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Abstract

A number of recent studies have demonstrated the potential for using blends of pheromones of cerambycid beetles 
to attract several species simultaneously. Here, we tested the effects of adding the pheromones of two invasive 
species, Trichoferus campestris (Faldermann) and Aromia bungii (Faldermann), on the attraction of native species 
to a generic blend of synthesized pheromones, in season-long field trials at 12 sites in Pennsylvania. Of the four 
species attracted in significant numbers, Megacyllene caryae (Gahan), Phymatodes amoenus (Say), and P. testaceus 
(L.) (all subfamily Cerambycinae) were not significantly affected by the addition of the T. campestris pheromone 
trichoferone and the A. bungii pheromone (E)-2-cis-6,7-epoxynonenal to the generic blend. In contrast, trap catches 
of Sternidius alpha (Say) (subfamily Lamiinae) were completely shut down by addition of the pheromones of the 
two exotic species. In addition, there was no indication that any native species were attracted to trichoferone or 
(E)-2-cis-6,7-epoxynonenal, suggesting that these pheromones are probably not used by species native to eastern 
North America.
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Cerambycid beetles have several characteristics which make them 
excellent candidates for invasive species, including their long life 
cycles, and the fact that their larvae may develop within solid wood 
(Eyre and Haack 2017). Consequently, they are readily transported 
to new areas of the world by international commerce, both in fin-
ished wooden products and in pallets, dunnage, or other wooden 
packing materials. Surveillance efforts to detect cerambycid infest-
ations in incoming shipments rely largely on visual inspections, 
looking for either exit holes or emerged adult beetles (Eyre and 
Haack 2017). However, over the past 15 yr, pheromones or related 
attractants have been identified for several hundred cerambycid spe-
cies (reviewed in Hanks and Millar 2016, Millar and Hanks 2017), 
providing the opportunity to begin incorporating attractant-based 
methods into surveillance programs for invasive species (e.g., Fan 
et al. 2019; Flaherty et al. 2019; Hoch et al. 2020; Marchioro et al. 
2020; Miller et al. 2020; Rassati et al. 2019, 2021; Rice et al. 2020).

Several characteristics should be considered when designing sur-
veillance programs based on attractant-baited traps. For example, if 
the attractants are species-specific, so that any cerambycids caught 

can be fairly reliably assumed to be the target invasive species, this 
would obviate the need for trap checkers needing a high level of 
taxonomic expertise to sort through the catch. Conversely, if the at-
tractants are shared among a number of species, as frequently hap-
pens within the Cerambycidae, they can potentially attract multiple 
species. Whereas this expands the number of species that can be at-
tracted by one lure, increasing surveillance efficiency, it does so at 
the cost of significantly increased sorting and identification effort. 
A  further issue arises when several attractants are combined into 
one lure, with the specific intention of attracting multiple species 
simultaneously. Under these circumstances, it becomes crucial to de-
termine a priori whether any of the lure components interfere with 
each other, potentially inhibiting the attraction of one or more of the 
target species.

Here, we present the results of field tests in which we conducted 
proof-of-concept trials with the pheromones of two known invasive 
cerambycids, admixed with the pheromones of several native North 
American species. The first invasive species was Trichoferus campes-
tris (Faldermann) (Cerambycinae: Hesperophanini), which recently 
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invaded North America, and is rapidly expanding its range (Haack 
2017). The pheromone of this species is (2R,4R/S)-2-hydroxy-
4-methyl-1-phenylhexan-3-one (trichoferone; Ray et  al. 2019). 
The second species, Aromia bungii (Faldermann) (Cerambycinae: 
Callichromatini), is highly polyphagous and recently has invaded 
Japan (Anonymous 2013), Germany, and Italy (Wang 2017), and it 
has been intercepted in shipments entering North America, the United 
Kingdom, and Australia (CABI 2019, EPPO 2021). The major com-
ponent of its pheromone is (2E,6R,7S)-6,7-epoxynonenal (Xu et al. 
2017, Yasui et al. 2019, Zou et al. 2019). Thus, our objective was 
to determine whether the pheromones of these two exotic species 
either attracted any species native to North America, or inhibited at-
traction of native species to their own synthesized pheromones in a 
generic blend. The blend included the following compounds that are 
pheromones of cerambycid species native to eastern North America 
(Hanks et al. 2018, 2019, Millar et al. 2018):

