similarities with
the adhesive systems of free living insects (e.g., the size of the spatulae). To further investi-
gate the role of the TAP for reproduction, more detailed research is required to investigate
sexual dimorphism in the functionality of the TAP, as reported for Cimex spp. [68].

5. Conclusions

The silk-loving bug E. myersi is strictly associated with silk galleries of webspinners.
However, our choice trials indicate that they do not actively search for the presence of
webspinners, but frequent any fibrous material. This finding supports the mutualistic
nature of the embiopteran-embiophilan community found in the silk galleries. While the leg
morphology suggests a raptorial lifestyle, the behavior of the true bugs apparently focuses
on the shelter provided by the webspinner galleries. The ignoring of webspinner traces
supports earlier theories that Embiophila feed on mites and other intruding arthropods.

The domiciles of webspinners are dominated by silk, but occasionally, the bug might
be urged to locomote on other substrates as well, and during mating, males need to attach
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to the surface of females. While the sharp claws interlock well with fibrous substrates
such as the silk, the tibial attachment system of E. myersi is quite specialized towards
substrates with certain surface roughness and maybe substrate curvature, but surprisingly,
not specifically for attachment on silk.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/d15030415/s1, Figure S1: Heatmaps summary 1; Figure 52:
Heatmaps summary 2; Figure S3: Transition graph; Table S1: Test for bias; Table 52: Summary of
Behavior Trials.

Author Contributions: Conceptualization, J.S.E., T.H.B. and S.B.; methodology, J.S.E., S.B., SN.G.
and T.H.B,; software, ].S.E. and T.H.B,; validation, J.5.E., S.N.G. and T.H.B.; formal analysis, ].R.H.,
N.S. and T.H.B; investigation, ].R.H., N.S., S.B. and T.H.B.; resources, ].S.E. and S.N.G.; data curation,
J.S.E., S.B. and T.H.B.; writing—original draft, TH.B., ].S.E. and S.B.; writing—review and editing,
JR.H., N.S. and S.N.G,; visualization, ].S.E., S.B. and T.H.B.; supervision, J.5.E. and S.N.G.; project
administration, T.H.B.; funding acquisition, J.S.E. and S.B. All authors have read and agreed to the
published version of the manuscript.

Funding: S.B. was directly supported by the DFG grant BU3169/1-2. Acquisition of the Noldus
Ethovision System was funded by a Collaborative Teaching and Technology Grant from Santa Clara
University awarded to J.S.E. and colleagues in the Departments of Biology and Neuroscience.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: All data supporting our findings are presented in the paper and the
Supplementary Materials, respectively.

Acknowledgments: T.H.B., SN.G. and S.B. thank the Functional Morphology & Biomechanics
working group (Kiel University, Germany), especially Benedikt Josten for his help in the analysis of
the data and Esther Appel for technical support during microscopy. The Maker Lab of SCU’s School
of Engineering provided access for ].R.H. to the 3D Printer for producing the test arenas.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Morris, D.C.; Mound, L.A. Thrips as architects: Modes of domicile construction on Acacia trees in arid Australia. Thrips
Tospoviruses 2002, 1, 279-282.

2. Fitzgerald, T.D.; Clark, K.L.; Vanderpool, R.; Phillips, C. Leaf shelter-building caterpillars harness forces generated by axial
retraction of stretched and wetted silk. J. Insect Behav. 1991, 4, 21-32. [CrossRef]

3. Fitzgerald, T.D.; Costa, J.T. Collective behavior in social caterpillars. In Information Processing in Social Insects; Detrain, C.,
Deneubourg, J.L., Pasteels, ].M., Eds.; Springer Basel AG: Basel, Switzerland, 1999; pp. 379400, ISBN 978-3-0348-8739-7.

4. Lind, EM,; Jones, M.T,; Long, J.D.; Weiss, M.R. Ontogenetic changes in leaf shelter construction by larvae of Epargyreus clarus
(Hesperiidae), the silver-spotted skipper. J. Lepid. Soc. 2001, 54, 77-82.

