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Abstract
Here, we study the pheromone chemistry of two South American cerambycid beetle species, and their behavioral responses 
to candidate pheromone components. Adult males of Stizocera phtisica Gounelle (subfamily Cerambycinae: tribe Elaphi-
diini) produced a sex-specific blend of (R)-3-hydroxyhexan-2-one with lesser amounts of 3-methylthiopropan-1-ol. In field 
bioassays, traps baited with racemic 3-hydroxyhexan-2-one and 3-methylthiopropan-1-ol did not catch conspecific beetles, 
but did catch both sexes of a sympatric species, Chydarteres dimidiatus dimidiatus (F.) (Cerambycinae: Trachyderini). We 
found that males of this species also produce (R)-3-hydroxyhexan-2-one and 3-methylthiopropan-1-ol, and small amounts 
of 2-phenylethanol. Subsequent bioassays with these compounds showed that a blend of 3-hydroxyhexan-2-one and 3-meth-
ylthiopropan-1-ol constitutes the aggregation-sex pheromone of C. d. dimidiatus, with 2-phenylethanol not influencing the 
attraction of conspecifics. During the field bioassays, six other species in the Cerambycinae also were caught in significant 
numbers, including Aglaoschema ventrale (Germar) (tribe Compsocerini), congeners Chrysoprasis aurigena (Germar), 
Chrysoprasis linearis Bates, and an unidentified Chrysoprasis species (Dichophyiini), and Cotyclytus curvatus (Germar) 
and Itaclytus olivaceus (Laporte & Gory) (both Clytini), suggesting that one or more of the compounds tested are also 
pheromone components for these species.

Keywords Coleoptera · Longhorned beetles · Semiochemistry · Structural motifs · Hydroxyketone · Traps · Monitoring · 
Aggregation-sex pheromone

Introduction

Over the past two decades, numerous species in the Ceram-
bycinae, a subfamily in the large wood-boring beetle family 
Cerambycidae, have been shown to use volatile pheromones 
to bring the sexes together for mating (reviewed in Millar 
and Hanks 2017). With one exception to date (Cohen et al. 
2021), the compounds are male-produced, and attract both 
sexes. Several of the compounds appear to be shared among 

congeners and sometimes more distantly related species. 
Furthermore, these conserved structures have been identified 
from and/or implicated in the pheromone blends from spe-
cies native to different continents, indicating that the form 
and function of these compounds has remained unchanged 
for millions of years (Hanks and Millar 2016).

To date, the most highly conserved pheromone 
structure for these beetles appears to be 3-hydroxyhexan-
2-one (henceforth 3-ketol), which was first identified as a 
cerambycid pheromone component by Professor Wittko 
Francke’s research group in the early 1990s (Schröder et al. 
1994; Fettköther et al. 1995). This discovery served as the 
catalyst for the expedited identification of this compound 
in numerous other cerambycine species, both through 
direct identification of the compound in insect extracts 
(e.g., Leal et al. 1995), but much more powerfully, through 
field bioassays in which 3-ketol (and related compounds) 
were screened as potential attractants. In these field trials 
conducted in various parts of the world (e.g., Bobadoye 
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et al. 2019; Hayes et al. 2016; Millar et al. 2018; Sweeney 
et al. 2014; Wickham et al. 2014), both sexes of numerous 
cerambycine species were attracted to 3-ketol, strongly 
suggesting that it was an aggregation-sex pheromone 
component for these species. Furthermore, because both 
sexes were attracted, live-trapped males of each species 
captured could be used for collection of volatiles. By 
analyzing the resulting extracts, it was often possible to 
verify that 3-ketol was indeed a pheromone component 
for each of those species. Because a number of homologs 
(e.g., 3-hydroxyoctan-2-one and 3-hydroxydecan-2-one) 
and analogs (e.g., 2,3-alkanediols) of 3-ketol are also 
conserved within the Cerambycinae, and other pheromone 
structures are conserved within two other subfamilies with 
male-produced aggregation-sex pheromones (the Lamiinae 
and Spondylidinae), applying the same strategy of field 
screening followed up by analysis of volatiles from trapped 
males (e.g., Millar et al. 2019) has resulted in pheromones 
or likely pheromones being identified from several hundred 
cerambycid species over a relatively short period of time. 
The plethora of pheromones identified has also radically 
shifted the paradigm which prior to 2004, suggested 
that widespread use of highly attractive pheromones by 
cerambycids was unlikely (Allison et al. 2004; Hanks 1999), 
to the present, where the cumulative evidence indicates that 
aggregation-sex pheromones and sex pheromones are indeed 
widely used with the Cerambycidae.

Here, we report results from the application of this strat-
egy to a complex of cerambycid species in Brazil. Our initial 
objective was the attempted elucidation of the pheromone 
chemistry of the South American cerambycine Stizocera 
phtisica Gounelle (tribe Elaphidiini). However, during field 
trials with (R)-3-hydroxyhexan-2-one and 3-methylthiopro-
pan-1-ol, two possible pheromone components for this spe-
cies, a number of other species were attracted. Thus, we fol-
lowed up on these leads, which resulted in the identification 
of the aggregation-sex pheromone blend of the sympatric 
species Chydarteres dimidiatus dimidiatus (F.) (Trachyder-
ini). During field bioassays, six additional species in three 
other cerambycine tribes were attracted in significant num-
bers, providing further evidence of the broad conservation 
of pheromone components within the Cerambycidae.

Methods and Materials

Sources of Chemicals

Racemic 3-hydroxyhexan-2-one was purchased from 
Bedoukian Research Inc. (Danbury, CT, USA), 3-methylth-
iopropan-1-ol (henceforth “methionol”) was purchased from 

Oakwood Chemicals (Estill, SC, USA), and 2-phenylethanol 
was purchased from Sigma-Aldrich (St. Louis, MO, USA).

