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Abstract Many insects use tactics to protect their eggs
from predation, infection, and water loss, among other
risks. Some assassin bugs only in the New World tribe
Apiomerini are known to use plant substances, such as
resin, instead of secretions to protect their eggs. Here,
we report a novel storage mechanism and the utilization
of plant resin for egg protection in Asian assassin bugs,
Velinus nodipes and Agriosphodrus dohrni (tribe:
Harpactorini). Adult females of both species were ob-
served to take in plant resin through their genitalia. We
reported on the handling of resin by these species and
confirmed that A. dohrni adult females stored resin in
their subrectal glands and that the substance covering
their egg masses was derived from plant resin. This is
the first report on the storage of plant resin inside the
bodies of assassin bugs and on resin-protected eggs in
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Harpactorini. Such internal resin storage was not accom-
panied by external morphological features, as observed
in some Apiomerini assassin bugs, thereby suggesting
that this tactic has been overlooked and may have
evolved in broader tribes of assassin bugs than previ-
ously thought.

Keywords Egg-protecting tactics - body storage of
resin - subrectal gland - Velinus nodipes - Agriosphodrus
dohrni

Introduction

Some insect species, such as eusocial insects and some
shield bugs, water bugs, and earwigs, directly and de-
votedly tend to and protect their eggs (i.e., show parental
care, Vancassel 1984; Tallamy and Wood 1986;
Tallamy 2001; Hanelova and Vilimova 2013). Although
many other insects abandon their eggs without direct
care, they protect their eggs by selecting suitable ovipo-
sition sites (Ruzicka 2001; Randlkofer et al. 2007;
Sadek et al. 2010), applying defensive chemicals to
them (Blum and Hilker 2008), encasing them in hard-
ened structures (i.e., oothecae, Grimaldi and Engel
2005), and covering them with feces (e.g., chrysomelid
beetles, Damman and Cappuccino 1991) and scales
(e.g., lepidopteran species, Floater 1998). Such egg
protection tactics are important for species survival be-
cause the egg stage is particularly vulnerable to natural
enemies and environmental conditions (Hilker 1994).
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Many species of assassin bugs in Harpactorinae, a
subfamily of Reduviidae, lay eggs in a single cluster on
vegetation and cover these egg masses with frothy or
gluey secretions termed spumaline (Kershaw 1909;
Cobben and Wygodzinsky 1975; George 1988;
Ambrose 1999). This egg-coating substance is hygro-
scopic (Salkeld 1972) and functions as a humidity reg-
ulator (Hinton 1961) that also protects the eggs from
parasitoids (Swadener and Yonke 1973a, b; George
1988). Spumaline is secreted by and stored in the
subrectal glands of Harpactorini, Diaspidini, and
Tegeini [these tribes are suggested to be polyphyletic
(Zhang et al. 2016)], whereas a few exceptions in these
tribes and other harpactorine assassin bugs, such as
Apiomerini and Ectinoderini, do not have such glands
(Davis 1969; George 1988; Weirauch 2008).

Several species of Apiomerini use sticky plant sub-
stances, such as resins and trichome secretions, as de-
fensive substances to protect their eggs and as adhesives
to trap prey species. Instead of secreting spumaline,
Apiomerus flaviventris adult females collect plant resins
with their forelegs and then transfer these resins to the
ventral surface of their abdomens where they are stored
in long and dense setae. During oviposition, the females
transfer the stored resins to the genital sclerites using the
metatibial comb of their hindlegs, cover each egg with
the resin immediately after exiting the genital opening,
and then place each egg next to the other already depos-
ited eggs to form an egg mass (Eisner 1988; Choe and
Rust2007; Forero etal. 2011). These plant resins protect
the egg masses from desiccation and natural enemies,
such as parasitoids and ants (Southwood 1956; Aldrich
1988; Wolf and Reid 2001). The stickiness and chemi-
cal composition of resins have been suggested to deter
these enemies (Choe and Rust 2007). Additionally, the
resins used to encase eggs provide the hatching imma-
tures with an initial sticky trap to capture prey (Forero
et al. 2011). In another Apiomerini member, Heniartes
stali, plant trichome secretions are stored on the surface
of'its metatibiae and used to cover its eggs (Avila-Nufiez
et al. 2016).

