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Abstract
Females of two click beetle species, Cardiophorus tenebrosus and C. edwardsi (Coleoptera: Elateridae), produce methyl 
(3R,6E)-2,3-dihydrofarnesoate as their sex pheromone. We had serendipitously discovered that males of both species were 
also strongly attracted to (R)-fuscumol acetate ((E)-6,10-dimethylundeca-5,9-dien-2-yl acetate), a known longhorned beetle 
(Coleoptera: Cerambycidae) pheromone, due to its structural similarities to the click beetle pheromone. To further investi-
gate the specificity of the responses of Cardiophorus males, additional analogs with different chain lengths and structural 
relationships compared to the natural pheromone were synthesized and tested. In field and electroantennogram bioassays, 
only fuscumol propionate ((E)-6,10-dimethylundeca-5,9-dien-2-yl propionate) elicited strong responses from Cardiophorus 
males, indicating that they were able to distinguish chain length and spatial relationships between the structural elements. In 
field trials, C. tenebrosus males were attracted equally to the analog and their natural pheromone, but the pheromone elicited 
stronger antennal responses from males. In contrast, traps baited with fuscumol propionate caught approximately 26 times 
as many C. edwardsi males compared to traps baited with the natural pheromone, although the analog elicited significantly 
smaller antennal responses from C. edwardsi males. Thus, in terms of behavioral responses, fuscumol propionate appears 
to be acting as a hyperactive pheromone mimic, a phenomenon which has rarely been observed in insect semiochemistry.

Keywords  Elateridae · Click beetle · Pheromone analog · (E)-6,10-dimethylundeca-5,9-dien-2-yl propionate · Methyl 
(3R,6E)-2,3-dihydrofarnesoate

Introduction

Communication by means of volatile pheromones is prob-
ably the most widespread form of intraspecific communica-
tion in the Insecta, and thousands of insect pheromones have 
now been identified from across the insect taxa (Symonds 

and Elgar 2008; El-Sayed 2019). The use of pheromones as a 
means of communication is highly efficient, with behavioral 
responses and/or physiological changes often being elicited 
by only a few molecules of pheromone. Generally speaking, 
pheromone blends are also species specific, with both the 
efficiency and the selectivity having been tuned by natural 
selection over millennia (Symonds and Elgar 2008).

During the final decades of the 20th century, a substantial 
amount of research was conducted on analogs of the attract-
ant pheromones used by insect species, with a focus on the 
sex pheromones used in attracting mates (reviewed in Renou 
and Guerrero 2000). These investigations had several differ-
ent objectives. From a basic science viewpoint, structural 
modifications such as changes in the alkyl chain (elonga-
tion, shortening, saturation, and addition of alkyl branches), 
changes in the spatial and electronic structure by modifi-
cation or replacement of polar groups (alcohols, esters, 
ketones, aldehydes), or isosteric replacements of hydrogen 
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with fluorine (Pesenti and Viani 2004) were probed to see 
how they affected the perception of and subsequent behav-
ioral responses to the analogs (Renou and Guerrero 2000). 
Similar modifications were used to test whether the clear-
ance of pheromones from receptors by enzymatic degrada-
tion could be disrupted. From a practical viewpoint, other 
types of pheromone analogs were developed as a possible 
means of replacing inherently unstable functional groups 
like aldehydes by more stable formate esters or methylene 
groups (Renou and Guerrero 2000). Almost without excep-
tion, it was found that at best, pheromone mimics were 
approximately equal in activity to the natural pheromones 
(Briggs et al. 1986; Dawson et al. 1990; Lucas et al. 1994), 
or sometimes acted as synergists to the natural pheromones 
(Roelofs and Comeau 1971; Camps et al. 1988; Bengtsson 
et al. 1990; Riba et al. 1994; Grant et al. 1996). However, 
in most cases, the pheromone analogs varied from being 
much less attractive to not attractive at all compared to the 
natural pheromones, or they were actively inhibitory, dis-
rupting responses to the natural pheromone when released 
in blends. Overall, this is perhaps not unexpected, given 
that pheromone receptors have evolved to be highly selec-
tive to recognize their particular ligands, which are present 
in minute quantities in the sea of background odors present 
in natural environments. To our knowledge, there are only 
two reported instances in which any pheromone analog has 
been shown to exhibit activity greater than that of the natu-
ral pheromone. In the first, Lucas et al. (1994) found that 
one fluorinated and one chlorinated analog of the codling 
moth (Cydia pomonella) pheromone component (E8,E10)-
8,10-dodecadienol, among a number of halogenated analogs 
tested, were, respectively, 44% and 75% more attractive to 
codling moth males than (E8,E10)-8,10-dodecadienol itself. 
In the second example, with the German cockroach Blattella 
germanica, the three stereoisomers of (3S,11S)-3,11-dimeth-
ylnonacosan-2-one, a female-produced contact pheromone, 
elicited stronger behavioral responses from males at bio-
logically relevant doses than the natural pheromone (Eliyahu 
et al. 2004).