Sources of Insect Specimens for Collection 
of Volatiles

Live adults of S. phtisica used for collection of volatiles 
were reared from infested logs cut from a storm-fallen tree 
of Cordia sp. (Boraginaceae) in a 5.5-ha restored remnant 
of the Atlantic Forest on the campus of the University 
of São Paulo, Piracicaba, Brazil (− 22.712 lat., − 47.628 
long.) on 10 May 2017. This forest contained native and 
exotic species of mature hard- and softwood trees, primar-
ily from the genera Inga, Leucaena, Libidibia, Piptadenia, 
Schizolobium, Tipuana (Fabaceae), Cariniana, Lecythis 
(Lecythidaceae), Mangifera (Anacardiaceae), and Euca-
lyptus (Myrtaceae), with understory containing young 
trees, lianas, shrubs, and herbaceous vegetation. Several 
standing or fallen decaying trees were also present. Cordia 
logs were sawn into pieces (50 cm length × 10 cm diam-
eter) and kept in a nylon net cage (2 × 2 × 2 m) inside a 
greenhouse without control of environmental conditions. 
Adults of S. phtisica emerged from logs throughout Octo-
ber of 2017 and were separated by sex on the day of emer-
gence by pairing beetles and observing their mating behav-
ior (i.e., males mounting females). No other cerambycid 
species emerged from the logs.

Live adults of C. d. dimidiatus for collection of head-
space volatiles were caught with two custom-built panel 
traps (black corrugated plastic, 1.2 m height × 0.3 m wide) 
with internal surfaces coated with a 50% aqueous solution 
of Fluon® (Insect-a-Slip, BioQuip Products Inc., Rancho 
Dominguez, CA, USA) deployed in the same forest rem-
nant. Holes (2 mm) were drilled in the bottoms of the col-
lection jars suspended below the traps to allow rainwater to 
drain. Lures were polyethylene press-seal bags (5 × 7 cm, 
50 µm wall thickness, BCIEEL S.A., Brazil) containing a 
cotton dental roll loaded with a solution of 50 mg each of 
3-ketol and methionol in 1 ml of isopropanol. This blend 
was chosen because it had attracted C. d. dimidiatus dur-
ing field bioassays for S. phtisica (see Results). Traps were 
suspended from tree branches (trap base at 2 m from the 
ground) and serviced daily from mid to late December 
2017. Captured beetles were separated by sex according 
to the length of the antennae (e.g., twice the body length 
in males and approximately the same as the body length in 
females) and held individually in plastic containers. Lures 
were not replaced.

Beetles were allowed to acclimatize under laboratory 
conditions (25 ± 2 °C, 60 ± 10% RH, 12:12 h L:D, and 
5000 lx LED lights) for 24 h prior to beginning collections 
of volatiles.
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Collection of Headspace Volatiles from Adult Beetles

Adult males and females of S. phtisica and C. d. dimidi-
atus were aerated individually or in pairs of the same spe-
cies and sex in 500 ml cylindrical glass chambers laid 
horizontally on a laboratory bench. Half of the internal 
surface of each chamber was lined with paper towels to 
provide a perching and hiding place for the beetles. Each 
chamber contained two glass vials filled with 10% sucrose 
solution and plugged with dental cotton rolls, for nour-
ishment. Volatiles were trapped in glass pipettes (8.5 cm 
long × 0.5 cm i.d.) packed with 150 mg of 80/100 mesh 
HayeSep® Q adsorbent (Supelco, Bellefonte, PA, USA), 
held in place with glass wool plugs. Pipettes were con-
nected to the outlets of chambers with screw caps fitted 
with PTFE ferrules. Activated charcoal-filtered air was 
pushed through the chambers and pipettes at a constant 
flow of approx 150 ml/min, regulated by flowmeters. Indi-
viduals or pairs of beetles were continuously aerated for 
1–3 periods of 48 h from 7 October to 6 November (S. 
phtisica) and from 14 to 28 December 2017 (C. d. dimidi-
atus). Chambers containing only pieces of paper towel 
and feeder vials were aerated simultaneously as controls 
to monitor for system contaminants.

Volatiles were eluted from pipettes with three successive 
aliquots of 500 μl of dichloromethane into 2-ml silanized 
amber glass vials, which were stored at -30 °C until analysis. 
Three samples of volatiles from three adult females and five 
from five males of S. phtisica, and four from three females 
and 12 from six males of C. d. dimidiatus were obtained.

Identification of Candidate Pheromone Components

Extracts of volatiles from adults of S. phtisica and C. d. 
dimidiatus were initially analyzed in Brazil by gas chro-
matography with flame ionization detection (GC–FID) 
or gas chromatography–mass spectrometry (GC–MS) 
to confirm they contained potential compounds of inter-
est, that is, sex-specific compounds. Aliquots (2 µl) were 
injected into a GC–2010 gas chromatograph (Shimadzu 
Corp., Kyoto, Japan) fitted with an Rtx–1 capillary column 
(30 m × 0.25 mm i.d. × 0.25 μm film; Restek, Bellefonte, PA, 
USA). Injections were made splitless (purge valve off for 
1 min) with an injector temperature of 250 °C and helium 
carrier gas at a linear velocity of 30 cm/s. The GC oven 
was programmed at 35 °C (hold 1 min), increased to 40 °C 
at 2 °C/min (hold 1 min), and then increased to 250 °C at 
10 °C/min (hold 15 min). Similarly, 1 µl of sample was 
injected splitless into a Shimadzu QP2010 Ultra GCMS 
(Shimadzu Corp., Kyoto, Japan) fitted with an Rtx–1MS 
nonpolar column (30 m × 0.25 mm × 25 µm film; Restek). 
Injector and GC oven temperatures were set as described 
above, with helium carrier gas at 44 cm/s and 80.8 kPa inlet 

pressure. Ion source and quadrupole temperatures were 
250 °C. Mass spectra were recorded in electron impact mode 
(70 eV) from m/z 35–260 amu, with 4-min solvent delay.