Such resin based egg protection tactics have only
been reported in the New World tribe Apiomerini
(Forero and Weirauch 2016); however, even in tribes
other than Apiomerini, species that use sticky traps
derived from plant substances are likely to have evolved
plant substance-based egg protection. Zhang et al.
(2016) reported that the use of sticky traps evolved at
least seven times in assassin bugs, once in the

Apiomerini + Bactrodinae clade and the other six times
in other harpactorine tribes. Members from one
harpactorine lineage, including those from the genus
Zelus, secrete sticky substances (Weirauch 2006;
Zhang and Weirauch 2013). In the remaining five
harpactorine lineages, which belong to Ectinoderini,
Diaspidiini, and Harpactorini, plant resins or trichome
secretions are used as sticky traps (Miller 1942; Usinger
1958; Zhang et al. 2016). However, the use of plant
substances for egg protection has not been reported in
these lineages. The resin-based egg protection tactic in
assassin bugs other than Apiomerini may have been
overlooked due to the lack of natural history studies.

Two species of Harpactorini, Agriosphodrus dohrni
and Velinus nodipes, are often found on pine trees that
frequently exude resin (Inoue 1988; Ishikawa et al.
2012). Agriosphodrus dohrni is naturally distributed in
India, Indochina, and China, and was accidentally intro-
duced to Japan, while V. nodipes is naturally distributed
in China, Korea, and Japan (Ishikawa et al. 2012).
Agriosphodrus dohrni is a univoltine species that over-
winters in its fifth instar, develops to the adult stage in
spring, and then mates and lays eggs in late spring to
early summer (Luo et al. 2010; Naito 2017). Female
A. dohrni cover their egg masses with copious secre-
tions (Luo et al. 2010). Although information on the life
history of V. nodipes is very limited, this species is
known to overwinter in its fifth instar (Naito 2017)
and it is probably a univoltine species. The Japanese
name of V. nodipes, Yani-sashigame, means “resin as-
sassin bug” and it is known to cover its body with plant
resin and to utilize this resin to capture prey (Naito
2017). Therefore, if A. dohrni and V. nodipes also
display the resin based egg protection tactic, this tactic
may have evolved in assassin bugs other than
Apiomerini and in broader taxa in Reduviidae than
previously thought.

In the present study, we investigated if A. dohrni
and V. nodipes utilize plant resins to cover their
eggs and found that both species displayed resin-
collecting and resin storage behaviors that differed
from those of Apiomerini assassin bugs. By provid-
ing colored resin to females under laboratory condi-
tions, we were able to detect the resin storage loca-
tion. Furthermore, thin layer chromatography en-
abled the comparison of the plant resin, stored resin,
and egg-coating substance to clarify the origin of the
stored resin and if the stored resin was used by the
assassin bugs as an egg-coating substance.
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Materials and Methods
Insect Collection and Rearing

We collected 22 A. dohrni females, including 10 fifth
(last) instar juveniles and 12 adults, from Japanese cher-
ry trees Cerasus * yedoensis and 2 V. nodipes adult
females from a Japanese fir Abies firma and a Japanese
cedar Cryptomeria japonica, all in the Kyoto Prefecture,
Japan. The 10 juvenile A. dohrni females were reared
until the adult stage in individual plastic cups (100 x
95 mm, diameter x depth), each containing a folded
filter paper on the bottom and a water-soaked Kim Wipe
for drinking and moisture. After reaching the adult
stage, these 10 females were used for behavioral obser-
vations and subsequent experimentation and analysis.
The two A. dohrni adult females and two V. nodipes
adult females captured in the field were also maintained
under the same conditions until oviposition. All insects
were fed three chopped Tenebrio molitor mealworms
every 2 or 3 days, and were maintained in climate-
controlled rooms at 25+2 °C and under a 16:8 light/
dark photoperiod. The remaining 10 A. dohrni adult
females captured in the field were dissected to obtain
the subrectal glands for silica gel thin layer chromatog-
raphy (TLC) analysis. Table 1 lists all protocols used in
the present study, relative to the study individuals.