 1) citral, highly attractive pheromone component of the ceramby-
cine Megacyllene caryae (Gahan) (Coleoptera: Cerambycidae);

 2) 2-methylbutan-1-ol, the (R)-enantiomer of which is the sole, or 
a critical pheromone component for species in the cerambycine 
genus Phymatodes (Leconte) (Coleoptera: Cerambycidae);

 3) (E)-6,10-dimethyl-5,9-undecadien-2-ol (henceforth fuscumol), 
enantiomers of which are pheromone components of lamiine 
species in several genera;

 4) 2-(undecyloxy)ethanol (henceforth monochamol), the sole phero-
mone component of lamiine species in the genus Monochamus 
(Serv.) (Coleoptera: Cerambycidae).

Materials and Methods

Sources of Chemicals
Compounds used in field bioassays included racemic citral (Sigma–
Aldrich, St. Louis, MO), 2-methylbutan-1-ol (Aldrich Chemical, 
Milwaukee, WI), fuscumol (Bedoukian Research, Danbury, CT), 
and monochamol (Bedoukian Research). Trichoferone was synthe-
sized as described in Ray et  al. (2019) and racemic (E)-2-cis-6,7-
epoxynonenal was synthesized as described in Xu et al. (2017).

Field Bioassays
Field bioassays were conducted in conjunction with the annual pest 
monitoring survey conducted by the Entomology Program of the 
Pennsylvania Department of Agriculture (www.agriculture.pa.gov/
Plants_Land_Water/PlantIndustry/Entomology), which in addition 
to the experimental traps, included traps at each site that were baited 
with pheromones of bark beetles or plant volatiles, and also included 
a treatment that targeted cerambycids in the genus Monochamus 
(monochamol + α-pinene + ethanol). Trap catch data for these lures 
are not presented here.

Bioassays were conducted at one study site in each of 12 coun-
ties of Pennsylvania (Table 1), which were selected primarily because 
they were in the vicinity of businesses that imported palettes, dun-
nage, and other wooden materials from foreign sources, i.e., po-
tential sources of infested materials (Fan et al. 2019, Rassati et al. 
2021). Sites included factories, shipping companies, rail facilities, 
and military depots. Problems with people tampering with traps at 
the site in Allegheny County necessitated moving traps to a different 
site within the county ~20 km to the northwest (Table 1).

Attraction of beetles to pheromone blends was assessed using 
cross-vane panel traps (black corrugated plastic; AlphaScents, 
Portland, OR) with the panels coated with a fluoropolymer lubri-
cant (Fluon; Northern Products, Inc., Woonsocket, RI) to improve 

trapping efficiency (Graham et al. 2010, 2012). This trap design has 
been demonstrated to be effective for capturing cerambycid beetles 
(Graham et al. 2012, Alvarez et al. 2015, Allison and Redak 2017), 
and it has been used in numerous studies worldwide, although a re-
cent study has also shown that colors other than black may be more 
effective for some species (Cavaletto et al. 2021). The trap collec-
tion buckets that hung below the crossed panels were partially filled 
with 250 ml of propylene glycol as a killing agent and preservative. 
Traps were baited with lures consisting of 5 × 7.5 cm low-density 
polyethylene resealable bags (2 mil wall thickness; Fisher Scientific, 
Pittsburgh, PA) with a cotton dental wick as a reservoir. Treatments 
consisted of:

 1) 50  mg each of citral, monochamol, 2-methylbutan-1-ol, and 
fuscumol diluted to 1 ml with isopropanol. This treatment was 
formulated as a generic lure for the cerambycines M. caryae and 
Phymatodes spp., lamiine species from multiple genera in the 
tribes Acanthocinini and Acanthoderini that have fuscumol as a 
pheromone component, and lamiines in the genus Monochamus 
(reviewed in Hanks and Millar 2016).

 2) 50 mg each of citral, monochamol, 2-methylbutan-1-ol, and fus-
cumol, augmented with 50 mg each of trichoferone and (E)-2-
cis-6,7-epoxynonenal, diluted to 1 ml with isopropanol.

 3) 1 ml of neat isopropanol as a control.

Traps were deployed in random order at the 12 sites on 16–20 April 
2018, suspended at least 1 m above the ground from tree branches 
for convenience of servicing, and at least 25 m apart within sites. 
The species of trees used to hang traps were consistent within sites 
and included species of maple (Acer), oak (Quercus), birch (Betula), 
beech (Fagus), Prunus, and pine (Pinus). One replicate of each of the 
three treatments was deployed at each site. Traps usually were ser-
viced at intervals of ~2 wk, but in some cases as long as ~1 mo due to 
logistical problems. Lures were replaced on each date that traps were 
serviced and traps were taken down in October 2018.

