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Abstract: The spotted lanternfly, Lycorma delicatula (Hemiptera: Fulgoridae) is a polyphagous, phloem-
feeding invasive forest, agricultural, and nuisance pest that is rapidly spreading through the U.S. Little
is known about how fulgorids locate each other to mate. To determine if conspecific semiochemicals
such as pheromones occur, whole body extracts (WBE) of adult spotted lanternflies from different
physiological states were tested for attraction in a dual-choice olfactometer. In olfactometer assays,
prior to mating, males were oriented to WBE from males and females. During their mating period,
males were attracted to WBE of females, but not to that of males. After mating and oviposition had
taken place, males were not attracted to either male or female extracts. Conversely, females did not
orient to any WBE from either sex during any physiological state. These behavioral responses by
males but not females to WBE from conspecifics in different physiological states suggest the possible
presence of an aggregation-sex pheromone in the spotted lanternfly.
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1. Introduction

The northeastern United States now confronts an invasion of spotted lanternfly Ly-
corma delicatula (White) (Hemiptera: Fulgoridae) (hereafter SLF), a destructive univoltine
plant pest [1]. Therefore, what cues or signals mediate SLF behavior is an important
topic for investigation. Signals used by insects to locate conspecifics for mating may be
visual, chemical, or vibroacoustic [2]. Chemical signals used in communication between
conspecifics are called pheromones. Chemicals that convey information between species
in which the receiver benefits to the detriment of the sender, such as plant volatiles that
attract herbivores, are called kairomones. In several families of Fulgoromorpha, such as
Caliscelidae, Cixiidae, Derbidae, Delphacidae, Issidae, Tettigarctidae, and Tropiduchidae,
vibroacoustic communications have been found [3–10], with few examples of pheromone
use in this superfamily [11]. SLF attraction has been demonstrated in response to numerous
plant-derived kairomones, reflecting their polyphagous nature [12]. These kairomones are
attractive to nymphs and female adult life stages [12,13]. Methyl salicylate is one of many
volatile kairomones released by their preferred host, tree-of-heaven Ailanthus altissima
(Mill.) Swingle (Sapindales: Simaroubaceae), as well as secondary hosts including grape
Vitis vinifera L. (Vitales: Vitaceae). Although methyl salicylate has been developed into
lures to help attract SLF for detection trapping [13], when there are many other competing
sources of attraction, its performance may be inadequate [14,15]. The discovery of a sex
pheromone could potentially improve lure performance. Recently, chemical signals con-
tributing to intraspecific communication were found in SLF honeydew, and these may play
a role in their aggregation behavior [16]. Other sources of intraspecific chemical signals
deem investigation, as the presence of a sex pheromone in SLF has not been reported [17].

Many hemipterans utilize multiple modes of communication involving both mechani-
cal (substrate-borne vibration) and chemical (pheromones) signals to locate conspecifics [18].
Substrate-borne vibrational signals are typically utilized for sexual communication over
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shorter ranges [19], whereas chemical signals can be detected over greater distances and
can be used for long-range orientation, or in conjunction with shorter-range vibrational
signals [20–22]. The co-occurrence of both strategies has been demonstrated for several
hemipteran species, mostly in Psyllidae [23–28] and Pentatomidae [20,29–33]. We recently
found that SLF are capable of detecting vibroacoustic cues and respond with positive
vibrotaxis [34]. Therefore, it is conceivable that SLF use multiple communication strategies
to locate one another.

The primary objective of this study was to investigate attraction of SLF to volatile
compounds derived from conspecifics. Therefore, we tested adult male and female SLF
for attraction in a dual-choice olfactometer to conspecific volatiles from body extracts of
wild-caught adult male or female SLF in different physiological phases.

2. Materials and Methods
2.1. Insects

Live adult male and female SLF for use in behavioral bioassays were field-collected
weekly from A. altissima trees in Berks, Montgomery, Lehigh, and Northampton Counties
in Pennsylvania. They were shipped overnight to the Forest Pest Methods Laboratory
(FPML) Insect Containment Facility (ICF) in Buzzards Bay, Massachusetts every Monday,
adhering to the conditions set by permits from the Pennsylvania Department of Agriculture
(PDA) (PP3-0123-2015) and U.S. Department of Agriculture (USDA) (P526P-15-00152 and
P526P-17-04376). Adult males and females were housed in separate cages, with up to 20
SLF per cage as previously described [12], at 25 ◦C under a photoperiod of 16:8 (L:D),
and provided A. altissima to feed upon. Newly field-caught insects were used every week
within four days of their collection.

