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Abstract

A variety of models have been used in mating bioassays of insects to assess the contribution of chemical and visual signals
to mate location and mate selection. Although the use of such ‘dummies’ has had varying degrees of success, some insect
species refuse to accept simplistic models. In the present study, we developed a 3D-printed model to explore whether more
realistic models will be more successful than simplistic models in mating assays of difficult to manipulate species such as
the flea beetle Altica fragariae. We ran five experiments to test (1) whether males could discriminate between males and
females solely based on differences in cuticular hydrocarbons (CHCs), (2) whether males use shape or (3) color to choose
mates, and (4) whether males can discriminate between 3D-printed models and freshly killed beetles either with or (5) without
legs and antennae. The results of these experiments confirmed that male A. fragariae preferred models coated with CHCs
of females over that of male CHCs, providing strong support for the role of CHCs in mate choice in Altica. We also showed
that males use both shape and color in mate selection, and that males are capable of discriminating between the models and
real beetle specimens. Together, the results indicate that 3D-printed models can provide a feasible and cost-effective method
for mating studies of insects.
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Introduction

Chemical cues play an important role in mate recognition
in insects (Johansson and Jones 2007; Smadja and Butlin
2009). One of the major chemical signals involved in inter-
specific and intraspecific recognition are cuticular hydrocar-
bons (CHCs) (Singer 1998; Blomquist and Bagneres 2010).
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The CHCs of many insects are complex and involve satu-
rated, unsaturated and branched chains with lengths between
21 and 50 carbons; they are usually important at short ranges
and generally act as contact pheromones (Blomquist and
Bagneres 2010). Within species, CHCs have documented
functions ranging from discriminating the reproductive sta-
tus of individuals to sex discrimination (Steiger et al. 2009;
Schlechter-Helas et al. 2012). Determining the relative
contributions of CHCs and other cues such as visual and
tactile cues requires behavioral assays that directly manipu-
late CHCs and other cues. These experiments can be chal-
lenging because, for example, manipulation of CHCs may
be impossible if chemicals continue to be excreted during
a mating bioassay. Although some techniques, such as gas
chromatography-electroantennographic detection and single
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sensillum recordings have been used to test the bioactivity of
CHC:s (Blomquist and Bagneres 2010; Gonzalez et al. 2014;
Pask et al. 2017), bioassays are decisive and necessary for
definitively identifying mating cues in insects.

In addition to live insects, behavioral assays have used
‘dummies’ or artificial models to assess the cues involved in
mating decisions. In general, simple models have been fre-
quently and successfully used in mating bioassays of insects,
for example, glass rods and beads (e.g., Geiselhardt et al.
2012; Fujiwara-Tsujii et al. 2013; Shimomura et al. 2016;
Isa et al. 2019), clay dummies (Rafter and Walter 2013),
and even plastic centrifuge tubes (Fukaya et al. 1996; Zhang
et al. 2003) and spatulas (Sugeno et al. 2006) have yielded
information about mate discrimination. However, these sim-
plistic models do not always work well for some insect spe-
cies. For instance, male Scirtothrips aurantii (Faure) thrips
would approach, contact and mount clay models treated with
female cuticular extracts, but males did not copulate with the
model (Rafter and Walter 2013). Similarly, male tea wee-
vils, Myllocerinus aurolineatus (Voss), showed behavioral
responses, but refused to copulate with glass rod models
coated with female CHCs (Sun et al. 2017). Together, these
results suggest that in addition to CHCs, the shape, color,
texture and other physical characteristics of mates such as
wing fanning or stridulation are also involved in mating
decisions.