Captured beetles were identified using keys in Lingafelter (2007) 
and Yanega (1996), and taxonomy follows Monné and Hovore 
(2005). Representative voucher specimens have been archived in the 
in-house collection of the Pennsylvania Department of Agriculture 
(PADA).

Statistical Analyses
Treatment effects were tested separately for species that were 
represented by at least ten specimens using statistical methods 

Table 1. Sites of field bioassays in 12 Pennsylvania counties during 
2018

County Primary habitat GPS coordinates (lat., long.)

Allegheny 1 Urban forest 40.400, −79.7732
Allegheny 2 Industrial 40.5672, −79.8569
Berks Contiguous forest 40.2289, −75.991
Cumberland Industrial/residential 40.2257, −76.9624
Erie Agricultural woodland 41.9411, −79.6570
Greene Urban forest 39.9202, −80.0737
Huntingdon Urban forest 40.1777, −77.8645
Lackawanna Industrial/residential 41.4400, −75.5982
LeHigh Industrial 40.5189, −75.5775
Lycoming Industrial 41.2285, −77.0799
Monroe Contiguous forest 41.2131, −75.4401
Warren Agricultural woodland 41.9638, −79.1242
York Industrial/residential 40.1648, −76.8429
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described previously (e.g., Millar et  al. 2018). Briefly, replicates 
were defined by the number of study sites and collection dates 
(i.e., replication over space and time). Differences between treat-
ment means, blocked by site and collection date, were tested with 
the nonparametric Friedman’s Test (PROC FREQ, option CMH; 
SAS Institute 2011) because data violated assumptions of ANOVA 
(Sokal and Rohlf 1995). Replicates with no beetles of the focal 
species in any trap within a set of traps were dropped from ana-
lyses so that results were not skewed by periods when beetles 
were inactive or not present. For analyses meeting the overall 
level of significance, pairs of treatment means were compared 
using the Ryan-Einot-Gabriel-Welsch Q multiple comparison test 
(REGWQ; SAS Institute 2011).

Results and Discussion

A total of 5,195 cerambycid beetles of 47 species were captured 
during the field bioassay, representing 21 tribes of five subfamilies 
(Supp Material [online only]). Of these, four species showed stat-
istically significant treatment effects (Table 2). Trap catches of the 
three cerambycines M.  caryae, Phymatodes amoenus (Say), and 
P.  testaceus (L.) (a nonnative but well-established Old World spe-
cies) were not significantly affected by the addition of trichoferone 
and (E)-2-cis-6,7-epoxynonenal to a generic blend containing their 
pheromones. In contrast, attraction of the lamiine Sternidius alpha 
(Say) (Coleoptera: Cerambycidae) was completely shut down when 
these two compounds were added to the generic blend (Table 2), des-
pite the fact that their chemistries are quite different from fuscumol. 
Further studies will be required to ascertain which of the two com-
pounds (or possibly both) are responsible for the inhibitory effects 
on S. alpha.

Neither of the two exotic species were captured in any of the 
traps, nor were they caught in traps baited with the survey lures, 
suggesting that these two species were probably not present at any 
of the survey sites distributed across 12 counties at the time the tri-
als were run. However, this result must be treated with caution, be-
cause it is possible that responses of the exotic species might have 
been inhibited by one or more of the other components present in 
the lures. Furthermore, there was no indication that any native spe-
cies was attracted to either of the two compounds, because for all 
species caught in significant numbers, there were no differences be-
tween the numbers caught with the blend formulated for native cer-
ambycids versus the numbers caught in traps baited with that blend 
augmented with the pheromones of the two exotic species. For the 
A. bungii pheromone, this was not unexpected because to date, in 
all areas of the world where it has been tested, only the target spe-
cies has been attracted (Xu et al. 2017, Yasui et al. 2019, Zou et al. 
2019), the structure of the pheromone is markedly different than any 
other known cerambycid pheromones (Hanks and Millar 2016), and 
there are no congeneric species in the Americas, nor are there any 
members of the tribe Callichromatini native to northeastern North 
America (Monné and Hovore 2005). In field trials of trichoferone 
in North America, where there are no native Trichoferus species, 
T. campestris has been the only species attracted to this compound 
(Ray et al. 2019). However, preliminary data suggest that trichofer-
one might be involved in the pheromone chemistry of one or more of 
the European congeners of T. campestris (Millar and Hanks 2018).

