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Abstract
We describe the identification and field testing of 3-methylthiopropan-1-ol (methionol) as a male-produced aggregation-sex 
pheromone for the cerambycid beetle Knulliana cincta cincta (Drury) (subfamily Cerambycinae, tribe Bothriospilini). The 
corresponding sulfoxide, 3-methylsulfinylpropan-1-ol, was also produced sex-specifically by males, but its function remains 
unclear because the measured release rates of this compound from five different types of release devices were very low to 
undetectable. Unexpectedly, adults of the cerambycine Elaphidion mucronatum (Say) (Elaphidiini), primarily females, also 
were attracted by methionol, despite males of this species producing an aggregation-sex pheromone of entirely different 
structure, (2E,6Z,9Z)-2,6,9-pentadecatrienal.

Keywords Longhorned beetle · Attractant pheromone · Antagonism · Interspecific cross-attraction

Introduction

The long-lived wood-boring larvae of cerambycid beetles 
are often transported to new regions by international com-
merce, concealed in wooden packing materials and finished 
wood products, and thus some species have considerable 
potential to become exotic and invasive species (Eyre and 
Haack 2017). Species that have recently invaded and estab-
lished in North America and Europe include Asian long-
horned beetle Anoplophora glabripennis (Motschulsky) 
(Haack et al. 2010), Trichoferus campestris (Faldermann) 

(Bullas-Appleton et al. 2014), and Callidiellum rufipenne 
(Motschulsky) (Zou et al. 2016).

The Animal and Plant Health Inspection Service (APHIS) 
of the United States Department of Agriculture considers 
several more Asian cerambycid species as likely to invade 
North America and become important pests due to the avail-
ability of susceptible tree species (USDA-APHIS 2017). 
Consequently, this agency is supporting proactive research 
to identify pheromonal attractants of likely invasive spe-
cies for use in quarantine operations and eradication efforts. 
Pheromones have been identified for hundreds of ceramby-
cid species to date, but this represents only a small fraction 
of the ~35,000 described species worldwide (Švácha and 
Lawrence 2014).

For species in the large subfamily Cerambycinae, males 
produce aggregation-sex pheromones that attract both sexes 
(Hanks and Millar 2016). Some pheromone structures are 
broadly shared among species, even among species in differ-
ent subfamilies, and species native to different continents (e.g., 
North and South America, Eurasia, and Australia). Common 
pheromone components include 3-hydroxyalkan-2-ones and 
related 2,3-alkanediols (Hanks and Millar 2016). However, an 
increasing body of research has revealed that some ceramby-
cine species use pheromones of quite different structures, such 
as (Z)-3-decenyl (E)-2-hexenoate and (2E,6Z,9Z)-2,6,9-penta-
decatrienal from the North American species Rosalia funebris 
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Motschulsky and Elaphidion mucronatum (Say), respectively 
(Ray et al. 2009; Millar et al. 2017), 10-methyldodecanal and 
(Z)-7-hexadecene from the South American species Eburo-
dacrys vittata (Blanchard) and Susuacanga octoguttata (Ger-
mar), respectively (Silva et al. 2016, 2018), and semanopyrrole 
from species native to both North and South America (Diesel 
et al. 2017; Silva et al. 2017). The broad variation in pheromone 
structures suggests that the “chemical space” occupied by phero-
mones of cerambycine species may be large. Thus, the goal of 
the present study was to further elucidate this chemical space by 
identifying the pheromone of the North American cerambycine 
species Knulliana cincta cincta (Drury) (tribe Bothriospilini). 
This species, commonly known as the banded hickory borer, is 
the only species in its genus. It is broadly distributed through-
out the eastern USA to Texas, with the larvae developing in 
dead and dry branches of hardwoods of several families (Lins-
ley 1962, MacRae and Rice 2007). The adults are active from 
March through September throughout its range (Lingafelter 
2007), but populations peak from early April through mid-June 
in the American Midwest (Hanks et al. 2014).

Adults of K. c. cincta can be attracted with fermenting baits 
(Lingafelter and Horner 1993), ethanol alone (Millar et al. 2018), 
or ethanol combined with racemic 3-hydroxyhexan-2-one (Miller 
et al. 2015). The adults also can be captured with light traps (Lin-
gafelter and Horner 1993). Preliminary research on the phero-
mone of this species revealed that the antennae of adults were 
sensitive to racemic 3-hydroxyhexan-2-one (Supplementary 
Fig. S1A), further suggesting that one or both enantiomers of this 
compound might be components of its pheromone. In addition, 
adults of K. c. cincta were attracted by a seven-component blend 
of known cerambycid pheromones during an earlier screening 
trial, suggesting that one of the components might be a phero-
mone component for this species (Rice et al. 2020).

