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Abstract
We describe the identification, synthesis, and field bioassays of a novel aggregation-sex pheromone produced by males of
Susuacanga octoguttata (Germar), a South American cerambycid beetle. Analyses of extracts of headspace volatiles produced
by adult beetles revealed a sex-specific compound emitted by males which was identified as (Z)-7-hexadecene by microchemical
and spectroscopic analyses. The synthesized pheromone was attractive to beetles of both sexes in field trials. This unsaturated
hydrocarbon motif is unprecedented among cerambycid pheromones identified to date. During field bioassays, we serendipi-
tously discovered that adults of S. octoguttata trapped in two Brazilian biomes differed considerably in elytral markings, although
males from both populations produced (Z)-7-hexadecene as an aggregation-sex pheromone.

Keywords Semiochemical . Longhorned beetle . Pheromone chemistry . Phenotypic plasticity . Local adaptation

Introduction

Over the past 15 years, pheromones and likely pheromones
have been identified for several hundred cerambycid species,
most of which are in the subfamilies Cerambycinae,
Lamiinae, and Spondylidinae (reviewed in Hanks and Millar
2016, Millar and Hanks 2017). Pheromones identified to date
from species in these subfamilies are male-produced aggrega-
tion-sex pheromones that attract both sexes (sensu Cardé
2014). The cumulative data also have shown that at least some
of the pheromone structures are highly conserved, with close-
ly related cerambycid species often using the same or very
similar compounds in their pheromone blends (Millar and

Hanks 2017). However, there is increasing evidence that other
species produce uncommon or even unique pheromone
components, which may be species-specific or used by
only a few congeners. For example, 10-methyldodecanal,
the male-produced aggregation-sex pheromone of the
South American species Eburodacrys vittata (Blanchard)
(Cerambycinae: Eburiini) has attracted no other cerambycid
species during field trials in Brazil (Silva et al. 2016) and
eastern North America (LMH, unpub. data).

Here, we present the first example of another novel phero-
mone motif within the Cerambycidae, the unsaturated hydro-
carbon (Z)-7-hexadecene, produced by males of Susuacanga
octoguttata (Germar), which is in the same tribe as E. vittata.
This species is endemic to South America and common in
Brazil. The only known host of the larvae is bitter orange,
Citrus aurantium L. (Rutaceae) (Martins 1999; Monné
2018), a cultivated fruit tree native to Asia. We obtained our
first specimens of this species from ethanol-baited traps.
Analyses of headspace volatiles collected from those speci-
mens showed that males produced relatively large amounts of
a compound which was clearly different than any previously
identified cerambycid pheromone component. This provided
the motivation to identify what was likely to be a new phero-
mone motif, to continue to expand the known Bchemical
space^ occupied by cerambycid pheromones. Furthermore,
during the course of field trials with the synthesized phero-
mone, we found that populations of S. octoguttata from two
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Brazilian biomes differ substantially in their elytral markings,
suggesting local adaptation to their differing habitats, although
both populations apparently use the same pheromone.

Materials and Methods

Collection of Volatiles Emitted by Adult Beetles Adults of
S. octoguttata of both sexes were trapped in a remnant frag-
ment of Cerrado (Brazilian savanna) in Valentim Gentil, SP,
Brazil (−20.372 lat., −50.080 long.) during 20 September to
15 October 2015. We used cross-vane panel traps constructed
from black corrugated plastic (see Silva et al. 2016), with trap
surfaces coated with Fluon® (diluted 1:1 in water; Insect-a-
Slip, BioQuip Products Inc., Rancho Dominguez, CA, USA).
We drilled 2-mm holes in the bottom of collection jars (5 l) for
rainwater drainage. Traps were hung from inverted L-shaped
hangers made from PVC pipe (2.1 × 0.3 m long; 2 cm i.d.)
mounted on 1-m steel reinforcing bar posts hammered into the
ground. Lures consisted of polyethylene press-seal sachets
(10 × 14 cm, 0.08 cm wall thickness, Talge-Qualidade e
Segurança, Balneário Camboriú, SC, Brazil) loaded with
100 ml of 95% ethanol. Because S. octoguttata is nocturnal
(WDS, pers. obs.), traps were serviced every morning and
captured beetles were immediately separated by sex according
to antennal length (antennae of males are approximately twice
the body length, whereas antennae of females are markedly
shorter; Martins 1999). Beetles were held individually in plas-
tic containers with glass vials containing sucrose solution
(10%) as nourishment.