Resin Collection, Intake, and Internal Storage

The resin collection behavior of V. nodipes was ob-
served on a Japanese fir tree and that of A. dohrni was
observed on a Pinus thunbergii (Japanese black pine)
tree in the field. Of the two V. nodipes adults caught in
the field, one was the individual whose behavior we
observed. Both adults were maintained under laboratory
conditions until oviposition. To identify the storage
location of the collected resin, we mixed a synthetic
resin (Canada balsam, Sigma-Aldrich) with blue color-
ing and presented this colored resin (on the folded filter
paper) to each of the 10 A. dohrni adult females that had
been reared from the fifth instar in the individual plastic
cups. After observing their resin-collecting behavior, we
retained 1 of the 10 A. dohrni until oviposition to con-
firm if the colored resin was used to cover its egg mass,
and dissected the remaining 9 individuals to identify the
storage location of the colored resin.

@ Springer

Identification of Resin Source Plants and Egg-coating
Substances

We conducted silica gel TLC to examine which sub-
stances adult A. dohrni females utilize under natural
conditions. Specifically, the TLC was performed on
the egg masses laid by 2 of the 12 adult females captured
in the field and on the subrectal glands harvested from
the remaining 10 A. dohrni adults. The pairs of subrectal
glands from each A. dohrni adult female were extracted
using 3 mL of 1,2-dichloroethane for 30 s; thus, a total
of 10 subrectal gland extracts were obtained. The two
egg masses were also extracted separately in the same
way. Samples of each extract (3 uL) were spotted on a
silica gel TLC plate, which was developed with hexane-
ethyl acetate (2:1) and visualized with p-anisaldehyde
stain (Touchstone 1992). We also compared the TLC
spots of two plant substances: the resin of Japanese
black pine and the sap of Japanese cherry tree, with
the extracts from subrectal glands and egg masses of
A. dohrni since individuals of this species were fre-
quently observed on these trees. Additionally, TLC
was performed for the eggs of V. nodipes, for the resin
of Japanese fir, Japanese black pine, and Japanese cedar,
and for the sap of the Japanese cherry tree.

Results
Resin-intake Behavior and Oviposition of V. nodipes

One V. nodipes adult female was observed directly on
the stem of Japanese fir in the field. The tip of its
abdomen was attached to the plant resin, and it was
observed to repeatedly open and shut the abdomen tip
to move the resin into its body (Fig. la, b, Movie S1).
This V. nodipes female laid 16 eggs in the rearing plastic
cup, of which 12 formed a mass and 4 were laid sepa-
rately. Another V. nodipes caught on Japanese cedar laid
three eggs which were not clustered together. All eggs
were coated with a transparent substance (Fig. 1c¢).

Resin-intake behavior and resin storage locations
in A. dohrni

The single A. dohrni adult female that was collected and
observed to take up Japanese black pine resin in the field
showed identical resin-intake behavior to that of the 10
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Table 1 Overview of the experimental protocols and data collection used for the assassin bugs in the present study

Species Collection Number of Treatments

stage specimens

Laboratory Harvesting of

Behavioral Dissection for resin Obtained

rearing subrectal glands for observation for storage location within e
TLC colored resin the body ggs
Agriosphodrus  fifth instar 9 + +
dohrni juvenile + +
adult 10 +
Velinus adult 2
nodipes