Here, we identify that attractive component as 3-methyl-
thiopropan-1-ol (henceforth, methionol) and confirm it is a 
male-produced aggregation-sex pheromone component for K. 
c. cincta. Males also sex-specifically produced the correspond-
ing sulfoxide, 3-methylsulfinylpropan-1-ol. During field trials 
with methionol, adults of the cerambycine species E. mucro-
natum (Say) (tribe Elaphidiini) also were attracted in signifi-
cant numbers, although the male-produced aggregation-sex 
pheromone of this species was previously identified as a com-
pound with an entirely different structure, (2E,6Z,9Z)-2,6,9-
pentadecatrienal (Millar et al. 2017).

Methods and Materials

Collection and Analysis of Beetle‑Produced 
Compounds

Adults of K. c. cincta that were used for the collection of 
beetle-produced odors were obtained as bycatch in traps 

baited with synthesized pheromones of other cerambycid 
species in east-central Illinois during 2008–2017 (e.g., 
Hanks et al. 2014). In the laboratory, the beetles were 
caged separately by sex under ambient environmental con-
ditions (~14:10 h L:D, ~20 °C) and provided 10% aque-
ous sucrose solution as a source of water and nutrition. 
Beetle-produced volatiles were collected from 21 indi-
vidual males and three females by holding beetles in glass 
Mason-style canning jars placed adjacent to closed exte-
rior windows (natural photoperiod, ~14:10 h L:D, ~20 °C). 
Charcoal-purified air was passed through the jars at a rate 
of ~1 l/min for 24–48 h. Each jar outlet was fitted with a 
glass tube cartridge containing a layer of the adsorbent 
polymer HayeSep® Q (150 mg; Sigma-Aldrich, St. Louis, 
MO, USA) confined between plugs of glass wool, to col-
lect beetle-produced odors. Aerations of empty jars were 
run simultaneously as controls for system contaminants. 
Trapped chemicals were recovered by extracting the adsor-
bent cartridges with 1.5 ml of dichloromethane containing 
an internal standard, eicosane (38 μg).

Extracts of headspace collections were analyzed in 
splitless mode with helium carrier gas on an Agilent 
7890B gas chromatograph (GC; Agilent Technologies, 
Santa Clara, CA, USA), coupled to an Agilent 5977A 
mass selective detector, with electron impact ioniza-
tion at 70 eV. The GC was fitted with an HP-5 column 
(30 m × 0.25 mm ID, Agilent Technologies), and the oven 
temperature was programmed from 30 °C for 1 min, then 
at 10 °C/min to 250 °C and held for 5 min. Compounds 
were tentatively identified by matches with database spec-
tra where available (NIST database), or by spectral inter-
pretation. Identifications subsequently were confirmed by 
matching retention times and mass spectra with those of 
authentic standards.

Sources of Chemicals

Methionol was purchased from Oakwood Products, Inc. 
(Estill, SC, USA), and racemic 3-hydroxyhexan-2-one 
(henceforth, 3-ketol) from Bedoukian Research, Inc. (Dan-
bury, CT, USA). 3-Methylsulfinylpropan-1-ol was synthe-
sized as follows: meta-chloroperbenzoic acid (MCPBA, 
~75% pure, 15.6 g, ~69 mmol) was added in portions over 
1 h to an ice-bath cooled solution of methionol (5.8 g, 
55 mmol) in 250 ml dichloromethane. The solution was 
warmed to room temperature and stirred overnight. An 
additional 200 ml of methylene chloride was added to dis-
solve the precipitate which had formed, followed by the 
addition of 50 g of powdered  Na2CO3 and stirring for 4 h. 
The resulting thick slurry was filtered with suction, rins-
ing with methylene chloride, and the filtrate was stirred 
overnight with another 50 g of  Na2CO3. The mixture was 
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again filtered with suction, and after checking that the fil-
trate was negative for peroxides with an acetic acid/KI test, 
the filtrate was concentrated to a pale brown viscous oil. 
The oil was Kugelrohr distilled (bp ~120 °C, 0.3 mm Hg), 
yielding the sulfoxide as a viscous colorless oil (5.06 g, 
74%). 1H NMR (500 MHz,  CDCl3): δ 3.76 (br dt, 2H), 
2.95–2.81 (m, 2H), 2.62 (s, 3H), 2.14–2.02 (m, 2H). 13C 
NMR (125 MHz,  CDCl3): δ 60.7, 51.5, 37.9, 26.2 ppm. 
EIMS (70 eV): m/z 124 (1), 123 (1), 122 (13), 104 (17), 
78 (37), 76 (18), 64 (100), 63 (23), 61 (14), 59 (25), 57 
(16), 47 (19).