Since artificial models are too simplistic for insects that
require a variety of mating cues, some mating studies have
successfully employed freshly killed insects as surrogates
(Schiestl and Ayasse 2000; Peterson et al. 2007; Tanigaki
et al. 2007; Lacey et al. 2008; Buellesbach et al. 2013; Zhang
et al. 2014; Xue et al. 2016a, b, 2018). In these systems, the
CHC:s can be removed from the surface of the dead insect
and then reapplied for mating assays. For example, in two
sympatric Altica flea beetles, Altica fragariae Nakane and A.
viridicyanea (Baly), the mating preference of males reversed
when they were given a choice between conspecific and het-
erospecific dead females with their CHCs exchanged, sug-
gesting a key role of CHCs in behavioral isolation between
close relatives (Xue et al. 2016a). Similar methods have been
used to identify the role of CHCs in interspecific recogni-
tion in other species, for example, Pidonia longicorn beetles
(Tanigaki et al. 2007), Nasonia jewel wasps (Buellesbach
et al. 2013) and Pyrrhalta leaf beetles (Zhang et al. 2014).
There are, however, caveats to this approach. Specifically,
both the effectiveness of removing all of the CHCs from
the cuticle and the excretion of chemicals in freshly killed
insects may obscure the mating preference of males dur-
ing mating trials. This may have occurred in a study of
intraspecific mate recognition cues in Altica, which has been
used as a model for studies of mating behavior, host plant
specialization, and ecological speciation (Xue et al. 2011,
2014, 20164a). In previous studies, we found that males could
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discriminate between males and females as well as between
sexually mature and immature females in mating bioassays
with alive or freshly killed specimens (Xue et al. 2016b).
Moreover, these groups of beetles had significantly differ-
ent CHC profiles. Although the strength of preference was
altered when the CHCs were exchanged between potential
mating partners, the predicted reversal of mating choices
were not observed. It is possible that the removal and reap-
plication of CHC:s to freshly killed insects may have masked
the subtle quantitative differences between individuals and
obscured the mating choice of males. Alternatively, other
cues may also be involved in mate discrimination other than
CHCs (Xue et al. 2016b). Thus, to disentangle the effects of
chemical and other cues on mate recognition, what is needed
are more realistic models that can be readily manipulated.
Here, we take advantage of 3D-printing technology
to develop a more realistic mating model for Altica. The
development of 3D-printing techniques provides us with
an opportunity to develop a more lifelike model for mating
studies. In the present study, we used a flea beetle Altica fra-
gariae (Coleoptera: Chrysomelidae) and 3D-printed models
to test the feasibility of these models in behavioral mating
assays of insects. We asked three questions. (1) Can males
discriminate between the sexes based solely on differences
in CHCs? (2) Do visual cues such as shape and color of
the 3D model affect mate choice decisions? (3) Can males
discriminate between real beetles and 3D-printed models?

Materials and methods
Beetles

Altica fragariae are small (3—4 mm), elongate-ovate
chrysomelid leaf beetles. The body surface is black with a
metallic blue reflection. Male A. fragariae are the choosier
sex and is the primary partner controlling mate choice (Xue
et al. 2018). Both sexes of Altica species mate several times
with multiple partners over the course of their lifetime (Xue
et al. 2014). Previous mating experiences do not affect mat-
ing preference of male; furthermore, although the CHC pro-
files are age-specific (Xue et al. 2016b), the CHC profiles of
sexually mature males and females of Altica do not change
after mating (HJX, unpublished). As a result, field-collected
beetles are suitable for use in experiments testing whether
males can discriminate between the sexes based on differ-
ences in CHCs. In the present study, we collected adults
from Nankou (40.28° N, 116.02° E), Changping, Beijing
and maintained them in the lab. Under our laboratory con-
ditions (25 °C and with 16:8 h light:dark), newly emerged
adult females of A. fragariae become sexually active after
5-7 days of maturation (Xue et al. 2007). Since the sexual
maturity status of the field-collected beetles was unknown,
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to ensure that the beetles were fully mature, we waited at
least 7 days after collection before using them for mating
bioassays.

3D-printed model

To create a 3D model of Altica (Fig. 1), we dried frozen
specimens of A. viridicyanae in a chemical fume hood at
25 °C for 2 days and then used clear nail polish to glue them
to the tip of a micropipette. The specimens were scanned
with an Xradia MicroXCT-400 (Xradio Inc., California,
USA) with the following parameters: beam strength was set
to 60 kV and 133 pA; pixel size of images was 3.71 pm;
optical magnification was 4X; and exposure time was 1 s. We
obtained 992 sections of images that were then imported into
the Amira 6.0.1 software (Thermo Fisher Scientific, Hills-
boro, Oregon, USA) for 3D reconstruction. Amira 6.0.1
was used to smooth and simplify the reconstructed model
and to produce a final OBJ format file. The 3D beetles were
then printed using isocyanate and polybasic alcohols by the
3Dmold Service Company (Shenzhen, Guangdong) (http://
www.3dmold.com.cn/). The antennae and legs were not
included on the 3D models because these appendages were
too thin for current 3D-printing methods. We obtained both
black and white models for our tests.