5. Walker, A.A; Weisman, S.; Church, ].S.; Merritt, D.].; Mudie, S.T.; Sutherland, T.D. Silk from crickets: A new twist on spinning.
PLoS ONE 2012, 7, €30408. [CrossRef] [PubMed]

6. Perna, A.; Theraulaz, G. When social behaviour is moulded in clay: On growth and form of social insect nests. J. Exp. Biol. 2017,
220, 83-91. [CrossRef]

7. Robinson, M.H.; Robinson, B. Evolution beyond the orb web: The web of the araneid spider Pasilobus sp., its structure, operation
and construction. Zool. J. Linn. Soc. 1975, 56, 301-313. [CrossRef]

8.  Ross, E.S. Embia Contributions to the Biosystematics of the Insect Order Embiidina. Occas. Pap. Calif. Acad. Sci. 2000, 149, 1-98.

9.  Edgerly, ].S. Is group living an antipredator defense in a facultatively communal webspinner? J. Insect Behav. 1994, 7, 135-147.
[CrossRef]

10. Edgerly, J.S.; Davilla, J.A.; Schoenfeld, N. Silk spinning behavior and domicile construction in webspinners. J. Insect Behav. 2002,
15,219-242. [CrossRef]

11. Rimsky-Korsakov, M. Uber den Bau und die Entwicklung des Spinnapparates bei Embien. Z. Wiss. Zool. Abt. A 1914, 108,
499-519.

12.  Barth, R. Untersuchungen an den Tarsaldriisen von Embolyntha batesi McLachlan, 1877 (Embiodea). Zool. Jahrb. 1954, 74,

172-188.


https://www.mdpi.com/article/10.3390/d15030415/s1
http://doi.org/10.1007/BF01092548
http://doi.org/10.1371/journal.pone.0030408
http://www.ncbi.nlm.nih.gov/pubmed/22355311
http://doi.org/10.1242/jeb.143347
http://doi.org/10.1111/j.1096-3642.1975.tb00272.x
http://doi.org/10.1007/BF01990076
http://doi.org/10.1023/A:1015437001089

Diversity 2023, 15, 415 17 of 19

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.
39.

40.

41.

42.

Biisse, S.; Hornschemeyer, T.; Hohu, K.; McMillan, D.; Edgerly, J.S. The spinning apparatus of webspinners—functional-
morphology, morphometrics and spinning behaviour. Sci. Rep. 2015, 4, 9986. [CrossRef]

Biisse, S.; Biischer, T.H.; Kelly, E.T.; Heepe, L.; Edgerly, ].S.; Gorb, S.N. Pressure-induced silk spinning mechanism in webspinners
(Insecta: Embioptera). Soft Matter 2019, 15, 9742-9750. [CrossRef] [PubMed]

Edgerly, ].S. Biodiversity of Embiodea. In Insect Biodiversity; Foottit, R.G., Adler, PH., Eds.; John Wiley & Sons: Chichester, UK,
2018; pp. 219-244. [CrossRef]

Edgerly, J.S. Dispersal Risks and Decisions Shape How Non-kin Groups Form in a Tropical Silk-Sharing Webspinner (Insecta:
Embioptera). Front. Ecol. Evol. 2022, 10, 476. [CrossRef]

Badano, D.; Lenzi, A.; O’'Hara, J.E.; Miller, K.B.; Di Giulio, A.; Di Giovanni, F.; Cerretti, P. A world review of the bristle fly
parasitoids of webspinners. BMC Zool. 2022, 7, 37. [CrossRef]

Shaw, S.R.; Edgerly, ].5. A New Braconid Genus (Hymenoptera) Parasitizing Webspinners (Embiidina) in Trinidad. Psyche J.
Entomol. 1985, 92, 505-511. [CrossRef]

Argaman, Q. Generic synopsis of Sclerogibbidae (Hymenoptera). Ann. Hist. Nat. Musei Natl. Hung. 1988, 80, 177-187.