Release Rate of 3‑Methylsulfinylpropan‑1‑ol

Five different release devices were tested with 3-methyl-
sulfinylpropan-1-ol (henceforth sulfoxide). Volatiles were 
collected from release devices held inside cylindrical glass 
chambers (~10 cm diameter × 20 cm length, volume ~ 1.5 l) 
modified at the inlet end to accommodate a charcoal filter 
to clean incoming air, and with the other end fitted with a 
1.3 cm i.d. glass collection tube containing a 1 cm plug of 
~100 mesh activated charcoal held in place by glass wool 
pads. Each collector was used for 24 h at a flow rate of 1 l/
min, then eluted with 2 ml dichloromethane (DCM) con-
taining 100 μg/ml of tetradecane as an internal standard. 
Collectors were changed daily and aerations were carried 
out over multiple days.

The first release devices tested were low-density polyethyl-
ene resealable sachets (5.1 × 7.6 cm, 0.05 mm wall thickness; 
Fisher Scientific, Pittsburgh, PA, USA) that had proven effec-
tive in releasing synthesized pheromones of a wide variety of 
structural motifs, with release rates varying from 0.018 mg/d 
for monochamol to 2.1 mg/d for racemic 3-ketol (e.g., Mil-
lar et al. 2018). Even at that slow release rate, monochamol 
attracted significant numbers of cerambycids in the lamiine 
genus Monochamus (e.g., Fierke et al. 2012).

The sulfoxide was formulated at 25 mg/ml in isopropanol. 
Sachets were loaded with 1 ml of the solution and were used 
the next day. The sachets were placed in the glass chambers, 
with the bags hanging from wire holders in the center of 
the chamber. After initial results from the sachet dispensers 
showed very low release rates of this compound, 25 mg/ml 
of undecanol was added to the isopropanol solution of sul-
foxide as a control. Undecanol has a similar retention index 
to the sulfoxide on nonpolar DB-5 GC columns, and thus the 
presence of this compound in collected odors was used as 
a positive control to confirm that the collection system was 
functioning properly.

The second type of release device tested was a polyure-
thane foam test tube plug (~26 mm diameter). Each foam 
plug was loaded with 1 ml of the sulfoxide solution and 
placed on the floor of the chamber. The third release device 
was an aluminum weighing boat (depth 17 mm, diameter 

51 mm; Fisher Scientific # 08–732). Each boat was loaded 
with 1 ml of solution, then was placed on the floor of the 
chamber. The weighing boats were modified to be slightly 
curved so that they fit the contours of the chamber floor. The 
fourth device tested was a 2 ml glass autosampler vial (JG 
Finneran Item # 32009–1232, Vineland, NJ, USA) loaded 
with 500 μl of neat sulfoxide. The vials were left uncapped 
and were placed in the aeration chamber, using a wire holder 
to keep the vial upright. The final release device tested was 
a 40 mm diameter, 1 mm thick cardboard disc cut from a 
beer coaster. Each disc was loaded with 1 ml of the sulfoxide 
solution and then placed into the aeration chamber on a wire 
hanger to keep the disc upright.

Study Sites

Field experiments were conducted in natural areas of Illinois 
and Iowa. Experiments 1 and 2 were conducted at study sites 
in Illinois with single transects of traps at study sites Robert 
Allerton Park (Piatt County; 39.9853, −88.6501), Brown-
field Woods (Champaign County; 40.1452, −88.1655), 
and the Vermilion River Observatory (Vermilion County; 
40.0655, −87.5613; all three property of the University of 
Illinois; http://research.illinois.edu/cna/), and Forest Glen 
Preserve (Vermilion County; 40.0152, −87.5677; property 
of the Vermilion County Conservation District; http://www.
vccd.org/). All four study sites in Illinois were mature sec-
ond-growth or successional forests dominated by hardwood 
trees, primarily species of oak (Quercus), hickory (Carya), 
and maple (Acer).

Traps were set up at the study area in Iowa, Nine Eagles 
State Park (Decatur County), in two transects for Experi-
ment 2-Iowa, that were 15–20 m apart (position of first trap: 
40.6022, −93.7578) and in three transects for Experiment 3 
that were 15–20 m apart (first trap: 40.60303, −93.75487). 
The Iowa site consisted primarily of second-growth and old-
growth hardwood forest dominated by species of oak and 
hickory.