Chemical detection

Prior to conducting mating assays, we checked the mating
assay models for any potential chemical odors that might
affect the results. To do this, we used gas chromatogra-
phy—mass spectrometry (GC-MS) to test for CHCs in both
the black and white 3D-printed beetles (3DPB) as well as
black glass bead models (diameter of 3 mm). We examined
five samples per group. In addition to these models, we also
included three replicates each of three treatments: hexane
only (HPLC/Spectro grade, Tedia, USA), male A. fragariae,
and female A. fragariae. To obtain the cuticular extracts
from the beetle specimens, we euthanized the experimental
beetles by placing them in a — 30 °C freezer for 20 min, and
submerged them in 40-pL hexane for 15 min. In the mating
assay models, we first removed any potential dissociative
chemicals on the surface by rinsing them twice with hexane
(0.5 mL/model), and then the models were submerged in
40-pL hexane for 15 min to obtain the extracts.

We placed the prepared extracts into vial inserts
(Agilent Technologies Inc.; 250 pL, glass with polymer
feet) and then transferred them to chromatography vials
(Agilent Technologies Inc., screw cap vials, 1.5 mL)
for GC-MS analysis (HP 7890 series). To separate the
CHCs, an HP5 column (30 m X 0.32 mm internal diam-
eter X 0.25 pm film thickness, Agilent Technologies, Inc.)

(a)

)b

b) gam

(d)

Fig. 1 Reconstructed 3D-printed model and printed samples of A.
fragariae, and glass bead used in the present study. a Reconstructed
3D model; b black 3D-printed model; ¢ white 3D-printed model; d
black glass bead. For the 3D models, the columns from left to right
are the dorsal view, lateral view, and 45° view

was used with helium as carrier gas (1.0 mL/min). An ali-
quot of 2 pLL per sample was injected in the splitless mode
at 280 °C. The oven was programed to hold at 40 °C for
1 min, then to increase by 8 °C per min to 300 °C, hold at
300 °C for 4 min, then increase 20 °C per min to 320 °C,
and finally, to hold at 320 °C for 8 min. The mass spec-
trometer was in the electron impact mode set at 70 eV.
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Mating bioassays

We used two-choice mate tests to examine the feasibility
of the 3D-printed mating models. Two-choice tests have
proven to be a reliable method for mate preference stud-
ies in Altica species (Xue et al. 2014, 20164, b, 2018), and
were used to conduct five sets of mating experiments in
this study (Table 1). Mate choice experiments were carried
out between 1200 and 1830 h because the sexual activity
of Altica beetles is higher in the afternoon, although mat-
ing can also occur during the morning. These experiments
were carried out in a temperature-controlled room held at
25-27 °C under natural light conditions. To prepare the
models for the mating assay, they were coated with a CHC
extract obtained from freshly killed beetles. About ten bee-
tles were pooled and submerged in hexane (40 pL/each indi-
vidual) for 15 min. A 40-pL aliquot (one beetle equivalent)
of this hexane extract was transferred onto the surface of
each model (3D-printed model, glass bead or dead beetle
with the CHCs removed) by submerging them in the extract
and allowing the solvent to evaporate in a chemical fume
hood. Models were then glued to a small piece of triangu-
lar filter paper (length=1 cm), and then glued to the wall
of a glass Petri dish (9.0 X 1.2 cm) containing moistened
filter paper (Xue et al. 2016a, b). The two mate options
were placed approximately 1 cm apart. To prevent position
bias during the mating assays, the order of the two mate
options was alternated, with option A being on the right in
the first assay and option B being on the right in the second
assay, and so on. The side of dish with the mate options was
oriented toward a window light source such that the mate
options were equidistant from the light. At the beginning of
the trial, the test male was placed in the center of the arena
containing two choices placed 1 cm apart on the wall of the
Petri dish. A successful mating was recorded when the beetle
mounted the mate, waved his antennae quickly and exhibited
aedeagus-protruding behavior for longer than 10 s. For each
of the mating bioassays, due to beetle availability, 61-107
replicates were conducted. To increase the percentage of
successful mating trials, mate choice was recorded over a

Table 1 Two-choice mating bioassays

period of 5 h instead of 3 h as in previous studies of this
species (Xue et al. 20164, b, 2018). In between each mating
assay, the petri dishes were washed with hexane and left to
air dry, and the models and dead beetles were used in only
a single trial.