The adult SLF stage is relatively long-lived in the wild. In northeastern Pennsylvania,
adults typically emerge at the end of July or the beginning of August and die in late
October or early November, a period lasting approximately 12-16 weeks, with mating
taking place in mid-September [35]. No evidence exists to suggest that SLF mate more than
once. Therefore, in order to separate the adult stage into physiological states relevant to
their behavior, adults have been classified into three phases, “Early”, “Mid”, and “Late”,
as previously described [13,16,35]. Adult phases were defined by first observations of
each corresponding physiological state of SLF in the field, such as adult emergence (Early),
mating (Mid), and oviposition (Late). Start dates respectively for 2018 and 2021 adult phases
were: 1 August and 22 July for “Early”, 14 and 13 September for “Mid”, and 1 October and
20 September for “Late”.

2.2. Whole Body Extract

In the field, SLF adults were removed from trees, quickly sexed and placed into an
oven bag (Turkey size, Reynolds Consumer Products, Field Court, Lake Forest, IL, USA)
which was resting on top of dry ice in a 900-mL plastic cup. This technique separated
males and females, instantly killed the insects, and preserved their body volatiles. Prior
to use, oven bags were baked at 150 ◦C for 1–2 h to remove volatile contaminants such as
caprolactam [36]. Thus, SLF were flash-frozen in the field and shipped on dry ice to the
FPML to make whole body extracts (WBE).

Upon the arrival of frozen SLF at the FPML, they were removed from the dry ice and
oven bags and cohorts of each sex were placed into a 500 mL glass beaker and covered with
hexane (99.9% purity, Fisher Scientific, Fair Lawn, NJ, USA). The beaker was covered with
foil and held at room temperature for 15 min. The resulting WBE was then decanted through
glass wool, to exclude solids, into 20 mL scintillation vials. The WBE was subsequently
concentrated by passing a gentle stream of nitrogen over the sample until the volume had
decreased to the desired number of male or female equivalents (ME or FE) per microliter of
sample. This was calculated by dividing the number of insects used to make the extract by
the volume of the total extract, and resulted in a concentration of 7.1 ± 0.2 male or female
SLF equivalent in 100 µL hexane. Extracts were kept in a freezer (−25 ◦C) for up to 3 days
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before use, and lures were prepared immediately before use in behavioral bioassays. Lures
consisted of an open 0.5 mL microcentrifuge tube (Globe Scientific Inc., Mahwah, NJ, USA)
containing 100 µL of WBE or hexane (control).

2.3. Behavioral Bioassays

A custom Teflon Y-plate olfactometer (28.6 cm long × 21.6 cm wide × 3.8 cm high,
with a 5.1 cm wide Y-shaped corridor) was used to measure the walking orientation of
male and female SLF in response to volatiles from the WBE or the control, identical to
previously described procedures and conditions [12,13,16]. The upwind arms of the Y-plate
were connected to two ground glass joint adapters to arms of two 50-mL glass Erlenmeyer
flasks: one contained a WBE lure and the other contained a control lure. Air was pumped
(Air Cadet, Thermo Scientific, Barrington, IL, USA) into a 2-Channel Air Delivery System
(Analytical Research Systems, Gainesville, FL, USA), drawn through activated charcoal,
and humidified by bubbling it through water before it entered the glass flasks containing
the lures at the two upwind arms of the Y-plate. Air flowed through the y-plate at 24 cm/s.

SLF were transferred to individual release cages in the bioassay chamber approxi-
mately 30–60 min before starting the behavioral bioassays to allow acclimatization. The
first 5 SLF tested were released into the Y-plate without any lures present in order to verify
that the Y-plate had no directional bias. If a plate showed a directional bias without any
lures, it was replaced with a clean plate and tested again. Once it was confirmed that
there was no directional bias in the system, the control and WBE lures were placed into the
upwind flasks and individual SLF adults of alternating sex were released into the Y-plate
and allowed 3 min to respond, ensuring that both sexes received the exact same olfactory
stimuli. A choice was recorded when an SLF walked more than halfway up one of the
upwind arms in the allotted time. Up to 20 SLF (10 males and 10 females, alternating)
were tested in each round, then a clean Y-plate was used to start a new round. Each insect
was used only once. Two rounds were conducted per day with at least 2 h in between
rounds. Each round used a newly cleaned Y-plate setup and a freshly made lure and took
approximately 60 min to complete. The side of the assay housing the WBE and control
were alternated between rounds to control for any potential unknown visual bias. The
Y-plate behavioral bioassay data were analyzed by a chi-square goodness-of-fit test, with
significance at α = 0.05 when the test statistic G was greater than 3.841 [37].