General Methods of Trapping

Beetles were caught with cross-vane panel traps (black cor-
rugated plastic, Alpha Scents, Portland, OR, USA). Capture 
efficiency of traps was improved by coating the panels and 
interior surfaces of the bottom funnel with a 10% aqueous 
dilution of the fluoropolymer dispersion Fluon® (Northern 
Specialty Chemicals, Dudley, MA, USA; Graham et al. 
2010). For bioassays, trap basins were partially filled with 
saturated aqueous NaCl solution with a drop of dish deter-
gent (Illinois), or commercial automotive coolant (50:50 
propylene glycol:water; Iowa), to kill and preserve captured 
specimens. To sample headspace volatiles, beetles were cap-
tured alive by replacing the trap basins with 2-l plastic jars 

http://research.illinois.edu/cna/
http://www.vccd.org/
http://www.vccd.org/
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with the bottoms replaced with aluminum screen to allow 
rainwater to drain. Traps were hung (bottoms ~0.5 m above 
the ground) from inverted L-shaped frames of polyvinyl 
chloride pipe, and during bioassays were deployed at least 
10 m apart in linear transects. Treatments were assigned 
randomly to traps on the day of setup by arbitrarily select-
ing lures, and treatments were rotated down transects on 
days that traps were serviced (i.e., insects collected and lures 
replaced if necessary) to control for location effects.

Voucher specimens of adults of cerambycid species cap-
tured during the studies are available from the laboratory 
collections of LMH (Illinois sites) and MER (Iowa site).

Field Bioassays of Candidate Pheromone 
Components

Experiment 1 tested attraction of adults of K. c. cincta to the 
candidate pheromone components methionol and 3-ketol at 
field sites in Illinois. The experiment also was intended to cap-
ture live adult beetles for further collections of headspace vola-
tiles, and thus each treatment also included ethanol (a known 
attractant for this species; Millar et al. 2018) as a synergist. 
The treatments in this experiment were: 1) methionol + etha-
nol, 2) 3-ketol + ethanol, 3) solvent control (i.e., neat isopro-
panol) + ethanol. Traps were baited with polyethylene sachet 
lures (5.1 × 7.6 cm, 0.05 mm wall thickness; Bagettes® model 
14770, Cousin Corp., Largo, FL, USA). Lures were charged 
with 25 mg of methionol or 50 mg of racemic 3-ketol, in 1 ml 
of isopropanol. Ethanol lures were larger sachets of the same 
type (10 × 15 cm, 0.05 mm wall thickness; Bagette®, Cousin 
Corp., Largo, FL, USA) filled with 100 ml of 100% ethanol. 
One transect of traps was run at the Allerton Park site in 2017 
(7 June – 23 August), and one transect of traps was run at 
each of three sites in 2019: Allerton Park and Vermilion River 
Observatory (6 June – 6 September), and Forest Glen (18 July 
– 6 September; a total of 82 spatial and temporal replicates). 
Traps were serviced and insects collected every 2–3 d.

Experiment 2-Illinois tested the effects of a potential 
second pheromone component, which had been identified 
after Experiment 1 was started in 2017, namely the sulfox-
ide analog of methionol (see Results). Treatments were: 1) 
methionol, 2) sulfoxide, 3) methionol + sulfoxide (1:1), 4) 
solvent control (isopropanol). Traps were baited with the 
same polyethylene sachets, charged with 25 mg each of 
methionol and/or 3-methylsulfinylpropan-1-ol. One tran-
sect of traps was run at each of three sites in Illinois during 
2019: Allerton Park (11 June – 1 July 2019), Forest Glen 
Preserve (10–26 June), and Vermilion River Observatory (10 
June – 15 July; total of 24 replicates). The experiment was 
repeated at Illinois sites during 2020, with one transect of 
traps at Brownfield Woods and Vermilion River Observatory 
(both 22 May – 2 July; 23 replicates). Traps were serviced, 
and insects collected every 2–3 d.

In 2020, Experiment 2-Iowa tested the same treatments 
as Experiment 2-Illinois, at Nine Eagles State Park in Iowa 
because an earlier study had suggested that K. c. cincta was 
abundant in the area (Rice et al. 2020), improving statistical 
power. In each of two transects, four traps were set up ~10 m 
apart on 31 May and the experiment was run through 26 July 
2020 (10 replicates). Traps were serviced every 2 wk.

Experiment 3 tested the same four treatments as in Exper-
iment 2, with methionol dispensed from the polyethylene 
bags as described above, but the sulfoxide dispensed from 
the cardboard discs loaded with 25 mg of the compound dis-
solved in 1 ml isopropanol. The adsorbent cardboard discs 
were used based on the assumption that their very high 
surface area (at the microscopic level, due to their fibrous 
structure) would enhance the release rate of the sulfoxide. 
It was conducted during 2021 at Nine Eagles State Park in 
Iowa. In each of three transects, four traps were set up ~10 m 
apart on 31 May and run through 24 June (9 replicates). The 
methionol lures were replaced after 2 wk.

Statistical Analyses

For each experiment, differences among treatment means 
in numbers of adult beetles were tested separately for each 
species represented by at least 15 beetles using two-factor 
generalized linear models (Proc Glimmix, negative binomial 
distribution with log link, SAS Institute 2011). Replicates 
were defined by site and collection date and considered 
random (block) effects, and those that contained no speci-
mens in any treatment of the beetle species in question (e.g., 
due to inclement weather) were not included in analyses. If 
the overall analysis was significant (P < 0.05), means were 
compared using Tukey’s honestly significant difference test 
(HSD, SAS Institute 2011).