Olmi, M. A revision of the world Sclerogibbidae (Hymenoptera Chrysidoidea). Frustula Entomol. 2005, 26, 46-193.

Krenn, H.W. Insect Mouthparts: Form, Function, Development and Performance; Springer Nature Switzerland AG: Bern, Switzerland,
2019; ISBN 978-3-030-29653-7.

Ford, L.J. The Phylogeny and Biogeography of the Cimicoidea (Insecta: Hemiptera). Master’s Thesis, University of Connecticut,
Storrs, CT, USA, 1976.

Schuh, R.T;; Stys, P. Phylogenetic analysis of cimicomorphan family relationships (Heteroptera). J. N. Y. Entomol. Soc. 1991, 99,
298-350.

Schuh, R.T.; Weirauch, C.; Wheeler, W.C. Phylogenetic relationships within the Cimicomorpha (Hemiptera: Heteroptera): A
total-evidence analysis. Syst. Entomol. 2009, 34, 15-48. [CrossRef]

Schuh, R.T.; Weirauch, C. True Bugs of the World (Hemiptera: Heteroptera): Classification and Natural History, 2nd ed.; Siri Scientific
Press: Manchester, UK, 2020; ISBN 0995749698.

Johnson, K.P.; Dietrich, C.H.; Friedrich, F.; Beutel, R.G.; Wipfler, B.; Peters, R.S.; Allen, ].M.; Petersen, M.; Donath, A.; Walden,
KK.O,; et al. Phylogenomics and the evolution of hemipteroid insects. Proc. Natl. Acad. Sci. USA 2018, 115, 12775-12780.
[CrossRef] [PubMed]

Jung, S.; Kim, H.; Yamada, K.; LEE, S. Molecular phylogeny and evolutionary habitat transition of the flower bugs (Heteroptera:
Anthocoridae). Mol. Phylogenetics Evol. 2010, 57, 1173-1183. [CrossRef]

Jung, S.; Lee, S. Correlated evolution and Bayesian divergence time estimates of the Cimicoidea (Heteroptera: Cimicomorpha)
reveal the evolutionary history. Syst. Entomol. 2012, 37, 22-31. [CrossRef]

Reinhardt, K.; Siva-Jothy, M.T. Biology of the bed bugs (Cimicidae). Annu. Rev. Entomol. 2007, 52, 351-374. [CrossRef] [PubMed]
gtys, P,; Banaf, P. A new Afrotropical genus of Plokiophilidae with a new free-living species from Madagascar (Hemiptera:
Heteroptera). Entomol. Am. 2016, 122, 220-229. [CrossRef]

Luo, J.; Peng, Y.; Xie, Q. First record of the cimicomorphan family Plokiophilidae (Hemiptera, Heteroptera) from China, with
description of a new species of Plokiophiloides. ZooKeys 2021, 1021, 145-157. [CrossRef]

Schuh, R; étys, P; Cassis, G.; Lehnert, M.; Swanson, D.; Bruce, T. New Genera and Species of Plokiophilidae from Australia, Fiji,
and Southeast Asia, with a Revised Classification of the Family (Insecta: Heteroptera: Cimicoidea). Am. Mus. Novit. 2015, 3825,
1-24. [CrossRef]

China, W.E.; Myers, J.G. XIIL—A reconsideration of the classification of the Cimicoid families (Heteroptera), with the description
of two new spider-web bugs. Ann. Mag. Nat. Hist. 2009, 3, 97-125. [CrossRef]

Schuh, R.T. Heissophila macrotheleae, a new genus and new species of Plokiophilidae from Thailand (Hemiptera, Heteroptera),
with comments on the family diagnosis. Denisia 2006, 19, 637—-645.

Carayon, J. Etude sur les Hémipteres Plokiophilidae. Ann. Soc. Entomol. Fr. 1974, 10, 499-525.