Live beetles were shipped overnight to the University of
São Paulo, Piracicaba, SP, Brazil, where they were allowed to
acclimatize to laboratory conditions (23 ± 2 °C, 60 ± 10%RH,
~5000 lx from fluorescent lights, and 12:12 h L:D) for 48 h
prior to collection of headspace volatiles. Volatiles were col-
lected from individual males or females held in cylindrical
glass chambers (25 cm long × 6 cm i.d.) containing two glass
vials with sucrose solution (10%). Volatiles were trapped with
collectors that consisted of a glass pipette (8.5 cm long ×
0.5 cm i.d.) containing 150 mg of 80/100 mesh HayeSep®
Q adsorbent (Supelco, Bellefonte, PA, USA) held in place
with glass wool plugs. Collectors were connected to outlets
of chambers with a screw cap fitted with a Teflon ferrule.
Activated-charcoal-filtered air was pushed through the cham-
ber at ~300 ml/min. Beetles were aerated continuously for
48 h under the environmental conditions described above. A
total of six males and four females were aerated, and individ-
ual beetles were aerated as many as four times each. Control
aerations of chambers containing only feeder vials were made
in parallel to monitor for system contaminants. Volatiles were
eluted from collectors with four 250-μl aliquots of methylene
chloride into silanized amber glass vials which were stored at
−30 °C.

Identification of Beetle-Produced Volatiles Extracts of beetle
volatiles were first analyzed in Brazil on a GC-2010 gas chro-
matograph (Shimadzu Corp., Kyoto, Japan) with flame ioni-
zation detection, fitted with an HP5-MS capillary column
(30 m × 0.25 mm i.d. × 0.25 μm film; Agilent Technologies,
Santa Clara, CA, USA). Extract aliquots of 1 μl were injected
in splitless mode (purge valve off for 1 min) with an injector
temperature of 250 °C and He carrier gas at a linear velocity of
25 cm/s. The GC ovenwas programmed from 35 °C for 1 min,
increased to 40 °C at 2 °C/min (hold 1 min), and increased to
250 °C at 10 °C/min (hold 10 min). Extracts containing sex-
specific compounds were sent to the University of California,
Riverside, where they were reanalyzed on an Agilent 7820A
GC coupled to a 5977Emass selective detector, using an HP-5
column (same dimensions as above), in splitless mode with
He carrier gas (linear velocity 37 cm/s), and a temperature
program of 40 °C/1 min, 10 °C/min to 280 °C (hold
10 min). Mass spectra were obtained using electron impact
ionization (70 eV). Retention indices were calculated by com-
parison with a blend of straight-chain alkane standards.

To determine the position and geometry of the double
bond, an aliquot of an extract was epoxidized by stir-
ring with 50 μl of a methylene chloride solution of
meta-chloroperbenzoic acid (10 mg/ml) for 1 h. The
mixture was then concentrated just to dryness under a stream
of nitrogen, then vortexed with 0.5 ml of 1 M aqueous NaOH,
followed by addition of 0.5 ml hexane and vortexing again.
The hexane layer was removed, dried over anhydrous sodium
sulphate, concentrated under a stream of nitrogen, and ana-
lyzed by GC-MS as described above. The geometry of the
double bond was determined by comparing the retention time
andmass spectrum of the epoxide of the insect-produced com-
pound with that of a similarly epoxidized standard of (Z)-7-
hexadecene, synthesized in three straightforward steps from
palmitoleic acid (described in the Online Supplement).