Results

Collection and Analysis of Beetle‑Produced 
Compounds

Extracts of headspace volatiles from adult males of K. c. 
cincta contained a single dominant compound, which was 
not present in three collections from females, nor in control 
aerations (Fig. 1). The compound was detected in 8 of the 21 
headspace collections from males and was readily identified 
as methionol from its electron impact (EI) mass spectrum 
(Fig. 2A), both from a good match with a database spec-
trum, and because this compound had been recently found 
in extracts from males of South American species of ceram-
bycids (Silva et al. 2017, 2021). In particular, the molecular 
ion at m/z 106 constituted the base peak, with a diagnostic 
(M + 2)+ ion at m/z 108 indicating the presence of a sulfur 
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atom. There was a small fragment at m/z 88  (M+-18, loss of 
water), and readily assignable fragments from simple cleav-
ages at m/z 75  (M+ −  CH2OH), 61 and 45 (cleavage between 
carbons 2 and 3), and 47  (CH3S+). The identification was 
confirmed by matches with an authentic standard.

The second component eluted considerably later than 
methionol and was present in detectable quantities in 4 
of the 8 headspace collections that contained methionol 
(methionol:second peak; 1:1.5 ± 0.2). The broadened shape 
of peak 2 suggested it was quite polar (Fig. 1). Its EI mass 
spectrum (Fig. 2B) was characterized by a relatively small 
molecular ion at m/z 122, and a distinctive (M + 2)+ ion at 
m/z 124, again indicating the presence of sulfur. The fact that 
its molecular weight was 16 mass units higher than that of 
methionol suggested that it might be 3-methylsulfinylpropan-
1-ol, the sulfoxide analog of methionol, and this was con-
firmed by synthesis. The base peak at m/z 64 likely arises 
from cleavage with a hydrogen transfer to give a  CH3S(O)H+ 
ion, whereas the ion at m/z 78 likely corresponds to  CH3S(O)
CH3

+, and the m/z 104 ion to loss of water from the parent ion.
3-Methylsulfinylpropan-1-ol was readily synthesized 

by oxidation of methionol with m-chloroperbenzoic acid 
(MCPBA) in methylene chloride. Because the product was 
highly soluble in water, an initial attempt to recover this 
compound by partitioning the reaction mixture between 
methylene chloride and aqueous base was not success-
ful. However, stirring the reaction mixture with powdered 
 Na2CO3 resulted in precipitation of the excess MCPBA and 

the m-chlorobenzoic acid byproduct as their sodium salts. 
Vacuum filtration to remove the salts followed by vacuum 
distillation then gave 3-methylsulfinylpropan-1-ol in good 
yield and purity.

Release Rate of 3‑Methylsulfinylpropan‑1‑ol

The results of the sulfoxide release rate measurements are 
shown in Supplementary Table S1. The sulfoxide was not 
detected in aerations of the press-seal bags, for all three 
days of the aerations. The polyurethane foam plugs loaded 
with the sulfoxide showed detectable but very low release 
rates (200–300 ng over 24 h), across all three days. The 
weighing boats and the open vials released more than 
one microgram of compound on the first day, but the vial 
release rate dropped to less than half of that by day 2 
and continued to drop on day 3, while the weighing boat 
release rates dropped precipitously by day 3. The coasters 
released slightly less of the sulfoxide on day 1 than the 
foam plugs, and release rates dropped below detectable 
levels on days 2 and 3.

Field Bioassays of Candidate Pheromone 
Components

During Experiment 1 in Illinois, a total of 863 ceramby-
cid beetles representing 28 species of five subfamilies were 
captured, including 45 specimens of K. c. cincta plus five 

Fig. 1  Representative chromatogram of a headspace extract from an adult male of Knulliana cincta cincta showing the two major male-specific 
compounds (retention time 7.75 min is methionol and 12.12 min is the sulfoxide) and the internal standard eicosane (20.62 min)
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specimens of Elytrimitatrix undata (F.) in the closely related 
family Disteniidae (Table 1). Adults of K. c. cincta were sig-
nificantly attracted only by the combination of methionol + 
ethanol (Fig. 3A; means significantly different, F2,23 = 16.4, 
P = 0.0003, Tukey test, P < 0.05).