Samples containing detectable amounts of sex-specific 
compounds were sent to the University of California, River-
side, where they were reanalyzed on an Agilent 7820A GC 
interfaced to a 5977E mass selective detector (Agilent Tech-
nologies, Santa Clara, CA, USA), with helium carrier gas. 
The GC was fitted with an HP–5 column (30 m × 0.25 mm 
i.d. × 0.25 μm film; Agilent Technologies), and 1 µl aliquots 
of samples were injected splitless. The GC oven was pro-
grammed from 40 °C for 5 min, 10 °C/min to 280 °C, then 
held for 10 min. Quadrupole, ion source, and injector tem-
peratures were 150, 230, and 250 °C, respectively. Mass 
spectra were obtained with electron impact ionization (EI, 
70 eV), with a mass range from 40–400 amu.

The absolute configuration of the 3-ketol was determined 
by analysis of the extract on a Cyclodex-B chiral stationary 
phase GC column (30 m × 0.25 mm, 0.25 μm film, J&W Sci-
entific, Folsom, CA, USA), with a flame ionization detector. 
The oven was programmed from 50 °C for 1 min and then 
at 5 °C/min to 200 °C. An injector temperature of 100 °C 
was used to minimize isomerization of the thermally labile 
3-ketol. The absolute configuration was assessed by coinjec-
tion of aliquots of the extract mixed with synthetic racemic 
3-ketol, noting which peak was enhanced (Hanks and Millar 
2016).

Ratios (mean % ± SD) of sex-specific compounds in rep-
resentative aeration samples were determined by integrating 
peak areas from GC–FID chromatograms.

Field Bioassays

We tested the response of adults of S. phtisica to the sex-
specific compounds identified from conspecific males 
(see Results). Field Bioassay 1 was conducted in the 
same forest remnant in Piracicaba (see above) from 1 to 
15 December 2017 and in a 4.8-ha remnant of Cerrado 
(Brazilian savanna) in Valentim Gentil (~ 400 km from 
Piracicaba, − 20.372 lat., − 50.080 long.) from 25 January 
to 16 February 2019. This Cerrado forest was composed by 
mature mixed hardwood trees, primarily native species of 
Albizia, Anadenanthera, Hymenaea, Senegalia, (Fabaceae), 
Handroanthus (Bignoniaceae), Sterculia (Malvaceae), 
with understory containing young trees, lianas, shrubs and 
herbaceous vegetation, as well as some scattered fallen 
decaying trees. We used the panel traps and release devices 
described above, except that collection jars attached to the 
trap bottoms had no holes and were filled with 300 ml of 
an aqueous solution of NaCl with a few drops of neutral 
dish detergent to kill and preserve the captured beetles. In 
Piracicaba, traps were suspended from tree branches with 
trap base at ~ 3 m from the ground. In Valentim Gentil, 
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traps were suspended from inverted L-shaped hangers of 
PVC pipe with the trap base at ~ 0.5 m from the ground. The 
treatment lures contained test compounds diluted in 1 ml 
isopropanol, as follows: 1) 3-ketol (50 mg), 2) methionol 
(25 mg), 3) blend of 3-ketol (50 mg) + methionol (25 mg), 
and 4) control (1 ml neat isopropanol). Treatments were 
assigned randomly to traps within four blocks in Piracicaba 
and five blocks in Valentim Gentil. Traps and blocks were 
spaced at 15 and 30  m apart, respectively. Traps were 
serviced every 2–4 d, at which time treatments were moved 
on one position within blocks to avoid positional bias. Lures 
were replaced every 15 d.

Field Bioassay 2 was conducted in Piracicaba from 8 
October to 4 November and from 10 to 28 December 2018. 
We tested the response of adults of C. d. dimidiatus to the 
candidate attractant pheromone components and blends 
identified from conspecific males, in the ratio found in 
headspace extracts (see Results). Lures again contained test 
compounds diluted in 1 ml of isopropanol, as follows: 1) 
3-ketol (50 mg); 2) minor components: blend of methionol 
(2.5 mg) + 2-phenylethanol (0.25 mg) in the 10:1 ratio pro-
duced by conspecific males; 3) natural blend: 100:10:1 blend 
of 3-ketol (50 mg), methionol (2.5 mg) and 2-phenylethanol 
(0.25 mg), which mimicked the full blend of sex-specific 
compounds in the ratio emitted by conspecific males; 4) 
1:1:1 blend: blend of 3-ketol (50 mg), methionol (25 mg) 
and 2-phenylethanol (25 mg) at 1:1:1 ratio; and 5) control 
(1 ml neat isopropanol). Treatments were assigned randomly 
to traps within six blocks following the same experimental 
procedures described for Field Bioassay 1.

Field Bioassay 3 aimed to further investigate the effect 
of 3-ketol in binary or ternary blends with methionol and 
2-phenylethanol on attraction of C. d. dimidiatus and other 
sympatric cerambycid species (see Results). This bioas-
say was conducted in Piracicaba from 4 November to 3 
December 2019 and encompassed the following treat-
ments, with compounds diluted in 1 ml isopropanol: 1) 
3-ketol (50 mg); 2) 3-ketol (50 mg) + methionol (25 mg); 
3-ketol (50 mg) + 2-phenylethanol (25 mg); 4) 1:1:1 Blend 
of 3-ketol, methionol and 2-phenylethanol (in the amounts 
described above); and 5) control (1 ml neat isopropanol). 
Treatments were assigned randomly to traps within five 
blocks following the same experimental procedures 
described for Field Bioassay 2.