In experiment I, we tested whether males were able to
discriminate between the sexes based solely on CHC cues. A
male was given a choice between a black 3DPB coated with
female CHCs and a black 3DPB coated with male CHCs.
Experiments II and III tested the role of visual cues in male
mate choice decisions. We examined if the shape of the
model altered mating behavior by comparing mate choice of
males when given a black 3DPB coated with female CHCs
and a round, black glass bead coated with female CHCs
(Experiment II). We also compared whether the color of the
model affected mating behavior by comparing mate choice
of males presented with a black versus white 3DPB coated
with female CHCs (Experiment III). In Experiments IV
and V, we further tested the ability of males to discriminate
between the 3DPB models from real beetles. Experiment
IV compared mate choice of males presented with a black
3DPB coated with female CHCs and a dead female with
the CHCs removed and then reapplied. Experiment V tested
whether males could discriminate between a dead female
with legs and antennae removed and a black 3DPB coated
with CHCs from females. For all the experiments, we ana-
lyzed the mating preference data using Chi-square (3°) tests
in SPSS 18.0 (IBM, Armonk, NY, USA).

Results

We first tested whether the models had any chemicals on
the surface that might alter the outcome of mating trials. As
compared to blank controls and A. fragariae samples, we
were unable to detect any compounds associated with the
study species on the 3D-printed or glass bead models under
the given conditions (Fig. 2), indicating that these models
are suitable for mating bioassays.

Experiment Question Mating test design

1 Can males discriminate the sex of beetles solely by CHCs? Black-3DPB + male CHCs vs. Black-3DPB +female CHCs

I Does model shape contribute to mate choice? Black-glass-bead + female CHCs vs. Black-3DPB + female CHCs
1 Does model color contribute to mate choice? ‘White-3DPB + female CHCs vs. Black-3DPB +female CHCs

v Can males discriminate 3DPB from real beetles? *Dead female + female CHCs vs. Black-3DPB + female CHCs

v Can males discriminate 3DPB from real beetles with anten-  #Dead female with antennae and legs removed + female CHCs vs.

nae and legs removed?

Black-3DPB + female CHCs

3DPB 3D-printed beetle

#Indicates tests in which the CHCs of dead females were removed and then female CHCs were reapplied
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Fig.2 Representative gas (X1000) 3 4
chromatogram profiles of E (a)
cuticular hydrocarbons of Altica 5
fragariae, hexane control, glass
bead, and 3D-printed beetles.
a Male A. fragariae; b female 1
A. fragariae; ¢ hexane control; E )
d black glass bead; e black 0
3D-printed model; f white 3
3D-printed model 1 (b)
2 7
1
0 [
)
(c)
2 ]
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Behavioral assays testing the response of males to 3D
models coated with male versus female CHCs showed that
male A. fragariae significantly preferred female CHCs over
that of males (X2 =10.667, P=0.001; Fig. 3a). In terms of
tests of the role of visual cues, males presented with black
glass beads and black 3DPBs preferred the 3D-printed
model over the round beads (X2 =5.143, P=0.023;
Fig. 3b). Similarly, males tested on black versus white
3DPBs all chose the black models (no statistics; Fig. 3c).

22 24 26 28 30 32 34 36
Time (min)

However, when males were offered dead females with the
reapplied CHCs, males preferred dead females over black
3DPBs coated with female CHCs (X2 =19.882, P<0.001;
Fig. 3d). This pattern held even when we removed the
legs and antennae of the dead females to make them more
similar to the 3D-printed model (X2=7.348, P=0.007;
Fig. 3e), although we did observe a significant reduction
in the percent of males choosing to mate as compared to
the observations in Experiment IV (X2 =5.592, P=0.018).
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Fig.3 Mating preference of male Altica fragariae comparing black
3D-printed beetles coated with female CHCs (right hand column)
to alternative models (left hand column). a Black 3D-printed bee-
tle coated with male CHCs versus black 3D-printed beetle coated
with female CHCs; b black glass bead coated with female CHCs
versus black 3D-printed beetle coated with female CHCs; ¢ white
3D-printed beetle coated with female CHCs versus black 3D-printed
beetle coated with female CHCs; d dead female with CHCs removed
and reapplied versus black 3D-printed beetle coated with female
CHCs; e dead female with antennae and legs removed and CHCs
removed and reapplied versus black 3D-printed beetle coated with
female CHCs. Asterisks indicate significant differences in mating
preference (*P<0.05; **P<0.01; ***P<0.001). “Mated” refers
to the number of males that mounted the mate, waved his antennae
quickly and exhibited aedeagus-protruding behavior for longer than
10s