Field-Testing of Synthetic (Z)-7-Hexadecene The biological
activity of (Z)-7-hexadecene was tested in field bioassays in
Valentim Gentil during 3 December 2016 to 8 January 2017.
We used the same traps as described above, except that col-
lection jars had no holes and were filled with ~100 ml of a
saturated aqueous solution of sodium chloride, to which was
added a few drops of dish detergent, to kill and preserve the
captured beetles. Lures consisted of polyethylene press-seal
sachets (5 × 7.5 cm, 50 μm wall thickness; Bagettes® model
14,770, Cousin Corp., Largo, FL, USA) containing a cotton
dental roll loaded with 25 mg of synthesized (Z)-7-
hexadecene in 1 ml of isopropanol. Control lures contained
1 ml of neat isopropanol. Traps were placed ~15 m apart in
four pairs which were ~30 m apart, with the treatment and
control assigned randomly to traps within each pair. Traps
were checked every 2–3 d (total of 16 evaluation dates), at
which time treatments within trap pairs were switched to
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control for positional effects. Pheromone lures were replaced
every 2 wk.

Attraction to (Z)-7-hexadecene was further tested in
Piracicaba, located ~400 km from Valentim Gentil, in a rem-
nant of Atlantic Rain Forest owned by the University of São
Paulo (−22.712 lat., −47.628 long.). The experimental design
was as described but with only two pairs of traps. Traps were
checked for beetles every 3–5 d from 30 November to 30
December 2017 (total of nine evaluation dates). As soon as
we noticed that adult S. octoguttata captured in Piracicaba
were morphologically different from those of Valentim
Gentil (see Fig. S5, Online Supplement), in parallel with the
field bioassays we deployed a trap to capture live beetles for
volatile collections. A total of three males and four females
were collected live from Piracicaba, and headspace volatiles
from these specimens were collected and analyzed as de-
scribed above.

Voucher specimens of captured beetles have been deposit-
ed in the museum of the Department of Entomology and
Acarology-USP/ESALQ, Piracicaba, SP, Brazil.

Statistical Analysis Because data from the field bioassay con-
ducted in Valentim Gentil violated assumptions of ANOVA
(Sokal and Rohlf 1995), differences between treatment means
were tested using the nonparametric Friedman’s Test (PROC
FREQ; SAS Institute 2011). Replicates were defined by block
× collection date, and those in which no beetles had been
caught in any trap (e.g., due to inclement weather) were not
included in analyses. Data from the field bioassays conducted
in Piracicaba were analyzed with the two-tailed Exact
Binomial test to verify whether the ratio of beetles attracted
to the pheromone treatment or the control differed significant-
ly from the expected 1:1 ratio at 5% probability (McDonald
2014). The binomial test was performed from a spreadsheet
available at http://www.biostathandbook.com/exactgof.
html(accessed 17 September 2018). The sex ratio of
captured beetles for each site was compared to a nominal
proportion of 0.5 with 95%Clopper-Pearson exact confidence
intervals at 5% probability (Newcombe 1998).

Results

Identification and Synthesis of Pheromone Candidate
Analyses of headspace extracts from male beetles from
Valentim Gentil revealed two sex-specific compounds, one
strongly dominant, that were absent in equivalent extracts
from female beetles and from controls (Fig. 1a). The dominant
compound had a molecular weight of 224 Da for a possible
molecular formula of C16H32, it eluted slightly before
hexadecane on a nonpolar DB-5GC column (Kovats retention
index 1586), and the EI mass spectrum suggested a monoun-
saturated alkene with a monotonically decreasing series of

ions of m/z 83, 97, 111, 125, 139/140, etc., separated by 14
mass units (Fig. 1b). The retention index and the mass spec-
trum suggested that there were no branch points, indicating
that the compound was probably a straight-chain monoalkene.
The mass spectrum of the corresponding epoxide was charac-
terized by prominent ions at m/z 127 and 155 from cleavage
on either side of the epoxide (Fig. S1), indicating that the
double bond in the parent compound was between carbons 7
and 8. Comparing the retention time and mass spectrum of the
epoxide of synthetic (Z)-7-hexadecene with those of the ep-
oxide of the insect-produced compound confirmed that the
geometry of the double bond was (Z) (Figs. S1-S3). In partic-
ular, the standard contained a trace amount of the epoxide
derived from the (E)-isomer (Fig. S3), which eluted about
15 s before the (Z)-epoxide, unequivocally confirming that
the insect-produced compound had the (Z)-configuration.