While trying to identify the first pheromones for North 
American click beetle species (Coleoptera: Elateridae), we 
serendipitously discovered that a cerambycid beetle phero-
mone, (2R,5E)-6,10-dimethylundeca-5,9-dien-2-yl acetate 
(commonly known as (R)-fuscumol acetate) was an excel-
lent mimic of the female-produced sex pheromone, methyl 
(3R,6E)-2,3-dihydrofarnesoate (henceforth “MDF”; struc-
ture shown in Fig. 1) of two click beetle species, Cardio-
phorus tenebrosus LeConte and C. edwardsi Horn (Serrano 
et al. 2018). The antennal responses in electroantennogram 
assays and behavioral responses in field trials were so strong 
that we initially thought that fuscumol acetate was indeed 
the pheromone of these two species. Having finally identi-
fied the real pheromone from volatiles extracted from female 

beetles, and having compared the beetles’ responses to the 
two enantiomers of the mimic and the natural pheromone 
in both electroantennogram (EAG) and behavioral bioas-
says, we were struck by two points. First, in EAG bioassays, 
only the (R)-enantiomer of the pheromone or the mimic elic-
ited any response at all from the antennae of male beetles, 
suggesting that the spatial relationship between the methyl 
group at the polar end of each molecule and the correspond-
ing carbonyl group was crucial. Second, the all-or-nothing 
response elicited by that specific arrangement, despite the 
long hydrophobic chains of all four molecules being identi-
cal, suggested that the functionalized end of the molecule 
was most important, and that variation in the length of the 
hydrophobic end of the molecule might still result in active 
analogs, as long as the crucial methyl group to carbonyl 
motif was still intact. Here, we report the results of testing 
several pheromone analogs that were designed to probe these 
possibilities, and specifically, the identification of a hyper-
active pheromone mimic which attracted approximately 26 
times more C. edwardsi males than an equivalent dose of the 
natural pheromone in field bioassays.

Materials and methods

Test compounds

Four compounds were synthesized for testing (Fig. 1). These 
included the known pheromone (R)-MDF (Figure 1.4) as a 
positive control and baseline for comparison. In addition, 
three pheromone analogs were prepared, including the ter-
penoid esters:

1.	 (E)-6,10-dimethylundeca-5,9-dien-2-yl propionate 
(henceforth fuscumol propionate; Figure 1.3) in which 
the chain length of fuscumol acetate had been extended 

Fig. 1   Structures of methyl (R)-citronellate (MC) (1), (R)-citronellyl 
propionate (CP) (2), (R)-fuscumol propionate (FP) (3), and methyl 
(3R,6E)-2,3-dihydrofarnesoate (MDF) (4)
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by one carbon on the ester end of the chain. This com-
pound most closely resembles the pheromone, MDF;

2.	 methyl citronellate (Figure 1.1), a monoterpenoid analog 
of MDF that shares the same three-dimensional methyl-
carbonyl motif as MDF and fuscumol propionate, but 
lacks the terminal isoprene unit;

3.	 citronellyl propionate (Figure 1.2), a monoterpenoid 
analog of fuscumol propionate which lacks the terminal 
isoprene group, and in which the distance between the 
crucial methyl and carbonyl groups is increased by two 
carbons.

Racemic mixtures of each of the test compounds were 
used in field bioassays (described below). Although it 
was found that C. tenebrosus and C. edwardsi males only 
respond to (R)-enantiomers of fuscumol acetate and MDF, 
the presence of the (S)-enantiomer (in racemic mixtures) 
did not cause a significant decrease in attraction to the (R)-
enantiomer in the field (Serrano et al. 2018).