Eberhard, W.G; Platnick, N.I.; Schuh, R.T. The natural history and behavior of web parasites of the spider Tengella radiata: The
spider Mysmenopsis tengellacompa sp. n. (Mysmenidae) and the bug Lipokophila eberhardi sp. n. (Plokiophilidae). Am. Mus. Novit.
1993, 3065, 1-17.

Biischer, T.H.; Gorb, S.N. Physical constraints lead to parallel evolution of micro- and nanostructures of animal adhesive pads: A
review. Beilstein |. Nanotechnol. 2021, 12, 725-743. [CrossRef]

Gorb, S. Attachment Devices of Insect Cuticle; Springer Science & Business Media: Dordrecht, The Netherlands, 2001.

Higham, T.E.; Russell, A.P.; Niewiarowski, P.H.; Wright, A.; Speck, T. The ecomechanics of gecko adhesion: Natural surface
topography, evolution, and biomimetics. Integr. Comp. Biol. 2019, 59, 148-167. [CrossRef] [PubMed]

Collin, M.A; Garb, J.E.; Edgerly, ].S.; Hayashi, C.Y. Characterization of silk spun by the embiopteran, Antipaluria urichi. Insect
Biochem. Mol. Biol. 2009, 39, 75-82. [CrossRef] [PubMed]

Addison, ].B.; Popp, TM.O.; Weber, W.S.; Edgerly, ].S.; Holland, G.P,; Yarger, J.L. Structural characterization of nanofiber silk
produced by embiopterans (webspinners). RSC Adv. 2014, 4, 41301-41313. [CrossRef]

Harper, J.R,; Sripada, N.; Kher, P; Whittall, ].B.; Edgerly, J.S. Interpreting nature’s finest insect silks (Order Embioptera):
Hydropathy, interrupted repetitive motifs, and fiber-to-film transformation for two neotropical species. Zoology 2021, 146, 125923.
[CrossRef]


http://doi.org/10.1038/srep09986
http://doi.org/10.1039/C9SM01782H
http://www.ncbi.nlm.nih.gov/pubmed/31742303
http://doi.org/10.1002/9781118945582.ch9
http://doi.org/10.3389/fevo.2022.727541
http://doi.org/10.1186/s40850-022-00116-x
http://doi.org/10.1155/1985/54285
http://doi.org/10.1111/j.1365-3113.2008.00436.x
http://doi.org/10.1073/pnas.1815820115
http://www.ncbi.nlm.nih.gov/pubmed/30478043
http://doi.org/10.1016/j.ympev.2010.09.013
http://doi.org/10.1111/j.1365-3113.2011.00596.x
http://doi.org/10.1146/annurev.ento.52.040306.133913
http://www.ncbi.nlm.nih.gov/pubmed/16968204
http://doi.org/10.1664/15-RA-036
http://doi.org/10.3897/zookeys.1021.56599
http://doi.org/10.1206/3825.1
http://doi.org/10.1080/00222932908672943
http://doi.org/10.3762/bjnano.12.57
http://doi.org/10.1093/icb/icz013
http://www.ncbi.nlm.nih.gov/pubmed/30912814
http://doi.org/10.1016/j.ibmb.2008.10.004
http://www.ncbi.nlm.nih.gov/pubmed/18996196
http://doi.org/10.1039/C4RA07567F
http://doi.org/10.1016/j.zool.2021.125923

Diversity 2023, 15, 415 18 of 19

43.

44.

45.

46.

47.

48.

49.

50.

51.
52.
53.
54.
55.
56.
57.

58.
59.

60.

61.

62.

63.
64.

65.

66.

67.

68.

69.

70.
71.

72.

Beutel, R.G.; Gorb, S.N. Ultrastructure of attachment specializations of hexapods (Arthropoda): Evolutionary patterns inferred
from a revised ordinal phylogeny. J. Zool. Syst. Evol. Res. 2001, 39, 177-207. [CrossRef]

Beutel, R.G.; Gorb, S.N. A revised interpretation of the evolution of attachment structures in Hexapoda with special emphasis on
Mantophasmatodea. Arthropod Syst. Phylogeny 2006, 64, 3-25.