The minor compound (2.2 ± 0.2% of the dominant com-
pound; mean ± SD, n = 3) was tentatively identified as (Z)-6-
pentadecene from its molecular ion (m/z 210), its Kovats re-
tention index (1486), and the similarity of its spectrum to that
of (Z)-7-hexadecene. The double bond was confirmed to be
between carbons 6 and 7 by the diagnostic ions atm/z 113 and
155 in the mass spectrum of the corresponding epoxide
(Fig. S4).

Field-Testing of Synthesized (Z)-7-Hexadecene In field bioas-
says conducted in Valentim Gentil, traps baited with synthe-
sized (Z)-7-hexadecene captured 24 adults of S. octoguttata,
with a mean (± 1 SE) of 1.3 ± 0.2 beetles/trap compared to
zero captures in controls (means significantly different,
Friedman’s Q1,36 = 32.2; P < 0.001; N = 18 replicates).
Although beetles of both sexes were captured, the
sex ratio was female-biased (75% female; 95%
Clopper-Pearson Exact confidence interval: 0.533–
0.902, P = 0.014). Other non-target cerambycid beetles
were captured in numbers insufficient for statistical
analysis (< 5 individuals/species) and probably repre-
sented random encounters with traps.

In Piracicaba, pheromone-baited traps captured 18
adults of S. octoguttata compared to zero captures in
controls, which were significantly different from the
expected 1:1 capture ratio (two-tailed Exact Binomial
test for overall treatment effect: P < 0.001). The sex
ratio of captured beetles did not differ significantly
from 1:1 (56% female; 95% Clopper-Pearson Exact
confidence interval: 0.308–0.785, P = 0.64). Specimens
caught at this location differed in appearance from
those caught in Valentim Gentil (Fig. S5), having con-
spicuously larger paired elytral spots. Analyses of head-
space volatiles from males collected in Piracicaba con-
firmed that they also produced (Z)-7-hexadecene, but
the minor compound was not detected in extracts from
this population (N = 4).
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Discussion

The results described here provide compelling evidence that
the male-specific compound (Z)-7-hexadecene is an important
component of the aggregation-sex pheromone of
S. octoguttata, with traps baited with this compound specifi-
cally attracting conspecifics of both sexes. No other
cerambycid species were attracted in significant numbers,
suggesting that (Z)-7-hexadecene may be species-specific, at
least among the species which were active during the trapping
period. This is the first hydrocarbon to be identified as a
cerambycid pheromone, and the only other pheromone iden-
tified to date for a species in the same tribe as S. octoguttata
(Eburiini) is a branched chain aldehyde, 10-methyldodecanal,
from E. vittata (Silva et al. 2016).

Tippmann (1960) classified specimens of S. octoguttata
into five categories (referred to as Baberrations^) based on
variation in the size and color of the elytral spots. However,
Martins (1999) later concluded that these color variants were
indeed conspecifics. This hypothesis was supported in the
present study bymales of two distinct morphotypes producing

and responding to the same pheromone component. Thus, the
differences in markings likely represent phenotypic plasticity
and adaptation to quite different habitats (Agrawal 2001), one
being the Brazilian Cerrado and other the Atlantic Rain Forest.
Because adults of S. octoguttata are nocturnal (WDS, pers.
obs.), it is likely that the color patterns are involved in diurnal
crypsis (Linsley 1959), with morphological differences be-
tween populations arising from differing selective pressures
related to the substrates where beetles spend the daylight
hours.

The possible role of the minor compound tentatively
identified as (Z)-6-pentadecene in extracts from the
Valentim Gentil population remains to be clarified.
Clearly it is not absolutely required in order to attract
beetles from this population, because they were attracted
by (Z)-7-hexadecene as a single component. Furthermore,
there is no reason to believe that it would enhance at-
traction of the Piracicaba population because they do
not appear to produce it. Further field trials will be
necessary to determine if it may act as a synergist for
the Valentim Gentil population.