The fact that no native species were attracted to the lures containing 
trichoferone and the A. bungii pheromone should also be considered in 
light of the pheromone-free space hypothesis (Hanks and Millar 2016, 
2018; Rassati et al. 2021), which postulates that invasive species are 
more likely to establish in areas where they face no competition for 

Table 2. Mean (±SE) number of cerambycid beetles captured per replicate during field bioassays testing the effects of adding the phero-
mones of two invasive species (compounds of heterospecifics, COHs) to a generic pheromone blend formulated to attract several common 
native cerambycid species

Taxonomy Total number Blenda Blend + COHsb Control Friedman’s Q (df) P

Cerambycinae
 Anaglyptini
  Cyrtophorus verrucosus (Olivier) 90 0.25 ± 0.2 2.8 ± 2.1 0.25 ± 0.2 1.5 (2,12) 0.48
 Callidiini
  Phymatodes amoenus (Say) 893 23.6 ± 6.2a 15. 2 ± 4.0a 0b 40.3 (2,69) <0.0001
  Phymatodes testaceusc (L.) 134 3.5 ± 1.0a 3.2 ± 1.0a 0.05 ± 0.05b 23.7 (2,60) <0.0001
  Phymatodes varius (F.) 16 8.0 ± 7.0 0 0 4.8 (2,6) 0.09
 Clytini
  Clytoleptus albofasciatus (Laporte & Gory) 13 0.25 ± 0.2 2.8 ± 2.1 0.25 ± 0.2 1.5 (2,12) 0.47
  Megacyllene caryae (Gahan) 3,868 60.1 ± 16.3a 44.5 ± 11.7a 0b 57.9 (2,111) <0.0001
  Xylotrechus colonus (F.) 16 0.9 ± 0.3 0.2 ± 0.1 0.5 ± 0.2 4.2 (2,30) 0.12
 Elaphidiini
  Elaphidion mucronatum (Say) 16 0.78 ± 0.4 1.0 ± 0.3 0 8.2 (2,27) 0.017
Lamiinae
 Acanthocinini
  Sternidius alpha 13 2.0 ± 0.8a 0b 0.17 ± 0.17b 10.2 (2,18) 0.0062
 Monochamini
  Monochamus s. scutellatus (Say) 12 1.3 ± 0.6 0.67 ± 0.5 0 7.8 (2,18) 0.023
Spondylidinae
 Asemini
  Asemum striatum (L.) 22 1.0 ± 0.4 1.5 ± 0.8 1.2 ± 0.8 0.42 (2,18) 0.8

Bioassays were conducted in 12 counties in Pennsylvania. Data analyzed by Friedman’s Q analyses are shown for native species represented by at least 10 spe-
cimens. Means within species with different letters are significantly different (REGWQ test, P < 0.05).

aBlend: racemic citral + 2-methylbutan-1-ol + fuscumol + monochamol.
bCOHs: trichoferone + (E)-2-cis-6,7-epoxynonenal.
cPhymatodes testaceus is a nonnative but well-established invasive species from the Old World.
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their pheromone channel, i.e., areas in which no native species also 
use the same pheromone. This lack of competition may have contrib-
uted to the successful establishment of T. campestris in North America, 
and suggests that there are likely to be no semiochemical barriers that 
would hinder the invasion of North America by A. bungii.

Overall, the data suggest that it may be possible to incorporate 
either trichoferone or (E)-2-cis-6,7-epoxynonenal or both into the 
generic lure blends that are increasingly being used to target spe-
cies in the subfamilies Cerambycinae and Lamiinae in surveillance 
programs (e.g., Hanks and Millar 2013; Hanks et al. 2018, 2019; 
Fan et  al. 2019; Flaherty et  al. 2019; Rassati et  al. 2019, 2021), 
without interfering with attraction of most native species to their 
pheromones. This should allow these two compounds to be incorp-
orated into ongoing forest health surveillance programs, such as the 
one conducted annually in Pennsylvania by the state Department of 
Agriculture, without having to deploy additional traps specifically 
targeting the two exotic species.

Supplementary Data

Supplementary data are available at Environmental 
Entomology online.
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