3. Results
Sex-Specific Responses to Whole Body Extracts

Early and Mid males were the only SLF adults that made statistically significant
choices in the dual-choice bioassays. No females were attracted to any WBE from either
sex at any stage (Figure 1). WBE from both sexes attracted Early males, whereas only Mid
female WBE attracted Mid males (Figure 1).

Response rates, the percentage of SLF that were activated to walk upwind and make a
choice, varied depending on the stimulus and responder. For instance, 83%, 67%, and 70%
of males responded to female WBE, and 63%, 60%, and 56% of males responded to male
WBE during Early, Mid, and Late phases, respectively. Female response rates were 68%,
50%, and 63% to female WBE, and 71%, 60%, and 54% to male WBE, during Early, Mid,
and Late phases, respectively.
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Figure 1. Frequency and direction of choices of individual adult male (M) and female (F) spotted 
lanternflies (SLF), Lycorma delicatula, from different adult physiological states, in response to vola-
tiles from whole body extracts collected from male or female SLF (7.1 insect equivalents), tested 
against the solvent control in a dual-choice walking olfactometer. Asterisks indicate a significant 
difference between sides (Chi Square test). A test statistic (G) below 3.841 was not significant (n.s.), 
and the level of significance (α) is shown. 
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cifics to aggregate and females to mate. 

Evidence of a possible aggregation of pheromones was recently reported from the 
honeydew secretions of SLF [16]. In that study, which combined responses over physio-
logical states, males were found to be significantly attracted to volatiles from male-pro-
duced honeydew, and both males and females showed a trend towards attraction to hon-
eydew volatiles from females. Same-sex attraction of free-living SLF was observed in the 
field using caged aggregations of all males or females as lures [35]. During mating time, 
marked-released male SLF oriented significantly to the combination of caged females on 
higher SLF population density trees, but not to caged males on higher density trees [35]. 
Olfactory signals mediating mating occur in several hemipteran species. Female-pro-
duced sex pheromones have been described in several species of Psyllidae such as 
Cacopsylla bidens [23], C. pyricola [26,38,39], Diaphorina citri [24], Bactericera cockerelli [40], 
scale insects [41,42], several mealybugs species [43], and aphids [44,45]. In addition, male 
stink bugs produce sex pheromones, and females emit vibrational signals to attract males 
[46–49]. 

To our knowledge, no other members of Fulgoridae have been investigated to deter-
mine how they locate mates. Additionally, mating behavior in SLF has not been ade-
quately described, especially concerning what cues are involved in bringing the sexes to-
gether, or even where or what time most mating takes place. In the field, mating pairs 
appear approximately six weeks after the first emergence of adults [12,13,35]. Baker, et al. 
[50] reported that a male and female were sedentary, positioned side-by-side on an Ailan-
thus trunk for two hours, and then the male suddenly vibrated his wings and immediately 
copulated with the female. The use of vibrational communication between the sexes has 
been established in other families of Fulgoromorpha, such as Cixiidae, Delphacidae, Flat-
idae, and Issidae [3,4,6,9,10], and likely plays a role in SLF communication [34], but we 
should not ignore the potential of chemical signals being involved in the mating process. 

Figure 1. Frequency and direction of choices of individual adult male (M) and female (F) spotted
lanternflies (SLF), Lycorma delicatula, from different adult physiological states, in response to volatiles
from whole body extracts collected from male or female SLF (7.1 insect equivalents), tested against
the solvent control in a dual-choice walking olfactometer. Asterisks indicate a significant difference
between sides (Chi Square test). A test statistic (G) below 3.841 was not significant (n.s.), and the level
of significance (α) is shown.