Of six other species that were represented by at least 15 
specimens during Experiment 1, four cerambycine species 
showed significant treatment effects (Table 2). Adults of 
E. mucronatum were significantly attracted only to traps 
baited with methionol + ethanol (Table 2). Both sexes were 

Fig. 2  EI mass spectra (70 eV) of the male-specific compounds: A) methionol, and B) 3-methylsulfinylpropan-1-ol produced by adult males of 
Knulliana cincta cincta 
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Table 1  Taxonomy and 
numbers of cerambycid beetles 
captured by traps in Illinois and 
Iowa during Experiments 1–3

Subfamily/Tribe Taxonomy Expt. 1
Illinois

Expt. 2
Illinois

Expt. 2
Iowa

Expt. 3
Iowa

Cerambycinae
  Anaglyptini Cyrtophorus verrucosus (Olivier) 1 1 2
  Bothriospilini Knulliana cincta cincta (Drury) 45 15 123 124
  Clytini Neoclytus acuminatus acuminatus (F.) 11 3 11 4

Neoclytus caprea (Say) 1
Neoclytus mucronatus mucronatus (F.) 109 3
Neoclytus scutellaris (Olivier) 16 2
Xylotrechus colonus (F.) 454 30 11 5

  Eburiini Eburia quadrigeminata (L.) 7
  Elaphidiini Anelaphus pumilus (Newman) 2 1 4 3

Anelaphus villosus (F.)* 44 54 1 1
Elaphidion mucronatum (Say) 111 9 7 18
Parelaphidion incertum (Newman) 2

  Hesperophanini Tylonotus bimaculatus Haldeman 1
  Neoibidionini Heterachthes quadrimaculatus Haldeman 3 1
  Obriini Obrium maculatum (Olivier) 1

Obrium rufulum Gahan 1
  Trachyderini Purpuricenus axillaris Haldeman 6 5

Purpuricenus humeralis (F.) 1 1
Purpuricenus paraxillaris MacRae 3

Lamiinae
  Acanthocinini Astyleiopus variegatus (Haldeman) 1 1 1

Astylopsis macula (Say) 2 2
Graphisurus despectus LeConte 12 21 26 11
Graphisurus fasciatus (Degeer) 22
Leptostylus transversus (Gyllenhal) 1 3 1
Lepturges angulatus (LeConte) 1 1
Lepturges confluens (Haldeman) 2
Sternidius alpha (Say) 2
Urgleptes querci (Fitch) 4

  Acanthoderini Acanthoderes quadrigibba (Say) 2
Aegomorphus modestus (Gyllenhal) 1 6 3 1

  Desmiphorini Eupogonius pauper LeConte 2
  Dorcaschematini Dorcaschema cinereum (Olivier) 6 1

Dorcaschema nigrum (Say) 1
  Monochamini Goes tesselatus (Haldeman) 1

Microgoes oculatus (LeConte) 1
  Pogonocherini Ecyrus dasycerus dasycerus (Say) 6
  Saperdini Saperda discoidea F. 6 2

Saperda imitans Felt & Joutel 1 4 1
Saperda lateralis F. 1

Lepturinae
  Lepturini Bellamira scalaris (Say) 1

Brachyleptura rubrica (Say) 1 1
Stenocorus cinnamopterus (Randall) 2 1
Stenocorus schaumii (LeConte) 1
Strangalia bicolor (Swederus) 1
Strophiona nitens (Forster) 1
Typocerus lugubris (Say) 1 1
Typocerus velutinus velutinus (Olivier) 1 1
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attracted, but the sex ratio was strongly female biased. For 
example, 33 of 40 beetles (83%) captured by traps baited 
with methionol + ethanol in 2017 were females.

Adults of Neoclytus mucronatus mucronatus (F.), Neo-
clytus scutellaris (Olivier), and Xylotrechus colonus (F.) 
(all tribe Clytini) were attracted by 3-ketol + ethanol during 
Experiment 1 (Table 2), consistent with the pheromones of 
these species being composed solely or primarily of (R)-
3-ketol, with racemic 3-ketol being a known strong attract-
ant (Hanks et al. 2019; Lacey et al. 2007, 2009). Capture 
of 44 adults of the cerambycine Anelaphus villosus (F.) 
(tribe Elaphidiini) may have been due to this species being 
attracted by ethanol (e.g., Hanks and Millar 2013), with 
the result that the beetles were scattered across treatments, 
including the control + ethanol treatment, which did not 
differ significantly (F2,36 = 5.2, P = 0.07).

A total of 161 cerambycid beetles of 20 species in four 
subfamilies were caught during Experiment 2-Illinois, 
including 15 adults of K. c. cincta (Table 1). Adults of K. 
c. cincta were attracted only by methionol, with a mean 
of 1.4 ± 0.38 beetles compared to 0 beetles in the control 
(F3,34 = 22.3, P < 0.0001; Tukey P < 0.05). The mean for 
the blend of methionol +3-methylsulfinylpropan-1-ol was 
0.25 ± 0.2 beetles, and was not significantly different from 
the control.