Identities of the cerambycid beetle species were con-
firmed by taxonomist Antonio Santos-Silva, Museum of 
Zoology, University of São Paulo, São Paulo, Brazil.

Statistical Analyses

Differences between treatment means were tested separately 
for species represented by at least eight specimens per bioas-
say, using the nonparametric Friedman’s test (PROC FREQ, 

option CMH; SAS Institute 2011), because field data vio-
lated the assumptions of ANOVA by heteroscedasticity 
(Sokal and Rohlf 1995). Replicates were defined by spatial 
(block) and temporal (collection date) data. Replicates with 
the greatest numbers of beetles (i.e., that represented the 
independent responses of multiple beetles to bioassay treat-
ments) were given greater weight by dropping from analyses 
those that had fewer than a threshold number of beetles. For 
each analysis, the threshold numbers were selected so as to 
maximize the total number of beetles captured while main-
taining enough replication for a robust statistical test (at least 
four replicates; range of threshold numbers 1 to 3). In rec-
ognition of the multiple statistical tests of treatment effects, 
significance levels were adjusted to α = 0.025 for Field Bio-
assay 1 with four treatments (N = two independent analyses) 
and α = 0.01 for Field Bioassays 2 and 3 with five treatments 
(N = five independent analyses/bioassay) according to the 
Bonferroni procedure (Quinn and Keough 2002). Assum-
ing a significant overall Friedman’s test, pairs of treatment 
means were compared using Ryan-Einot-Gabriel-Welsch 
multiple range test (REGWQ), which controls the Type I 
error rate (SAS Institute 2011).

The sex ratio of adults of C. d. dimidiatus attracted by 
the optimal treatments during Field Bioassays 2 and 3 
was compared to a nominal proportion of 0.5 with 95% 
Clopper-Pearson exact confidence intervals at 5% probability 
(Newcombe 1998).

Results

Identification of Candidate Pheromone Components

Analysis of headspace volatiles from adult males of S. 
phtisica revealed two compounds which were not present 
in samples from conspecific females or control aerations 
(Fig. 1a). These compounds were tentatively identified from 
comparison of their mass spectra with that of a spectrum 
from our archive of spectra of known cerambycid phero-
mones (including 3-ketol), or by comparison with the NIST 
commercial mass spectral database (for methionol). Iden-
tifications were confirmed by matching the mass spectra 
and retention times with those of authentic standards. The 
absolute configuration of the 3-ketol was determined to be 
(R) by analysis of an extract on a chiral stationary phase 
GC column. Of the five aeration samples from males, three 
showed the two sex-specific compounds. The ratio of (R)-
3-ketol and methionol in these three aeration samples was 
100:4.1 ± 0.1, respectively.

Analysis of an extract of male-produced volatiles of C. 
d. dimidiatus showed three sex-specific peaks in the chro-
matogram (Fig. 1b). The 3-ketol and methionol were read-
ily identified as described above, and 2-phenylethanol was 
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tentatively identified from its distinctive mass spectrum, 
and the identification was confirmed by comparison with an 
authentic standard. Of 12 aeration samples from males, four 
showed all three compounds, and in another two the 3-ketol 
and methionol were present but 2-phenylethanol was not 
detected. The ratio of (R)-3-ketol, methionol, and 2-phenyle-
thanol in the former four samples was 100:10 ± 0.8:0.9 ± 0.1, 
respectively.

Field Bioassays

During Field Bioassay 1 in Piracicaba, traps baited with 
the candidate pheromone components of S. phtisica caught 
no conspecific adults, but did catch eight females and three 
males of the cerambycid C. d. dimidiatus. In this case, bee-
tles were solely attracted by the blend of 3-ketol + methionol, 
which significantly differed from zero attraction by the indi-
vidual compounds or controls (Fig. 2a). In Valentim Gentil, 
traps baited with the same treatments also did not attract 
any S. phtisica. However, both sexes of the cerambycid I. 
olivaceus were significantly attracted by the 3-ketol alone 
and the blend of 3-ketol + methionol. Traps baited only with 
methionol and control traps caught no beetles (Fig. 2b). 

During the bioassays at the two locations, no other ceram-
bycid species were caught in numbers sufficient for statisti-
cal analysis.

In Field Bioassay 2, a total of 90 adults of C. d. dimidiatus 
were caught in traps baited with the sex-specific compounds 
emitted by conspecific males. Beetles were significantly 
attracted to traps containing the natural blend and the 1:1:1 
blend (Fig. 3a). Catches in traps baited with 3-ketol as a 
single component were not significantly different than those 
in the control traps, which, along with traps baited with the 
blend of the two minor components, caught no beetles. 
The sex ratio of beetles attracted by the natural blend (50% 
females) and 1:1:1 blend (51% females) did not differ from 
0.5 (Clopper-Pearson Exact: 0.34–0.66, P = 1 and 0.36–0.66, 
P = 0.88, respectively).