Beutel, R.G.; Gorb, S.N. Evolutionary scenarios for unusual attachment devices of Phasmatodea and Mantophasmatodea (Insecta).
Syst. Entomol. 2008, 33, 501-510. [CrossRef]

Winand, J.; Biischer, T.H.; Gorb, S.N. Learning from Nature: A Review on Biological Gripping Principles and Their Application
to Robotics. In Soft Robotics; Monkman, G.J., Ed.; Bentham Books: Sharjah, United Arab Emirates, 2022; pp. 21-59, ISBN
9789815051728.

Grohmann, C.; Cohrs, A.-L.; Gorb, S.N. Underwater Attachment of the Water-Lily Leaf Beetle Galerucella nymphaeae (Coleoptera,
Chrysomelidae). Biomimetics 2022, 7, 26. [CrossRef]

Federle, W.; Rohrseitz, K.; Holldobler, B. Attachment forces of ants measured with a centrifuge: Better "wax-runners" hU2e a
poorer attachment to a smooth surface. J. Exp. Biol. 2000, 203, 505-512. [CrossRef]

Biischer, T.H.; Petersen, D.S.; Bijma, N.N.; Baumler, F; Pirk, CW.W.,; Biisse, S.; Heepe, L.; Gorb, S.N. The exceptional attachment
ability of the ectoparasitic bee louse Braula coeca (Diptera, Braulidae) on the honeybee. Physiol. Entomol. 2021, 19, 170. [CrossRef]
Petersen, D.S.; Kreuter, N.; Heepe, L.; Biisse, S.; Wellbrock, A.H.J.; Witte, K.; Gorb, S.N. Holding tight to feathers - structural
specializations and attachment properties of the U2ian ectoparasite Crataerina pallida (Diptera, Hippoboscidae). |. Exp. Biol. 2018,
221, 1-9.

Hayer, S.; Sturm, B.P; Biisse, S.; Biischer, T.H.; Gorb, S.N. Louse flies holding on mammals” hair: Comparative functional
morphology of specialized attachment devices of ectoparasites (Diptera: Hippoboscoidea). J. Morphol. 2022. [CrossRef] [PubMed]
Gorb, S.N.; Wildermuth, H.; Kohl, S.; Biisse, S. Tarsal attachment structures of the biting midge Forcipomyia paludis (Diptera:
Ceratopogonidae), a specialized ectoparasite of Odonata imagines. Zoomorphology 2022, 141, 297-306. [CrossRef]

Edgerly, ].S. Maternal behaviour of a webspinner (Order Embiidina). Ecol. Entomol. 1987, 12, 1-11. [CrossRef]

Callan, E.M. Embioptera of Trinidad with notes on their parasites. Trans. 9th Int. Congr. Entomol. 1952, 1, 483-489.

Pohl, H. A scanning electron microscopy specimen holder for viewing different angles of a single specimen. Microsc. Res. Tech.
2010, 73, 1073-1076. [CrossRef]

Biisse, S.; Gorb, S.N. Material composition of the mouthpart cuticle ina a damselfly larva (Insecta: Odonata) and its biomechanical
significance. R. Soc. Open Sci. 2018, 5, 1-15. [CrossRef]

Michels, J.; Gorb, S.N. Detailed three-dimensional visualization of resilin in the exoskeleton of arthropods using confocal laser
scanning microscopy. J. Microsc. 2012, 245, 1-16. [CrossRef]

Andersen, S.0. Biochemistry of insect cuticle. Ann. Rev. Entomol. 1979, 24, 29-61. [CrossRef]

Vincent, J.E.V. Arthropod cuticle: A natural composite shell system. Compos. Part A Appl. Sci. Manuf. 2002, 33, 1311-1315.
[CrossRef]

Rebora, M.; Salerno, G.; Piersanti, S.; Michels, J.; Gorb, S.N. Structure and biomechanics of the antennal grooming mechanism in
the southern green stink bug Nezara viridula. J. Insect Physiol. 2019, 112, 57-67. [CrossRef]