Although only nine adults of E. mucronatum were cap-
tured during Experiment 2-Illinois, 7 adults (78%) were in 
traps baited with methionol, resulting in a significant mean 
of 1.8 ± 0.25 beetles compared to means of 0, 0.25 ± 0.2, 
and 0.25 ± 0.2 beetles for the 3-methylsulfinylpropan-1-ol, 
methionol +3-methylsulfinylpropan-1-ol, and control 
treatments respectively (F3,15 = 11.7, P = 0.0013). None of 
the other species trapped during the experiment showed 
significant treatment effects, including A. villosus, the 54 
adults of which were again scattered across treatments.

A total of 228 cerambycid beetles were caught dur-
ing Experiment 2-Iowa, representing 29 species of three 
subfamilies, of which 123 beetles (~54%) were the target 
species K. c. cincta (Table 1). Significant numbers of this 
species were captured by traps baited with methionol alone 

(Fig. 3B; F3,23 = 16.6, P = 0.0009; Tukey P < 0.05) with the 
mean for methionol +3-methylsulfinylpropan-1-ol being 
intermediate between those of methionol and the control. 
Both sexes were attracted, for example with a sex ratio 
of 55% females for the 42 beetles caught by traps baited 
with methionol at the first site on the first collection date. 
None of the other cerambycid species trapped during the 
study showed significant treatment effects. There was not 
enough replication to test the response to treatments for 
E. mucronatum, the species that appeared to be attracted 
to methionol + ethanol in the experiments conducted in 
Illinois.

Experiment 3 in Iowa caught 124 adults of both sexes 
of K. c. cincta, plus another 63 individuals representing 
three subfamilies (Table 1), none of which were caught 
in numbers sufficient for statistical analysis. Only traps 
baited with methionol alone and methionol with sulfox-
ide attracted significant, and similar numbers of beetles 
(Fig. 3C; F3,32 = 26.4, P < 0.001; Tukey P < 0.05). It should 
be noted, however, that traps baited with methionol alone, 
or combined with sulfoxide, caught small numbers of bee-
tles in the cerambycine genus Purpuricenus (tribe Trachy-
derini), including Purpuricenus paraxillaris MacRae (3 
beetles), P. axillaris Haldeman (1 beetle), and P. humeralis 
(F.) (1 beetle; Table 1). This finding may represent the first 
hint as to the pheromone chemistry of this genus. Capture 
of P. paraxillaris also represents a new state record in 
Iowa for this species (MacRae 2000).

Discussion

The field and laboratory experiments confirmed that 
methionol is sex-specifically produced by males of K. c. 
cincta and attracts conspecifics of both sexes. Attraction of 
K. c. cincta to methionol is consistent with a recent study 
in which blends of cerambycid pheromones were tested, 
which demonstrated attraction of this species to only one 
of four different blends of cerambycid pheromones, the 
blend that included methionol (Rice et al. 2020).

* This species has been synonymized with Anelaphus parallelus (Newman) (Lingafelter 2020)

Table 1  (continued) Subfamily/Tribe Taxonomy Expt. 1
Illinois

Expt. 2
Illinois

Expt. 2
Iowa

Expt. 3
Iowa

Necydalinae Necydalis mellita (Say) 2
Parandrinae
  Parandrini Neandra brunnea (F.) 5 1

Disteniidae
  Disteniini Elytrimitatrix undata (F.) 5

868 161 228 188
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The role of 3-methylsulfinylpropan-1-ol remains 
unclear because measured release rates from all five dis-
pensers, including polyethylene bags, open-topped vials, 
polyurethane foam plugs, aluminum weighing boats, and 

cardboard discs (the fibers of which have a large cumu-
lative surface area to enhance the release of chemicals), 
were very low to undetectable, despite the compound 
being detected in 4 of the 8 extracts from male beetles 

Fig. 3  Captures of adults of 
Knulliana cincta cincta (both 
sexes combined) by traps dur-
ing: A) Experiment 1 in Illinois: 
traps baited with methionol + 
ethanol (“Thio+EtOH”), 3-ketol 
+ ethanol (“Ketol+EtOH”), 
and solvent control + ethanol 
(“Control+EtOH”); B) Experi-
ment 2-Iowa: traps baited with 
methionol (“Thio”), 3-methyl-
sulfinylpropan-1-ol (“Sulf”), 
methionol + 3-methylsulfinyl-
propan-1-ol (“Thio+Sulf”), and 
solvent control; and C) Experi-
ment 3 in Iowa, same treatments 
as in Experiment 2, but with dif-
ferent release devices. For each 
figure, means with different 
letters are significantly different 
(Tukey test, P < 0.05)
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that contained any detectable chemicals. Its release rate 
was more than two orders of magnitude lower than that of 
the undecanol control, despite the two compounds having 
similar GC retention times. Thus, we can only speculate 
that 3-methylsulfinylpropan-1-ol forms strong noncovalent 
bonds, such as hydrogen bonds, with release substrates 
and/or with itself, which greatly reduces its volatility. 
This in turn makes it difficult to understand how the com-
pound can be released in readily detectable amounts by 
the male beetles (Fig. 1). It also seems unlikely that this 
compound is an analytical artifact because if so, it would 
be expected to be present in all of the extracts which con-
tained methionol, which was not the case.