Four other cerambycid species were caught in signifi-
cant numbers during Field Bioassay 2. Adults of both 
sexes of A. ventrale were significantly attracted by the 

Fig. 1  Representative total ion chromatograms of headspace volatiles 
collected from adult males of a) Stizocera phtisica and b) Chydar-
teres d. dimidiatus. Numbers on peaks indicate male-specific com-
pounds as follows: 1 = (R)-3-hydroxyhexan-2-one, 2 = 3-methylthio-
propan-1-ol, and 3 = 2-phenylethanol

Fig. 2  Mean (± SE) number of adults of both sexes of a) Chydarteres 
d. dimidiatus and b) Itaclytus olivaceus caught during Field Bioassay 
1 in Piracicaba and Valentim Gentil, respectively. Compound abbrevi-
ations: 3-Ketol = racemic 3-hydroxyhexan-2-one, MethOH = 3-meth-
ylthiopropan-1-ol, and Control = solvent (neat isopropanol). Treat-
ment type had a significant effect on trap catch of C. d. dimidiatus 
(Friedman’s  Q3,32 = 30.4, P < 0.001, N = 8 replicates) and I. olivaceus 
 (Q3,52 = 27.9, P < 0.001, N = 13). Means followed by different letters 
within a species are significantly different according to REGWQ mul-
tiple range test (P < 0.05)
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1:1:1 blend and the “natural blend” for C. d. dimidiatus 
(Fig. 3b). No A. ventrale were caught in control traps, 
or traps baited with 3-ketol alone. Similarly, the blend 
of the two minor components from C. d. dimidiatus was 
not different than the control. Adults of both sexes of C. 
linearis and an unidentified Chrysoprasis species were 
significantly attracted only by the 3-ketol alone, indicat-
ing that either methionol or 2-phenylethanol in the blends, 
or both, strongly antagonized attraction (Fig. 3c and  d, 
respectively). In contrast, adults of C. curvatus were sig-
nificantly attracted to traps baited with the 1:1:1 blend, 
but all other treatments were not separable from the con-
trols (Fig. 3e).

In Field Bioassay 3, a total of 145 adults of C. d. 
dimidiatus were captured. Adult beetles were significantly 
more attracted to the binary blend of 3-ketol + methionol 
than the other treatments (Fig. 4a). Significant numbers of 
C. d. dimidiatus also were caught in traps baited with the 
1:1:1 blend of 3-ketol, methionol, and 2-phenylethanol, 
but the trap catches were significantly lower than with 
the 2-component blend without 2-phenylethanol. The 
sex ratio of beetles attracted to the binary blend did not 
deviate significantly from 0.5 (50.6% females, Clopper-
Pearson Exact: 0.40–0.62, P = 0.92).

Similar to Field Bioassay 2, four additional cerambycid 
species were caught during Field Bioassay 3. Adults of A. 
ventrale were significantly more attracted by the binary 
and ternary blends containing 3-ketol and methionol than 
the other two treatments, which did not differ from the 
control (Fig. 4b). Conversely, the congeners C. aurigena 
and C. linearis exhibited a significant preference for 
the 3-ketol, with addition of 2-phenylethanol decreas-
ing attraction, and addition of methionol eliminating 
attraction entirely (Fig. 4c and d, respectively). During 
the assay, 16 C. curvatus were caught, but the numbers 
were not sufficient for meaningful statistical analysis with 
α = 0.01.

Fig. 3  Mean (± SE) number of adults of both sexes of a) Chydarteres 
d. dimidiatus, b) Aglaoschema ventrale, c) Chrysoprasis linearis, 
d) Chrysoprasis sp., and e) Cotyclytus curvatus caught during 
Field Bioassay 2. Treatment abbreviations: 3-Ketol = racemic 
3-hydroxyhexan-2-one; Minors = blend of 3-methylthiopropan-1-ol 
and 2-phenylethanol at same ratio produced by conspecific males, i.e., 
10:1, respectively; Natural Blend = blend of 3-hydroxyhexan-2-one, 
3-methylthiopropan-1-ol and 2-phenylethanol at same ratio produced 
by conspecific males, i.e., 100:10:1, respectively; 1:1:1 Blend = 1:1:1 
blend of 3-hydroxyhexan-2-one, 3-methylthiopropan-1-ol and 
2-phenylethanol; Control = solvent (neat isopropanol). Treatment type 
had a significant effect on trap catch of C. d. dimidiatus (Friedman’s 
 Q4,130 = 73.4, P < 0.001, N = 26 replicates), A. ventrale  (Q4,90 = 35.8, 
P < 0.001, N = 18), C. linearis  (Q4,85 = 75.5, P < 0.001, N = 17), 
Chrysoprasis sp.  (Q4,20 = 18.8, P < 0.001, N = 4), and C. curvatus 
 (Q4,85 = 18.2, P = 0.001, N = 17). Means followed by different letters 
within a species are significantly different according to REGWQ 
multiple range test (P < 0.05)
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Discussion

Although males of S. phtisica were found to sex-specifically 
produce a blend of (R)-3-ketol along with lesser amounts of 
methionol, this species was not caught in any of the field 
bioassays described here, in which these compounds were 
tested as single components or in blends. Furthermore, no 
specimens have been caught in numerous field trials in 
Brazil over the past eight years, in which 3-ketol has been 
tested. Independent data from light trapping and emergence 
of adults from infested logs (data not shown) confirmed that 
the bioassays were conducted during the flight window of S. 
phtisica. The reasons for the lack of attraction to the tested 
compounds are not clear, although it is possible that the 
(S)-3-ketol enantiomer in the racemic 3-ketol used in lures 
may have antagonized attraction. We observed a similar phe-
nomenon with a North American cerambycine, Tragidion 
armatum LeConte, males of which produce (R)-3-ketol 
and methionol. However, to date, all attempts at attracting 
T. armatum with either racemic or (R)-3-ketol, alone or in 
blends with methionol, have failed (Hanks and Millar 2016).