Friedemann, K.; Spangenberg, R.; Yoshizawa, K.; Beutel, R.G. Evolution of attachment structures in the highly diverse Acercaria
(Hexapoda). Cladistics 2014, 30, 170-201. [CrossRef]

Wheeler, W.C.; Bang, R.; Schuh, R.T. Cladistic relationships among higher groups of Heteroptera: Congruence between morpho-
logical and molecular data sets. Insect. Syst. Evol. 1993, 24, 121-137. [CrossRef]

Weirauch, C. Pretarsal structures in Reduviidae (Heteroptera, Insecta). Acta Zool. 2005, 86, 91-110. [CrossRef]

Salerno, G.; Rebora, M.; Kovalev, A.; Gorb, E.; Gorb, S. Contribution of different tarsal attachment devices to the overall attachment
ability of the stink bug Nezara viridula. . Comp. Physiol. A 2018, 204, 627-638. [CrossRef] [PubMed]

Rebora, M.; Michels, J.; Salerno, G.; Heepe, L.; Gorb, E.; Gorb, S. Tarsal attachment devices of the southern green stink bug Nezara
viridula (Heteroptera: Pentatomidae). . Morphol. 2018, 279, 660-672. [CrossRef]

Voigt, D.; Perez Goodwyn, P.; Sudo, M.; Fujisaki, K.; Varenberg, M. Gripping ease in southern green stink bugs Nezara viridula
L. (Heteroptera: Pentatomidae): Coping with geometry, orientation and surface wettability of substrate. Entomol. Sci. 2019, 22,
105-118. [CrossRef]

Kim, D.-Y;; Billen, J.; Doggett, S.L.; Lee, C.-Y. Differences in climbing ability of Climex lectularis and Cimex hemipterus (Hemiptera:
Cimicidae). . Econ. Entomol. 2017, 110, 1179-1186. [CrossRef]

Reinhardt, K.; Voigt, D.; Gorb, S.N. Evidence for a sexually selected function of the attachment system in bedbugs Cimex lectularius
(Heteroptera, Cimicidae). J. Exp. Biol. 2019, 222, jeb206136. [CrossRef]

Miller, N.C.E. On the structure of the legs in Reduviidae (Rhynchota). Proc. R. Entomol. Soc. Lond. Ser. A Gen. Entomol. 1942, 17,
49-58. [CrossRef]

Hoogstraal, H.; Usinger, R.L. Monograph of Cimicidae (Hemiptera-Heteroptera). J. Parasitol. 1967, 53, 222. [CrossRef]

Baker, G.T.; Goddard, J. Structure and Number of Tibial Brush Setae Making up the Fossula Spongiosa in Bed Bugs, Cimex
lectularius L. (Hemiptera: Cimicidae). Proc. Entomol. Soc. Wash. 2018, 120, 251-254. [CrossRef]

Haridass, E.T.; Ananthakrishnan, T.N. Functional morphology of the fossula spongiosa in some reduviids (Insecta—Heteroptera—
Reduviidae). Proc. Anim. Sci. 1980, 89, 457—-466. [CrossRef]


http://doi.org/10.1046/j.1439-0469.2001.00155.x
http://doi.org/10.1111/j.1365-3113.2008.00428.x
http://doi.org/10.3390/biomimetics7010026
http://doi.org/10.1242/jeb.203.3.505
http://doi.org/10.1111/phen.12378
http://doi.org/10.1002/jmor.21523
http://www.ncbi.nlm.nih.gov/pubmed/36254816
http://doi.org/10.1007/s00435-022-00561-9
http://doi.org/10.1111/j.1365-2311.1987.tb00979.x
http://doi.org/10.1002/jemt.20835
http://doi.org/10.1098/rsos.172117
http://doi.org/10.1111/j.1365-2818.2011.03523.x
http://doi.org/10.1146/annurev.en.24.010179.000333
http://doi.org/10.1016/S1359-835X(02)00167-7
http://doi.org/10.1016/j.jinsphys.2018.12.002
http://doi.org/10.1111/cla.12030
http://doi.org/10.1163/187631293X00235
http://doi.org/10.1111/j.1463-6395.2005.00190.x
http://doi.org/10.1007/s00359-018-1266-0
http://www.ncbi.nlm.nih.gov/pubmed/29777384
http://doi.org/10.1002/jmor.20801
http://doi.org/10.1111/ens.12345
http://doi.org/10.1093/jee/tox039
http://doi.org/10.1242/jeb.206136
http://doi.org/10.1111/j.1365-3032.1942.tb00497.x
http://doi.org/10.2307/3276661
http://doi.org/10.4289/0013-8797.120.2.251
http://doi.org/10.1007/BF03179132