The apparent attraction of E. mucronatum to traps baited 
with methionol is also difficult to explain. No trace of this 
compound was found in extracts of headspace volatiles from 
males of this species, whereas another component identi-
fied as this species’ pheromone, (2E,6Z,9Z)-2,6,9-pentade-
catrienal, was found in the same extracts in large amounts 
(Millar et al. 2017). However, E. mucronatum is in the same 
tribe (Elaphidiini) as Ambonus distinctus (Newman) and 
Stizocera phtisica Gounelle, South American species from 
which methionol has been reported as a pheromone compo-
nent (Silva et al. 2017, 2021). This leads us to speculate that, 
even though E. mucronatum now uses an entirely different 
compound as its pheromone, it might still have an “ancestral 
memory” of methionol as a pheromone component, with 
receptors that are still receptive to the structure of methionol.

Alternatively, larvae of both E. mucronatum and K. c. 
cincta develop in dead wood of a variety of hardwood spe-
cies, suggesting that E. mucronatum might be exploiting the 
pheromone of K. c. cincta as a means of locating hosts for 
oviposition. However, the two species barely overlap in sea-
sonal activity period, if at all. In the Midwest, adults of K. c. 
cincta fly in spring through early June, at which time adults 
of E. mucronatum are just beginning to emerge (see Hanks 
et al. 2014). For example, all 45 adults of K. c. cincta cap-
tured during 2019 in Experiment 1 were captured before any 
of the 111 adults of E. mucronatum. The possibility remains, 

however, that attraction of E. mucronatum to methionol 
might be adaptive if it enhances locating hosts of larvae in 
some other part of its range where it overlaps with another 
species that produces methionol as a pheromone component.

Males of another North American species, the ceramby-
cine Tragidion armatum armatum LeConte (tribe Trachyder-
ini) also produce methionol (AMR, LMH, and JGM, unpub. 
data). This species is native to the southwestern USA, where its 
larvae feed within the stems of Yucca and Agave species (Lin-
sley 1962). Headspace volatiles from males of T. a. armatum, 
collected in 2005, contained (R)-3-ketol and 2,3-hexanedione 
(1:0.25), but also a small amount of methionol, and in coupled 
GC-EAD analyses, antennae of both sexes responded strongly 
to 3-ketol and methionol in headspace collections of volatiles 
from a male (Supplementary Fig. S1B). However, bioas-
says over several field seasons with racemic and (R)-3-ketol, 
2,3-hexanedione, and methionol, separately and as blends, and 
using various trap designs, failed to attract a single adult of 
T. a. armatum. From multiple replicated analyses, it is clear 
that headspace extracts of males of this species consistently 
contain these three compounds, but to date, their roles remain 
completely unknown.

In summary, our results have shown that methionol is 
a pheromone component for at least one North American 
cerambycid species, and methionol was shown to attract E. 
mucronatum, although it is not produced by the males of this 
species. These data, in combination with the data from the 
South American species A. distinctus and S. phtisica, and 
the suggestion of attraction of several species in the genus 
Purpuricenus, suggest that methionol also may be used as a 
semiochemical by other cerambycid species in the subfam-
ily Cerambycinae. In contrast, although 3-methylsulfinyl-
propan-1-ol was clearly present in extracts from male K. c. 
cincta, its role as a possible pheromone component remains 
uncertain.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10886- 022- 01351-9.

Table 2  Mean (± 1 SE) 
numbers of beetles of four 
cerambycid species captured 
per treatment and replicate 
during Experiment 1, results 
of generalized linear models 
test, and results of Tukey HSD 
analysis

Means within species with different letters are significantly different (Tukey test, P < 0.05), and means in 
bold are significantly different from controls

Species name, statistical results Methionol + ethanol 3-ketol + ethanol Control + ethanol

Elaphidion mucronatum
F2,41 = 67.0, P < 0.0001 4.9 ± 0.6a 0.29 ± 0.1b 0.43 ± 0.2b
Neoclytus m. mucronatus
F2,29 = 55.6, P < 0.0001 0.2 ± 0.1b 5.6 ± 0.7a 0.6 ± 0.2b
Neoclytus scutellaris
F2,35 = 8.0, P = 0.002 0.17 ± 0.1b 1.1 ± 0.3a 0.08 ± 0.08b
Xylotrechus colonus
F2,32 = 28.2, P < 0.0001 0.82 ± 0.4b 25.2 ± 0.45a 1.7 ± 0.6b

https://doi.org/10.1007/s10886-022-01351-9
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