Nevertheless, Field Bioassay 1 provided leads to the 
possible pheromones of other members of the subfamily 
Cerambycinae, specifically, C. d. dimidiatus and I. olivaceus. 
Adults of C. d. dimidiatus were only attracted to the two-
compound blend, and subsequent analysis of volatiles 
produced by males confirmed that they produced both 
(R)-3-ketol and methionol, along with small amounts of 
2-phenylethanol. The fact that beetles were attracted only 
to the blend of 3-ketol with methionol demonstrated strong 
synergism, with no attraction at all to either compound alone. 
In contrast, the attraction of I. olivaceus to either the 3-ketol 
alone or in a blend with methionol is in accordance with 
the fact that conspecific males have been shown to produce 
(R)-3-ketol (Silva et al. 2017). The fact that methionol did 
not influence the attraction of this species contrasts with 
previous findings which suggested a synergistic effect 
of methionol on the attraction of I. olivaceus to 3-ketol, 
even though methionol was not detected in volatiles from 
conspecific males (Silva et al. 2017).

To further investigate the role of these compounds in the 
chemical communication of C. d. dimidiatus, we carried 
out Field Bioassays 2 and 3, during which other sympatric 
cerambycine species were also caught. In Field Bioassay 2, 
both sexes of C. d. dimidiatus were attracted to both of the 

Fig. 4  Mean (± SE) number of adults of both sexes of a) Chydarteres 
d. dimidiatus, b) Aglaoschema ventrale, c) Chrysoprasis aurigena, 
and d) Chrysoprasis linearis caught during Field Bioassay 3. Com-
pound or treatment abbreviations: 3-Ketol = racemic 3-hydrox-
yhexan-2-one; MethOH = 3-methylthiopropan-1-ol; PhenOH = 2-phe-
nylethanol; 1:1:1 Blend = 1:1:1 blend of 3-hydroxyhexan-2-one, 
3-methylthiopropan-1-ol and 2-phenylethanol; Control = solvent 
(neat isopropanol). Treatment type had a significant effect on 
trap catch of C. d. dimidiatus (Friedman’s  Q4,95 = 61.0, P < 0.001, 
N = 19 replicates), A. ventrale  (Q4,110 = 37.1, P < 0.001, N = 22), C. 
aurigena  (Q4,35 = 22.5, P < 0.001, N = 7) and C. linearis  (Q4,80 = 58.6, 
P < 0.001, N = 16). Means followed by different letters within a spe-
cies are significantly different according to REGWQ multiple range 
test (P < 0.05)

▸

947Journal of Chemical Ecology (2021) 47:941–949



1 3

ternary blends of 3-ketol, methionol, and 2-phenylethanol. 
Both sexes of A. ventrale were also attracted by both of the 
ternary blends but not to 3-ketol alone, again showing syner-
gism between the blend components. On the other hand, the 
congeners C. linearis and an as-yet unidentified Chrysopra-
sis species were only attracted by the 3-ketol alone, indicat-
ing that for both species, methionol and/or 2-phenylethanol 
were inhibitory. In contrast, C. curvatus was unaffected by 
the latter components, being equally attracted to 3-ketol 
alone, and either of the ternary blends containing 3-ketol.

In Field Bioassay 3, that further probed the possible 
effects of 2-phenylethanol, at the relatively high 1:1:1 ratio, 
2-phenylethanol appeared to partially suppress attraction of 
C. d. dimidiatus. By contrast, A. ventrale was unaffected by 
2-phenylethanol, being equally attracted to the blends with 
or without this compound, whereas attraction of the conge-
ners C. aurigena and C. linearis were suppressed by both 
methionol and 2-phenylethanol.

From these results, we infer that the 3-ketol and methionol 
constitute the male-produced aggregation-sex pheromone of 
C. d. dimidiatus. Despite 2-phenylethanol being present in 
volatiles from conspecific males, it was clearly not necessary 
for attraction of beetles. Similar results have been observed 
in related species such as Xylotrechus quadripes Chevrolat 
(Hall et al. 2006), Megacyllene caryae (Gahan) (Lacey et al. 
2008) and Megacyllene antennata (White) (Mitchell et al. 
2018), where volatiles from males contain 2-phenyletha-
nol, despite this compound having no apparent influence on 
attraction of conspecifics in the field.

Although we still have to verify the semiochemistry of 
A. ventrale via headspace collections from live males, this 
species appears to use the same pheromone chemistry as C. d. 
dimidiatus, with the synergistic blend of 3-ketol + methionol 
representing at least a good attractant for A. ventrale, and 
it was not affected by 2-phenylethanol. Nevertheless, our 
field data suggest that both 2-phenylethanol and methionol 
may aid in segregation of sympatric species that use 3-ketol 
as a major pheromone component. For example, the three 
Chrysoprasis species were strongly attracted by the 3-ketol 
alone, but this attraction was diminished or eliminated 
by methionol and/or 2-phenylethanol. Particularly for 
C. linearis, this is in line with previous observations 
that attraction of this species to 3-ketol is disrupted by 
2-methylbutan-1-ol (Silva et al. 2018). Conversely, attraction 
of C. aurigena to 3-ketol has been shown to be synergized 
by 1-(1H-pyrrol-2-yl)-1,2-propanedione (Silva et al. 2017), 
even though 3-ketol was not found in volatiles produced by 
male C. aurigena (Silva et al. 2017). Finally, the preference 
of C. curvatus for the treatments containing 3-ketol is in 
accordance with production of the (R)-enantiomer by 
conspecific males (Silva et al. 2018), but in contrast to the 
Chrysoprasis species, this species was not affected by either 
methionol or 2-phenylethanol.