Racemic MDF was available from previous work (Ho and 
Millar 2001). Racemic citronellyl propionate was synthe-
sized as follows. Propionyl chloride (4.72 ml, 55 mmol) was 
added dropwise to an ice-bath cooled solution of citronellol 
(5.6 g, 50 mmol, Aldrich Chemical, Milwaukee, WI, USA), 
pyridine (4.4 ml, 55 mmol), and dimethylaminopyridine cat-
alyst (100 mg) in 100 ml methylene chloride. After the addi-
tion was complete, the ice-bath was removed and the mixture 
was stirred 4 h at room temp. Residual propionyl chloride 
was then destroyed by the addition of ethanol and stirring 
overnight. The resulting mixture was extracted sequentially 
with water, 1 M HCl, saturated NaHCO3, and brine, then 
concentrated to an odorous oil, which was > 95% pure by 
GC, and was used without further purification. 1H and 13C 
NMR spectral data agreed with those previously reported 
(Richter et al. 2014). MS (EI, 70 eV; m/z, %): 138 (37), 123 
(70), 109 (35), 95 (94), 81 (100), 69 (87), 57 (74), 41 (62).

Racemic fuscumol propionate was prepared in analo-
gous fashion, substituting racemic fuscumol (Bedoukian 
Research, Danville CT, USA) for citronellol. The product 
was purified by Kugelrohr distillation (oven temp ~ 99 °C, 
0.25 mm Hg), yielding a colorless oil which was > 95% 
pure by GC. 1H NMR (400 MHz, CDCl3) δ 5.18–5.03 (m, 
2H), 4.89 (m, 1H), 2.30 (q, J = 7.6 Hz, 2H), 2.14–1.90 (m, 
6H), 1.70–1.65 (m, 3H), 1.59 (d, m, 6H), 1.55–1.43 (m, 
2H), 1.21 (d, J = 6.3 Hz, 3H), 1.13 (t, J = 7.6 Hz, 3H). 13C 
NMR (100 MHz, CDCl3) δ 174.28, 135.85, 131.52, 124.42, 
123.54, 70.61, 39.83, 36.16, 28.11, 26.81, 25.82, 24.05, 
20.15, 17.82, 16.05, 9.38. MS (EI, 70 eV; m/z, %): 209 (2), 
178 (12), 163 (7), 135 (18), 123 (9), 109 (100), 93 (16), 81 
(20), 69 (59), 57 (37), 41 (31).

Racemic methyl citronellate was prepared from the cor-
responding carboxylic acid by esterification with methyl 
iodide (Sun et al. 2016). Thus, methyl iodide (1.44 g, 

10.1 mmol) and K2CO3 (1.06 g, 7.64 mmol) were added 
to a solution of citronellic acid (0.85 g, 5 mmol; Aldrich 
Chemical) in dry dimethylformamide. The reaction mix-
ture was stirred at 22 °C for 30 min, then quenched with 
saturated aqueous NaHCO3 (30 ml). The resulting mixture 
was extracted with hexane (3 × 50 ml) and the combined 
organic phases were washed with brine, dried over anhy-
drous Na2SO4, and concentrated. The crude product was 
purified by vacuum flash chromatography on silica gel, 
eluting with 10% EtOAc in hexane to yield a colorless oil 
(0.78 g, 84%) which was > 95% pure by GC. 1H and 13C 
NMR spectral data agreed with those previously reported 
(Whittaker and Dong 2015). MS (EI, 70 eV; m/z,  %): 184 
(M + , 7), 152 (39), 141 (2), 137 (5), 129 (4), 123 (4), 119 
(3), 110 (62), 101 (12), 95 (67), 87 (12), 82 (32), 74 (24), 
69 (100), 59 (23), 55 (40), 41 (69).