Fig. 1 a Representative gas
chromatogram of a headspace
extract from a male of
Susuacanga octoguttata (Germar)
from Valentim Gentil, showing
peaks for the minor (1) and major
compounds (2) respectively, and
b) EI mass spectrum of the major
compound

1118 J Chem Ecol (2018) 44:1115–1119

Author's personal copy



Acknowledgements A special thank you to Araci R. and Cassio D. Silva
for their invaluable help in field bioassays and to Antonio Santos-Silva
(Museu de Zoologia da Universidade de São Paulo) for identifying the
cerambycid beetle species. We gratefully acknowledge financial support
from Fundação de Amparo à Pesquisa do Estado de São Paulo (FAPESP,
grant #2013/26923-2) to WDS, USDA-APHIS (grant #15-8130-1422-
CA) to JGM and LMH, and the Alphawood Foundation to LMH. This
work also was supported by INCT-Semioquímicos na Agricultura
(FAPESP and CNPq - grants #2014/50871-0 and #465511/2014-7, re-
spectively). Field collections of the cerambycid beetles were conducted
under the SISBIO permit n° #46395-2 from the Brazilian Ministry of the
Environment.

References

Agrawal AA (2001) Phenotypic plasticity in the interactions and evolu-
tion of species. Science 294:321–326. https://doi.org/10.1126/
science.1060701

Cardé RT (2014) Defining attraction and aggregation pheromones: tele-
ological versus functional perspectives. J Chem Ecol 40:519–520.
https://doi.org/10.1007/s10886-014-0465-6

Hanks LM, Millar JG (2016) Sex and aggregation-sex pheromones of
cerambycid beetles: basic science and practical applications. J
Chem Ecol 42:631–654. https://doi.org/10.1007/s10886-016-0733-8

Linsley EG (1959) Ecology of Cerambycidae. Annu Rev Entomol 4:99–
138. https://doi.org/10.1146/annurev.en.04.010159.000531

Martins UR (1999) Tribo Eburiini Blanchard, 1845. In: Martins UR (ed)
Cerambycidae Sul-Americanos (Coleoptera): taxonomia, vol 3.
Sociedade Brasileira de Entomologia, São Paulo, pp 119–391 (in
Portuguese)

McDonald JH (2014) Handbook of biological statistics, 3rd edn. Sparky
House Publishing, Baltimore

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

MonnéMA (2018) Catalogue of the Cerambycidae (Coleoptera) of
the Neotropical region. Part I: subfamily Cerambycinae
http://cerambyxcat.com/Parte1_Cerambycinae_2018.pdf.
Accessed 24 July 2018

Newcombe RG (1998) Two-sided confidence intervals for the single
proportion: comparison of seven methods. Stat Med 17:857–872.
https://doi.org/10.1002/(SICI)10970258(19980430)17:8<857::
AID-SIM777>3.0.CO;2-E

SAS Institute (2011) SAS/STAT 9.3 user’s guide. SAS Institute Inc., Cary
Silva WD, Millar JG, Hanks LM, Bento JMS (2016) 10-Methyldodecanal,

a novel attractant pheromone produced by males of the south
American cerambycid beetle Eburodacrys vittata. PLoS One 11:
e0160727. https://doi.org/10.1371/journal.pone.0160727

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

Tippmann FF (1960) Studien über neotropische longicornier III.
Koleopterologische Rundschau 37-38:82–217 (in German)

J Chem Ecol (2018) 44:1115–1119 1119

Author's personal copy

https://doi.org/10.1126/science.1060701
https://doi.org/10.1126/science.1060701
https://doi.org/10.1007/s10886-014-0465-6
https://doi.org/10.1007/s10886-016-0733-8
https://doi.org/10.1146/annurev.en.04.010159.000531
http://cerambyxcat.com/Parte1_Cerambycinae_2018.pdf
https://doi.org/10.1002/(SICI)10970258(19980430)17:8<857::AID-SIM777>3.0.CO;2-E
https://doi.org/10.1002/(SICI)10970258(19980430)17:8<857::AID-SIM777>3.0.CO;2-E
https://doi.org/10.1371/journal.pone.0160727

	(Z)-7-Hexadecene...
	Abstract
	Introduction
	Materials and Methods
	Results
	Discussion
	References