Prior to the work described here, methionol had been 
reported as a pheromone component only for the South 
American cerambycine Ambonus distinctus (Newman) 
(Silva et al. 2017), although it has also been found in the 
North American cerambycines Knulliana cincta cincta 
(Drury) and T. armatum (LMH and JGM, unpublished data). 
The data presented here expands the number of species in 
which it has been found, suggesting that it may be another 
widely shared pheromone component among cerambycine 
species, given that the work described above showed that 
it mediated the behavior of species in five different tribes 
within the subfamily Cerambycinae. The results from the 
field bioassays also hint that the maintenance of reproductive 
isolation among members of the beetle community described 
here is likely maintained by a complex interplay of phero-
mone chemistry with different diurnal and seasonal activity 
periods of the adults, as is becoming increasingly apparent 
from studies with other cerambycid species (e.g., Silva et al. 
2018, 2020; Hanks et al. 2019; Meier et al. 2020).

Blend ratios may also play a role in segregation of sympa-
tric species. The studies reported here tested only a limited 
number of ratios and it is likely that the attraction of any one 
species (and decrease in attraction of heterospecifics) could 
be improved by careful optimization of the blend ratio for 
that species. Moreover, the compositions of the blends of 
synthetic compounds in the sachet dispensers tested here 
were based on those in the volatiles collected from the male 
beetles. In the absence of release rate data for the different 
compounds, the compositions of the blends released are not 
known and further research is required to match these to the 
blends produced by the insects.

From a practical viewpoint, all species reported in this 
study are endemic to South America and most of them could 
be potential pests of either hardwood trees or fruit trees in 
several botanical families (Monné 2020). Therefore, in addi-
tion to increasing the “chemical space” of cerambycid semi-
ochemistry, the results described above could prove useful 
for surveillance and monitoring of these cerambycids out-
side of their geographical range, should they invade other 
countries and continents.

Acknowledgements We thank Antonio Santos-Silva (Museum of 
Zoology of USP) for identifying the cerambycid species. We also thank 
Araci and Cassio Silva, Fernando Madalon and Jean Carlos Alvarez 
for assisting with the field experiments. We gratefully acknowledge 
financial support from INCT-Semiochemicals in Agriculture (Fundação 
de Amparo à Pesquisa do Estado de São Paulo and Conselho Nacional 
de Desenvolvimento Científico e Tecnológico, grants: #2014/50871-0 
and #465511/2014-7) to JMSB and United States Department of 
Agriculture—Animal and Plant Health Inspection Service (grant #s 
15, 16, 17, 18, 19, and 20-8130-1422-CA to JGM and LMH, and 
grant # 20-8130-0909-CA to WDS). Field collections of the study 
species in Brazil were conducted under SISBIO permit #46395 from 
the Brazilian Ministry of the Environment. This work was registered 
with the National System for the Management of Genetic Heritage and 
Associated Traditional Knowledge (SisGen, Brazil) under #AE3897B.

948 Journal of Chemical Ecology (2021) 47:941–949



1 3

Authors’ Contributions All authors contributed to the study conception 
and design. Material preparation, data collection and analysis were 
performed by Weliton Silva, Lawrence Hanks and Jocelyn Millar. The 
first draft of the manuscript was written by Weliton Silva. Lawrence 
Hanks and Jocelyn Millar reviewed and edited previous versions of the 
manuscript. All authors read and approved the final manuscript. Grants 
in support of the work were written by Lawrence Hanks, José Maurício 
Bento, and Jocelyn Millar.

Funding This work was supported by INCT-Semioquímicos na 
Agricultura (Fundação de Amparo à Pesquisa do Estado de São 
Paulo and Conselho Nacional de Desenvolvimento Científico e Tec-
nológico, grants: #2014/50871–0 and #465511/2014–7) and United 
States Department of Agriculture—Animal and Plant Health Inspec-
tion Service (grant #s 15, 16, 17, 18, 19, 20–8130-1422-CA and 
20–8130-0909-CA).

Declarations 

Conflict of Interest The authors declare no conflict of interest.

References

Allison JD, Borden JH, Seybold SJ (2004) A review of the chemi-
cal ecology of the Cerambycidae (Coleoptera). Chemoecology 
14:123–150

Bobadoye B, Torto B, Fombong A, Zou Y, Adlbauer K, Hanks LM, 
Millar JG (2019) Evidence of aggregation-sex pheromone use by 
longhorned beetles (Coleoptera: Cerambycidae) species native to 
Africa. Environ Entomol 48:189–192

Cohen C, Liltved WR, Colville JF, Shuttleworth A, Weissflog J, Svatoš 
A, Bytebier B, Johnson SD (2021) Sexual deception of a beetle 
pollinator through floral mimicry. Curr Biol 31:1962–1969

Fettköther R, Dettner K, Schröder F, Meyer H, Francke W, Noldt U 
(1995) The male pheromone of the old house borer Hylotrupes 
bajulus (L.) (Coleoptera: Cerambycidae): Identification and 
female response. Experientia 51:270–277

Hall DR, Cork A, Phythian SJ, Chittamuru S, Jayarama BK, Venkatesha 
MG, Sreedharan K, Vinod Kumar PK, Seetharama HG, Naidu R 
(2006) Identification of components of male-produced pheromone 
of coffee white stemborer, Xylotrechus quadripes. J Chem Ecol 
32:195–219

Hanks LM (1999) Influence of the larval host plant on reproductive 
strategies of cerambycid beetles. Annu Rev Entomol 44:483–505

Hanks LM, Millar JG (2016) Sex and aggregation-sex pheromones of 
cerambycid beetles: basic science and practical applications. J 
Chem Ecol 42:631–654

Hanks LM, Mongold-Diers JA, Mitchell RF, Zou Y, Wong JCH, Meier 
LR, Johnson TD, Millar JG (2019) The role of minor pheromone 
components in segregating 14 species of longhorned beetles 
(Coleoptera: Cerambycidae) of the subfamily Cerambycinae. J 
Econ Entomol 112:2236–2252