Discussion

There is little doubt that CHCs play a key role in interspe-
cific recognition among Altica species (Xue et al. 20164, b,
2018); however, in bioassays focused on intraspecific mate
discrimination, the patterns of male mate choice may be
unreliable because of the use of dead females with manipu-
lated CHCs. This may be particularly true in assays offer-
ing mating partners with exchanged CHCs. For example,
against the predictions, males of A. cirsicola showed no
preference for female CHCs over male CHCs, whereas
males of A. fragariae and A. viridicyanea preferred females
when the CHC's of males and females were exchanged (Xue
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et al. 2016b). These results suggest that additional cues are
involved in intraspecific mate discrimination in at least A.
cirsicola. Interestingly, the results from Experiment I of the
present study were consistent with a previous study that
used living or freshly killed A. fragariae as potential mating
partners (Xue et al. 2016b): males preferred females (Xue
et al. 2016b) or 3DPB coated with CHCs of females (present
study). This consistency between studies suggests that the
approaches used in the present approach could be used to
supplement mating experiments that manipulate CHCs. In
addition to behavioral cues such as wing fanning and postur-
ing, additional cues could be used by insects in mate choice
such as olfactory, visual, acoustical and tactile cues (Brown
1999; Demary et al. 2000; Greenspan and Ferveur 2000;
Benelli et al. 2014; Oike et al. 2017; Jones and Conner 2017;
Johnson et al. 2019), Experiment I of the present study indi-
cates that A. fragariae can discriminate males from females
based solely on differences in CHCs because all the cues
were identical with the exception of the CHCs.

Chemical cues are important for mate choice decisions
in Altica; however, the results indicate that males are also
using visual cues. Visual cues actually had a more impor-
tant role than olfactory cues in host finding in the monopha-
gous Altica engstroemi (Sahlberg) (Stenberg and Ericson
2008), but the function of visual cues in mating behavior
has not been previously assessed in Altica. The results of
Experiment II showed that the shape of the model strongly
impacted mate choice, and Experiment III demonstrated that
the color of the model was critical. If visual cues are being
used as long-distance attractors, the shape and color of the
model may affect a male’s initial orientation to potential
mating partners. Upon direct contact, suitable mates are
likely further assessed using the nonvolatile CHCs. Simi-
lar orientation responses have been shown in males of the
white-spotted longicorn beetle, Anoplophora malasiaca, and
Cicindela tiger beetles where the color of the model affected
male responses (Fukaya et al. 2004; Jones and Conner 2017).
Here, our results not only indicate that visual cues are play-
ing a role in mate preference but they also show that models
that more closely mimic female beetles can motivate mating
behavior.

Although the 3DPBs triggered mating behaviors at a
reasonable level, the results showed that these models still
lacked details that would have made them commensurate
with real females. For instance, the reduction in the per-
centage of males choosing mates in experiments involv-
ing only models versus those including dead females may
indicate that tactile cues such as hardness or texture affect
mate choice. Experiments IV and V showed that males
overwhelmingly preferred dead females over the 3D mod-
els, further suggesting that tactile cues and/or other vis-
ual cues are involved in mate decisions. For example, we
were unable to print antennae and legs on the 3D models
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because these appendages were too thin in this small bee-
tle. In Experiment V, we removed the legs and antennae
of the dead females to test whether the removal of the
visual cues impacted mate choice. Although males still
preferred dead females even after the legs and antennae
were removed, the percent of males choosing mates was
significantly reduced as compared to that of Experiment
IV (Fig. 3), suggesting that those visual cues were being
used by the males. In Altica, then, a combination of cues
is being used for mate discrimination, a result consistent
with other studies showing that mating behaviors are the
result of a synergism between visual, olfactory and tactile
senses (Benelli et al. 2014).

Despite the fact that the results showed that males pre-
ferred to mate with dead females over our 3D models and
that there was a lower percentage of males choosing mates in
trials involving only 3D models, the pattern of selectivity in
Experiment I supports the idea that 3D-printed models could
be a feasible and cost-effective method to expand the array
of options available to researchers conducting mating studies
in chrysomelid beetles and potentially other insect groups.
Further, the results observed here were consistent with previ-
ously published work in this system, suggesting that despite
the caveats of using 3D models, this approach can yield reli-
able data. Developing even more realistic models in terms of
shape, color, texture and other physical characteristics will
allow future research to tease apart the role of multiple cues
involved in insect mate discrimination.
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