Diversity 2023, 15, 415 19 of 19

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.
83.

84.

85.

86.

87.

88.

89.

90.

91.

Wang, J.; Liang, A.-P. Ultrastructure of the fossula spongiosa and pretarsus in Haematoloecha nigrorufa (Stal) (Hemiptera: Het-
eroptera: Reduviidae: Ectrichodinae). Zootaxa 2015, 3963, 230-239. [CrossRef] [PubMed]

Weirauch, C. Hairy attachment structures in Reduviidae (Cimicomorpha, Heteroptera), with observations on the fossula spongiosa
in some other Cimicomorpha. Zool. Anz. 2007, 246, 155-175. [CrossRef]

Zhang, J.; Gordon, E.R.L.; Forthman, M.; Hwang, W.S.; Walden, K.; Swanson, D.R.; Johnson, K.P.; Meier, R.; Weirauch, C.
Evolution of the assassin’s arms: Insights from a phylogeny of combined transcriptomic and ribosomal DNA data (Heteroptera:
Reduvioidea). Sci. Rep. 2016, 6, 22177. [CrossRef] [PubMed]

Zhang, J.; Weirauch, C.; Zhang, G.; Forero, D. Molecular phylogeny of Harpactorinae and Bactrodinae uncovers complex
evolution of sticky trap predation in assassin bugs (Heteroptera: Reduviidae). Cladistics 2016, 32, 538-554. [CrossRef]
Weirauch, C.; Schuh, R.T.; Cassis, G.; Wheeler, W.C. Revisiting habitat and lifestyle transitions in Heteroptera (Insecta: Hemiptera):
Insights from a combined morphological and molecular phylogeny. Cladistics 2019, 35, 67-105. [CrossRef] [PubMed]

Peisker, H.; Michels, J.; Gorb, S.N. Evidence for a material gradient in the adhesive tarsal setae of the ladybird beetle Coccinella
septempunctata. Nat. Commun. 2013, 4, 1-7. [CrossRef] [PubMed]

Gorb, S.N.; Filippov, A.E. Fibrillar adhesion with no clusterisation: Functional significance of material gradient along adhesive
setae of insects. Beilstein |. Nanotechnol. 2014, 5, 837-846. [CrossRef]

Gorb, S.N. The design of the fly adhesive pad: Distal tenent setae are adapted to the delivery of an adhesive secretion. Proc. R.
Soc. Lond. B 1998, 265, 747-752. [CrossRef]

Hottel, B.A.; Pereira, RM.; Gezan, S.A.; Qing, R.; Sigmund, W.M.; Koehler, P.G. Climbing ability of the common bed bug
(Hemiptera: Cimicidae). J. Med. Entomol. 2015, 52, 289-295. [CrossRef] [PubMed]

Wigglesworth, V.B. ‘Climbing Organs’ in Insects. Nature 1938, 141, 974-975. [CrossRef]

Biischer, T.H.; Becker, M.; Gorb, S.N. Attachment performance of stick insects (Phasmatodea) on convex substrates. J. Exp. Biol.
2020, 223, 1-30. [CrossRef]

Matsumura, Y.; Lima, S.P; Rafael, J.A.; Camara, ].T.; Beutel, R.G.; Gorb, S.N. Distal leg structures of Zoraptera - did the loss of
adhesive devices curb the chance of diversification? Arthropod Struct. Dev. 2022, 68, 101164. [CrossRef]