“+” indicates that the treatment was applied to the specimens. TLC, thin layer chromatography

laboratory-reared A. dohrni adult females presented
with the colored Canada balsam (Fig. 2, Movie S2).
However, the collection process differed from that for
V. nodipes. Adult A. dohrni females collected dabs of
resin with the tarsi of their forelegs (Fig. 2a) and applied
it to the femurs of their midlegs (Fig. 2b). After repeat-
ing this sequential behavior several times, the resin on
the midleg femurs was then transferred to the tip of the
abdomen using the tibiae of the hindlegs (Fig. 2¢,d) and
moved into the body by repeatedly opening and shutting
the abdomen tip (Fig. 2e). All 10 A. dohrni females
showed this sequential behavior and took up the colored
Canada balsam. Dissection of the 9 A. dohrni adults
revealed that they stored the resin in their subrectal
glands (Fig. 2f). The remaining adult female laid eggs
and covered them with the colored resin, 7 days after
collection and storage in its body (Fig. 2g).

Identification of Resin Source Plants and Egg-coating
Substances

Of the 10 dissected A. dohrni adult females collected in
the field, 6 showed filled subrectal glands and 4 showed
empty subrectal glands. The extracts of the 6 filled
subrectal glands showed almost identical spot patterns,
and were similar to those of the pine resin and egg
masses of A. dohrni (Fig. 3a). However, the color of
the spots of egg mass extracts, which were blue-purple,
differed from the color of the other spots, which were
red-purple. The extracts of cherry sap and empty
subrectal glands showed no spots (Fig. 3a). The two
extracts of the egg masses of V. nodipes showed differ-
ent spot patterns. The extracts of the V. nodipes that took
up resin from the fir tree showed the same pattern as the
extract of fir resin, and the extract of the V. nodipes

&ir >
t

2 N Ay e K

o Sk plant resin P

Z

A "8 | tip of abdomen

Fig. 1 Resin-intake behavior and a coated egg mass of Velinus nodipes. Adult V. nodipes female taking up resin (a). Abdomen tip of adult
V. nodipes (b). Egg mass coated with a transparent resin-like substance (c)
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Fig. 2 Sequential resin-intaking behavior, colored resin stored in
subrectal glands, and colored resin-coated egg mass of
Agriosphodrus dohrni. The adult A. dohrni female collected the
blue colored resin with the tarsus of its foreleg (a), applied it to the
femur of its midleg (b), then used the tibia of its hindleg (c) to

transfer the resin to the tip of the abdomen (d). Finally, the resin
was taken up into its body (e). The transferred resin is indicated by
arrows. Isolated reproductive organs and subrectal glands contain-
ing the blue colored resin (f; arrows). Egg mass laid by a female
that took up the blue colored resin (g)
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Fig. 3 Spot patterns of egg masses and subrectal glands of
Agriosphodrus dohrni and Velinus nodipes on thin layer chroma-
tography (TLC). Spot patterns of the extracts of six filled subrectal
glands, four empty subrectal glands, and two egg masses of
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A. dohrni on a TLC plate with extracts of cherry tree sap and pine
tree resin (a). Spot patterns of the extracts of the two egg masses of
V. nodipes, cherry tree sap, pine tree, fir, and cedar resins applied
on the other TLC plate (b)
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collected from a Japanese cedar showed the same pat-
tern as the extract of cedar resin (Fig. 3b).

Discussion

The present study revealed that A. dohrni and V. nodipes
took up tree resin through their genitalia. In addition,
A. dohrni was shown to store tree resin in its subrectal
glands and then use the resin to cover its egg masses.
The TLC analysis confirmed that the egg coating sub-
stances of both species were derived from plant resins.
This is the first report on the utilization of plant resins by
Harpactorini assassin bugs for egg protection, and the
uptake and storage of resin within the body of
Reduviidae. Egg protection tactics have only been re-
ported for the New World Apiomerini, where egg coat-
ing behavior with resin was suggested to evolve in the
last common ancestor of the Apiomerus suprageneric
clade (Forero and Weirauch 2016) and egg coating
behavior with trichome secretion was reported in
H. stali, which belongs to the Heniartes suprageneric
clade (Avila-Nufiez et al. 2016). Furthermore, this study
demonstrated the use of plant substances-based egg
protection in two additional species of Harpactorini
assassin bugs. This suggests egg protection using
plant-derived sticky substances may be a more common
tactic among a diverse array of lineages than previously
thought; at least within the Harpactorinae.