Field bioassays

Field bioassays were carried out from 9 April to 30 June 
2018 at the same two sites near Jenks Lake (34° 09′ 45.8″ 
N 116° 54′ 08.6″ W and 34° 09′ 48.1″ N 116° 54′ 13.0″ 
W) in the San Bernardino National Forest in San Ber-
nardino Co., CA, USA as the original studies (Serrano 
et al. 2018). Modified flight intercept traps (Serrano et al. 
2018) were placed 10–15 m apart, with treatments initially 
assigned randomly to traps within each five-trap replicate 
(4 treatments and a control). One replicate of treatments 
was tested at each field site. Traps were checked twice 
weekly and beetles were live trapped so that they could be 
brought back to the laboratory for sex determination and 
coupled gas chromatography-electroantennogram (GC-
EAD) analyses. The lures were replaced weekly, at which 
time traps were rotated one position. Lures consisted of 
5 × 7.5 cm (~ 0.05 mm wall thickness) low-density poly-
ethylene zipper seal bags (Fisher Scientific, #01-816-1A), 
filled with 1 ml of a 20 mg/ml solution of the test com-
pound in isopropanol. Treatments consisted of methyl 
citronellate, citronellyl propionate, fuscumol propionate, 
and MDF (each as racemic mixtures), with isopropanol as 
a solvent control.

Gas chromatography–electroantennogram 
detection

GC–EAD analyses were conducted as previously described 
(Serrano et al. 2018), with the exception that the GC was 
fitted with a DB-5 column (30 m × 0.25 mm ID × 0.25 μm 
film; J&W Scientific, Folsom CA, USA). Antennae from 4 
C. tenebrosus males and 3 C. edwardsi males were used, 
with each antennal preparation being used for 1–3 analyses.
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Quantification of release rates

The release rates of MDF and fuscumol propionate were 
measured by performing headspace collections from the 
polyethylene lures loaded with 20 mg each of the two 
test compounds in 1 ml isopropanol. Collections (N = 10) 
were conducted at 31 °C in a temperature-controlled room. 
Volatiles were collected from the lures using two-piece 
cylindrical glass chambers (28 cm × 8 cm ID) with O-ring-
sealed center joints and Swagelok® unions (Solon OH, 
USA) on either end for making connections. The lures (as 
described above) were hung on wire stands centered within 
the chambers and oriented perpendicular to the inlet and 
outlet. Air was pulled through the chambers at ~ 1 L/min 
using house vacuum, with incoming air being filtered 
through activated charcoal (6–14 mesh; Fisher Scientific, 
Pittsburgh PA, USA). Volatiles were collected on 200 mg 
of thermally-desorbed activated charcoal (GAC-2050 
ground down to ~ 100 mesh; Charcoal House, Crawford 
NE, USA) held between glass wool plugs in a short piece 
of glass tubing (0.9 cm ID). Collections were conducted 
for 4 h, beginning on the day the lure was made and then 
sampling again on days 3, 5, and 7. After collections were 
completed, trapped volatiles were eluted from the charcoal 
with 2 ml of dichloromethane containing dodecyl acetate 
(0.5 mg/ml) as in internal standard.

To quantify the amount of MDF and fuscumol propion-
ate being released from the polyethylene lures, authentic 
standards of racemic MDF and racemic fuscumol propionate 
were diluted in hexane in a range spanning 4 different con-
centrations (1 mg/ml, 0.2 mg/ml, 0.1 mg/ml, and 0.02 mg/
ml). The dilutions were then mixed 1:1 with a solution of 
dodecyl acetate (1 mg/ml in hexane) as an internal standard 
and analyzed to prepare a calibration curve. Solutions were 
analyzed with an Agilent 78020A GC coupled to an Agi-
lent 5977E MSD fitted with a DB-5MS column. The oven 
temperature was programmed from 50 °C for 1 min, then 
increased at 10 °C/min to 280 °C, with an injector tempera-
ture of 280 °C. Injections (1 μl) were made in splitless mode 
and the amounts of recovered pheromone were determined 
from the calibration curve.