Voigt, D.; Schuppert, ].M.; Dattinger, S.; Gorb, S.N. Sexual dimorphism in the attachment ability of the Colorado potato beetle
Leptinotarsa decemlineata (Coleoptera: Chrysomelidae) to rough substrates. J. Insect Physiol. 2008, 54, 765-776. [CrossRef]
Bullock, J.M.R.; Federle, W. Beetle adhesive hairs differ in stiffness and stickiness: In vivo adhesion measurements on individual
setae. Naturwissenschaften 2011, 98, 381-387. [CrossRef]

Wang, L.; Johannesson, C.M.; Zhou, Q. Effect of surface roughness on attachment ability of locust Locusta migratoria manilensis.
Wear 2015, 332-333, 694-701. [CrossRef]

Biischer, T.H.; Gorb, S.N. Complementary effect of attachment devices in stick insects (Phasmatodea). J. Exp. Biol. 2019, 222.
[CrossRef] [PubMed]

Song, Y.; Dai, Z.; Ji, A.; Gorb, S.N. The synergy between the insect-inspired claws and adhesive pads increases the attachment
ability on various rough surfaces. Sci. Rep. 2016, 6, 1-9. [CrossRef]

Dai, Z.; Gorb, S.N.; Schwarz, U. Roughness-dependent friction force of the tarsal claw system in the beetle Pachnoda marginata
(Coleoptera, Scarabaeidae). J. Exp. Biol. 2002, 205, 2479-2488. [CrossRef] [PubMed]

Bullock, ].M.R,; Federle, W. Division of labour and sex differences between fibrillar, tarsal adhesive pads in beetles: Effective
elastic modulus and attachment performance. J. Exp. Biol. 2009, 212, 1876-1888. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.11646/zootaxa.3963.2.4
http://www.ncbi.nlm.nih.gov/pubmed/26249399
http://doi.org/10.1016/j.jcz.2007.03.003
http://doi.org/10.1038/srep22177
http://www.ncbi.nlm.nih.gov/pubmed/26916580
http://doi.org/10.1111/cla.12140
http://doi.org/10.1111/cla.12233
http://www.ncbi.nlm.nih.gov/pubmed/34622978
http://doi.org/10.1038/ncomms2576
http://www.ncbi.nlm.nih.gov/pubmed/23552076
http://doi.org/10.3762/bjnano.5.95
http://doi.org/10.1098/rspb.1998.0356
http://doi.org/10.1093/jme/tjv012
http://www.ncbi.nlm.nih.gov/pubmed/26334801
http://doi.org/10.1038/141974c0
http://doi.org/10.1242/jeb.226514
http://doi.org/10.1016/j.asd.2022.101164
http://doi.org/10.1016/j.jinsphys.2008.02.006
http://doi.org/10.1007/s00114-011-0781-4
http://doi.org/10.1016/j.wear.2015.02.036
http://doi.org/10.1242/jeb.209833
http://www.ncbi.nlm.nih.gov/pubmed/31727762
http://doi.org/10.1038/srep26219
http://doi.org/10.1242/jeb.205.16.2479
http://www.ncbi.nlm.nih.gov/pubmed/12124371
http://doi.org/10.1242/jeb.030551
http://www.ncbi.nlm.nih.gov/pubmed/19483006

	Introduction 
	Materials and Methods 
	Study Subjects and Laboratory Cultures 
	Choice Tests 
	Testing Attachment Performance 
	Scanning Electron Microscopy (SEM) 
	Confocal Laser Scanning Microscopy (CLSM) 

	Results 
	Tarsal Morphology 
	Attachment Performance of Adult Bugs 
	Choice Tests: Trials with Fibers Offered 
	Choice Tests: Wandering 

	Discussion 
	Behavioral Choice for Silk 
	Morphological Attachment Constraints 
	Attachment Performance 

	Conclusions 
	References