4. Discussion and Conclusions

We report behavioral evidence of insect-derived volatiles attracting males to the same-
and opposite-sex conspecifics in olfactometer assays in the family Fulgoridae. These find-
ings suggest the presence of pheromones that play a role in male SLF finding conspecifics
to aggregate and females to mate.

Evidence of a possible aggregation of pheromones was recently reported from the hon-
eydew secretions of SLF [16]. In that study, which combined responses over physiological
states, males were found to be significantly attracted to volatiles from male-produced honey-
dew, and both males and females showed a trend towards attraction to honeydew volatiles
from females. Same-sex attraction of free-living SLF was observed in the field using caged
aggregations of all males or females as lures [35]. During mating time, marked-released
male SLF oriented significantly to the combination of caged females on higher SLF popula-
tion density trees, but not to caged males on higher density trees [35]. Olfactory signals
mediating mating occur in several hemipteran species. Female-produced sex pheromones
have been described in several species of Psyllidae such as Cacopsylla bidens [23], C. pyri-
cola [26,38,39], Diaphorina citri [24], Bactericera cockerelli [40], scale insects [41,42], several
mealybugs species [43], and aphids [44,45]. In addition, male stink bugs produce sex
pheromones, and females emit vibrational signals to attract males [46–49].

To our knowledge, no other members of Fulgoridae have been investigated to deter-
mine how they locate mates. Additionally, mating behavior in SLF has not been adequately
described, especially concerning what cues are involved in bringing the sexes together,
or even where or what time most mating takes place. In the field, mating pairs appear
approximately six weeks after the first emergence of adults [12,13,35]. Baker, et al. [50]
reported that a male and female were sedentary, positioned side-by-side on an Ailanthus
trunk for two hours, and then the male suddenly vibrated his wings and immediately cop-
ulated with the female. The use of vibrational communication between the sexes has been
established in other families of Fulgoromorpha, such as Cixiidae, Delphacidae, Flatidae,
and Issidae [3,4,6,9,10], and likely plays a role in SLF communication [34], but we should
not ignore the potential of chemical signals being involved in the mating process.

Based on previous studies, we hypothesize that both SLF males and females locate
their host plants using a combination of visual cues [51] and host plant volatiles [12,13].
However, more precise conspecific interactions between SLF adults must occur for them to
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locate one another for mating. This could occur before or after landing on the host plant.
A sex pheromone can be a single compound or a blend of compounds released by one
sex which is attractive to the other sex [52]. Similarly, an aggregation pheromone can be
released by one or both sexes and typically attracts the same sex as the emitter [53]. Once
on the same substrate, substrate vibrations may also be involved [34]. In this study, prior to
mating, only males were attracted to the volatiles from both conspecific sexes, suggesting
the presence of an aggregation pheromone. Then during the mating phase, males were
able to distinguish female body volatiles from those of males, suggesting the presence of a
sex pheromone. In the oviposition phase, Late males were no longer attracted to the body
volatiles from either sex. Females during the entire process were not attracted to the body
volatiles from either sex. The fact that Mid males were only attracted to female volatiles
during mating time and this attraction was lost after mating could be explained by changes
in the physiological state of one or both sexes. Mate-seeking males that are responsive
to volatiles produced by sexually receptive females may no longer respond after mating.
Likewise, females may no longer emit the sexual attractant once mated. Although these
behaviors could potentially be explained by the presence of two different pheromones
for aggregation and sex, a single aggregation-sex pheromone [53] could potentially be
responsible if both sexes emit it prior to mating, and then sexually receptive males stop
emitting it while sexually receptive females continue to emit it until after mating. We do
not know if the compounds responsible for the behaviors we observed were derived from
glands, cuticular hydrocarbons, honeydew, or some combination thereof, but this is a topic
for future investigation.

The identification of pheromones and their development into effective lures would
greatly facilitate the early detection and management of SLF. A qualitative analysis of the
chemical components of the WBE was beyond the scope of this study due to large amounts
of heavy, waxy, cuticular components that resulted in cloudy samples and precluded their
injection into a mass spectrometer [54–56]. The development of different volatile collection
techniques to facilitate the use of gas chromatography coupled with electroantennography
(GC-EAD) and gas chromatography-mass spectrometry (GC-MS), may help to identify
specific compounds composing an SLF aggregation and/or sex pheromone. Such work is
currently underway.
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