Statistical analyses

All statistical analyses were conducted using SAS 9.4 (SAS 
Institute Inc. 2019). Replicates for field bioassays of both 
Cardiophorus species were based on both spatial and tem-
poral replicates, with temporal replicates being the total 
number of times the traps were checked. The mean num-
ber of male beetles captured per treatment replicate was 
compared among treatments by logistic regression (PROC 
GLIMMIX) while specifying a negative binomial distribu-
tion. When the overall ANOVA indicated significant dif-
ferences among treatments, differences among means were 
compared using simulation-based test for multiple compar-
isons (ADJUST = SIMULATE option of the LSMEANS 
statement). The average release rates of racemic MDF and 
fuscumol propionate were determined for each day of the 
analysis and data were analyzed by repeated measures using 
the GLIMMIX procedure with compound, day, and the 
compound by day interaction as fixed effects, and replicate 
nested within a day was included as a random effect. Dif-
ferences among means were compared using the procedure 
described above. The antennal responses of males of both 
Cardiophorus species to MDF and fuscumol propionate 
were analyzed separately for each species using a general-
ized linear model (PROC GLIMMIX) by comparing mean 
area counts of the response curves with the individual as a 
random effect, specifying a normal distribution.

Results

Field bioassays

In field bioassays of the pheromone analogs with C. ten-
ebrosus, a total of 408 males were caught between 12 April 
to 29 May 2018 in 26 treatment replicates. There was a sig-
nificant difference among treatment means (F4,125 = 32.08; 
P < 0.0001), but the MDF and fuscumol propionate treat-
ments were the only treatments that were significantly 
attractive compared to controls (Table  1) (P < 0.0001). 
The mean numbers of beetles caught in traps baited with 

Table 1   Mean (± 1 SE) numbers of male beetles of C. tenebrosus and C. edwardsi caught in traps baited with racemic mixtures of MDF, fuscu-
mol propionate (FP), citronellyl propionate (CP), and methyl citronellate (MC) in isopropanol

The solvent control was isopropanol. For each species, the number in parentheses indicates the number of treatment replicates and means with 
the same letter are not significantly different
A Not included in statistical analysis

Species Mean ± SE

MC CP FP MDF Control

C. tenebrosus (n = 26) 0.04 ± 0.04b 0.23 ± 0.10b 8.69 ± 1.51a 6.58 ± 1.17a 0.15 ± 0.08b
C. edwardsi (n = 24) 0A 0.08 ± 0.06c 37.67 ± 11.41a 1.49 ± 0.50b 0A
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fuscumol propionate were not statistically different than 
MDF (P > 0.05). For C. edwardsi, a total of 941 males 
were caught from 18 May to 26 June 2018 in 24 treatment 
replicates. Traps that contained the control and methyl cit-
ronellate treatments did not capture any male beetles and 
were eliminated from the statistical analysis. There was a 
significant difference among the mean number of beetles 
captured in the MDF, fuscumol proprionate, and citronellyl 
propionate treatments (F2,69 = 42.26; P < 0.0001). In con-
trast to C. tenebrosus, traps baited with fuscumol propion-
ate attracted ~ 26 times as many C. edwardsi males as traps 
baited with MDF, and both MDF and fuscumol propionate 
were more attractive than citronellyl propionate (Table 1) 
(P < 0.005 and P < 0.0001, respectively).

GC–EAD analyses

Coupled GC–EAD analyses showed that only MDF and 
fuscumol propionate elicited detectable responses from the 
antennae of male C. tenebrosus and C. edwardsi (Fig. 2). For 
males of both species, the antennal responses to MDF were 
significantly larger than the responses to fuscumol propion-
ate (F1,15 = 5.89; P < 0.05 for C. tenebrosus; F1,12 = 15.64; 
P < 0.005 for C. edwardsi).

Release rates

The mean amounts of racemic MDF and fuscumol propion-
ate released by the polyethylene bags in a 4 h period were 
not significantly different within each of the four days that 
were sampled (Fig. 3; P > 0.05). However, there was a day 

effect (F3,36 = 3.08; P < 0.05) and the highest release rates for 
both MDF and fuscumol propionate were on day 3.

Discussion

Our initial study in which we identified MDF as the female-
produced sex attractant pheromone of the two study spe-
cies suggested that several features of the MDF structure 
might be crucial for activity, specifically the methyl group 
on the chiral carbon, the carbonyl, the spatial relationship 
between these two functionalities, and the terpenoid hydro-
carbon chain (Serrano et al. 2018). The cerambycid beetle 
pheromone, fuscumol acetate, shared these structural prop-
erties with MDF, which provided a plausible explanation 
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for the strong attraction of male Cardiophorus beetles to 
fuscumol acetate. The study described here further probed 
the roles of those structural features. Of the three pheromone 
analogs tested, fuscumol propionate was the most bioactive 
in both GC-EAD analyses and field trials, and structurally 
most similar to MDF, with the only difference between the 
two structures being the transposition of the oxygen and the 
methylene group flanking the carbonyl. These data, together 
with the good biological activity of fuscumol acetate, rein-
forced the importance of the structural similarities at the 
ester end of the structures.