The TLC analysis also revealed that the two
V. nodipes adult females used the resin of the trees from
which they were collected; one used resin from Japanese
fir and the other used resin from Japanese cedar. Some
of the eggs that were oviposited were not clustered,
which may have been due to rearing conditions not
being optimal for oviposition. According to the TLC
analysis, A. dohrni uses pine resin, although we collect-
ed A. dohrni from cherry trees and not from pine trees.
In addition, spot colors differed between filled subrectal
glands and egg masses. All spots were originally blue-
purple when we conducted the TLC analysis just after
extraction (Figure S1). However, spot color of pine resin
and filled subrectal glands changed from blue-purple to
red-purple, probably due to the long storage period,
whereas spot color of the A dohrni egg masses remained
blue-purple. We, therefore, hypothesized that A. dohrni
might add secretions to the stored resin that prevents its
color from changing, which is supported by A. dohrni

taking up transparent resin but presenting yellowish-
covered egg masses (Luo et al. 2010).

It is unknown whether the resin based egg protection
tactic of A. dohrni and V. nodipes evolved independent-
ly or was derived from a common ancestor. These two
Harpactorini are relatively closely related, and belong to
the same clade in Harpactorini (Zhang et al. 2016). In
this clade, the genera Sinea and Irantha lack subrectal
glands (Davis 1969; George 1988) whereas another
species, Sycanus croceovittatus, reportedly covers its
egg mass with a large amount of sticky substance
(Huang et al. 1991). The presence of subrectal glands
is thought to be apomorphic character as they are found
in many species of Harpactorinae (Davis 1969). This
suggests that the absence of subrectal glands in genera
Sinea and Irantha may be a result of the loss of this trait.
However, it is unknown whether egg protecting sub-
stances of other species are secretions or plant-derived.
Additional investigations are needed to determine the
source of egg protecting substances to reveal which
functions of subrectal glands are ancestral and common-
ly distributed in the Harpactorini, to secrete egg
protecting substances or to store plant-derived
substances.

Forero and Weirauch (2016) suggested that
Apiomerini members, which utilize plant resins for ma-
ternal care, have certain external features, such as dense
and long setation of sternites (used for storing resin) and
a metatibial comb on their hindlegs (used to apply stored
resin to the eggs during oviposition). Such external
features of Apiomerini might have evolved due to the
lack of subrectal glands (Davis 1969; Weirauch 2008).
On the other hand, the two Harpactorini species in the
present study do not exhibit such external features, and
instead stored resin in the subrectal glands located near
the genital opening which enable them to cover the eggs
with resin without using hindlegs. In fact, A. dohrni does
not use its hindlegs for oviposition (Luo et al. 2010).
This is required to directly observe the resin-intake
behavior of Harpactorini, or compare the egg-coating
substances with plant substances via chemical analysis,
to confirm if these assassin bugs covered their eggs with
plant substances or secretions.

Opverall, the present study revealed that two species
of Asian assassin bugs stored plant resins in their bodies
and subsequently used it to cover their egg masses. Such
resin based egg protection tactics might be used by other
species of harpactorine assassin bugs and in broader
taxa in Reduviidae than previously thought. However,
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such tactics may have been overlooked because the
internal resin storage feature of these assassin bugs is
not accompanied by external features, such as abdomi-
nal setation and a metatibial comb. It is likely that plant
substance-based egg protection occurs more frequently
in species that use plant substances as sticky traps. In
fact, all Apiomerini species that protect their egg masses
with plant substances use sticky traps (Forero et al.
2011; Avila-Nuiiez et al. 2016) and V. nodipes also uses
resin as sticky traps (Naito 2017). However, resin-based
egg protection can also be used by species that do not
construct sticky traps as observed in A. dohrni.
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