Hayes RA, Griffiths MW, Nahrung HF, Arnold PA, Hanks LM, Mil-
lar JG (2016) Optimizing generic cerambycid pheromone lures 
for Australian biosecurity and biodiversity monitoring. J Econ 
Entomol 109:1741–1749

Lacey ES, Moreira JA, Millar JG, Hanks LM (2008) A male-produced 
aggregation pheromone blend consisting of alkanediols, 
terpenoids, and an aromatic alcohol from the cerambycid beetle 
Megacyllene caryae. J Chem Ecol 34:408–417

Leal WS, Shi X, Nakamuta K, Ono M, Meinwald J (1995) Structure, 
stereochemistry, and thermal isomerization of the male sex phero-
mone of the longhorn beetle Anaglyptus subfasciatus. Proc Natl 
Acad Sci USA 92:1038–1042

Meier LR, Zou Y, Mongold-Diers JA, Millar JG, Hanks LM (2020) 
Pheromone chemistry and chemical ecology of six cerambycid 
beetles of the subfamily Lamiinae. J Chem Ecol 46:30–39

Millar JG, Hanks LM (2017) Chemical ecology of cerambycids. In: 
Wang Q (ed) Cerambycidae of the world: biology and pest man-
agement. CRC Press. Taylor & Francis, Boca Raton, pp 167–202

Millar JG, Mitchell RF, Mongold-Diers JA, Zou Y, Bográn CE, Fierke 
MK, Ginzel MD, Johnson CW, Meeker JR, Poland TM, Rageno-
vich IR, Hanks LM (2018) Identifying possible pheromones of 
cerambycid beetles by field testing known pheromone components 
in four widely separated regions of the United States. J Econ Ento-
mol 111:252–259

Millar JG, Richards AB, Halloran S, Zou Y, Boyd EA, Quigley KN, 
Hanks LM (2019) Pheromone identification by proxy: identifica-
tion of aggregation-sex pheromones of North American ceramby-
cid beetles as a strategy to identify pheromones of invasive Asian 
congeners. J Pest Sci 92:213–220

Mitchell RF, Ray AM, Hanks LM, Millar JG (2018) The common 
natural products (S)-α-terpineol and (E)-2-hexenol are important 
pheromone components of Megacyllene antennata (Coleoptera: 
Cerambycidae). Environ Entomol 47:1547–1552

Monné MA (2020) Catalogue of the Cerambycidae (Coleoptera) of the 
Neotropical Region. Part I. Subfamily Cerambycinae https:// ceram 
bycids. com/ catal og. Accessed 15 June 2021

Newcombe RG (1998) Two-sided confidence intervals for the single 
proportion: comparison of seven methods. Stat Med 17:857–872

Quinn GP, Keough MJ (2002) Experimental design and data analysis 
for biologists. Cambridge University Press, Cambridge

SAS Institute (2011) SAS/STAT 9.3 User’s Guide. SAS Institute Inc., 
Cary NC, USA

Schröder F, Fettköther R, Noldt U, Dettner K, König WA, Francke W 
(1994) Synthesis of (3R)-3-hydroxy-2-hexanone, (2R,3R)-2,3-hex-
anediol and (2S,3R)-2,3-hexanediol, the male sex pheromone of 
Hylotrupes bajulus and Pyrrhidium sanguineum (Cerambycidae). 
Liebigs Ann Chem 1994:1211–1218

Silva WD, Zou Y, Bento JMS, Hanks LM, Millar JG (2017) Aggrega-
tion-sex pheromones and likely pheromones of 11 South Ameri-
can cerambycid beetles, and partitioning of pheromone channels. 
Front Ecol Evol 5:101

Silva WD, Millar JG, Hanks LM, Costa CM, Leite MOG, Tonelli 
M, Bento JMS (2018) Interspecific cross-attraction between the 
South American cerambycid beetles Cotyclytus curvatus and 
Megacyllene acuta is averted by minor pheromone components. 
J Chem Ecol 44:268–275

Silva WD, Hanks LM, Alvarez JCS, Madalon FZ, Bento JMS, Bello 
JE, Millar JG (2020) Variations on a theme: two structural motifs 
create species-specific pheromone channels for multiple species 
of South American cerambycid beetles. Insects 11:222. https:// 
doi. org/ 10. 3390/ insec ts110 40222

Sokal RR, Rohlf FJ (1995) Biometry, 3rd edn. W. H. Freeman, New-
York, NY, USA

Sweeney JD, Silk PJ, Grebennikov V (2014) Efficacy of semiochemi-
cal-baited traps for detection of longhorn beetles (Coleoptera: Cer-
ambycidae) in the Russian Far East. Eur J Entomol 111:397–406

Wickham JD, Harrison RD, Lu W, Guo Z, Millar JG, Hanks LM, 
Chen Y (2014) Generic lures attract cerambycid beetles in a 
tropical montane rain forest in southern China. J Econ Entomol 
107:259–267

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

949Journal of Chemical Ecology (2021) 47:941–949

https://cerambycids.com/catalog
https://cerambycids.com/catalog
https://doi.org/10.3390/insects11040222
https://doi.org/10.3390/insects11040222

	3-Hydroxyhexan-2-one and 3-Methylthiopropan-1-ol as Pheromone Candidates for the South American Cerambycid Beetles Stizocera phtisica and Chydarteres dimidiatus dimidiatus, and Six Related Species
	Abstract
	Introduction
	Methods and Materials
	Sources of Chemicals
	Sources of Insect Specimens for Collection of Volatiles
	Collection of Headspace Volatiles from Adult Beetles
	Identification of Candidate Pheromone Components
	Field Bioassays
	Statistical Analyses

	Results
	Identification of Candidate Pheromone Components
	Field Bioassays

	Discussion
	Acknowledgements 
	References