However, the additional importance of the structural 
details at the other end of the chain was dramatically illus-
trated by the fact that methyl citronellate, which has exactly 
the same structure as MDF at the ester end of the molecule 
but is missing the terminal isoprene group, was completely 
inactive in both electrophysiological and field bioassays, for 
both species. In particular, the lack of EAD activity was 
unexpected because in our previous study, the (R)-enanti-
omers of fuscumol acetate and MDF elicited strong EAD 
responses, whereas the (S)-enantiomers, with identical struc-
tures except for the configuration of the methyl group clos-
est to the carbonyl, elicited no discernable responses from 
antennae. This had suggested that the isoprenoid end of the 
structure was less important for structural recognition by 
the receptors (or possibly by pheromone binding proteins 
that transport pheromone molecules to receptors), but this 
is clearly not the case: both the isoprenoid and the ester por-
tions of the pheromone structure are crucial for recognition, 
and hence any downstream behavioral response. This was 
further reinforced by the complete lack of activity of the 
third analog, citronellyl propionate, which both lacked the 
terminal isoprene unit, and in which the carbonyl to methyl 
group distance was altered. When comparing the electro-
physiological results between C. tenebrosus and C. edwardsi 
males to fuscumol propionate and MDF, for both species, 
fuscumol propionate elicited significantly smaller antennal 
responses than MDF. However, the behavioral responses 
between the two species differed considerably, with fuscu-
mol propionate attracting similar numbers of C. tenebrosus 
as the natural pheromone MDF, whereas fuscumol propion-
ate attracted much higher numbers of C. edwardsi males 
than MDF. In fact, the relatively low numbers of C. edwardsi 
males caught in traps baited with MDF, in comparison to 
previous studies in which MDF was shown to be a good 
attractant for this species (Serrano et al. 2018) suggest that 
fuscumol propionate may have been outcompeting MDF, 
and pulling beetles away from the MDF-baited traps. Thus, 
for this species, the significantly smaller EAG responses to 
fuscumol propionate than to MDF were not congruent with 
the markedly stronger attraction to fuscumol propionate in 
field bioassays. In addition, this greatly enhanced level of 
attraction could not be due to differing release rates of the 

two test compounds because their measured release rates 
were similar (Fig. 3).

To our knowledge, this level of agonistic “hyperactiv-
ity” of an analog of an insect’s sex attractant pheromone 
is unprecedented. Among the many studies of pheromone 
analogs, if analogs or mimics have had appreciable activity 
at all, their activity typically has been less than or approxi-
mately equal in activity compared to the natural pheromone 
(reviewed in Renou and Guerrero 2000). A few examples of 
instances in which pheromone analogs were approximately 
as attractive as the natural pheromone have been observed in 
studies with lepidopteran species such as the red-banded leaf 
roller, Argyrotaenia velutinana (Walker) (Cardé and Roelofs 
1977), the soybean pod borer, Leguminivora glycinivorella 
(Matsumura) (Hu et al. 2012), and the lichen moth, Mil-
tochrosta calamina Butler (Muraki et al. 2014).

However, to our knowledge, there have been only two 
reports of volatile pheromone analogs being significantly 
more active than natural pheromones. In the first example, 
two pheromone analogs, (8E,10E)-10,11-difluoro-8,10-do-
decadienol and (8E,10E)-11-chloro-8,10-undecadienol, were 
found to elicit EAG responses from antennae of male cod-
ling moths that were similar in intensity to those elicited by 
their natural pheromone component (8E,10E)-8,10-dodeca-
dienol (Lucas et al. 1994). In addition, the detection thresh-
olds of all three compounds in EAG assays were similar 
(between 1 and 10 ng). However, in field bioassays, traps 
baited with (8E,10E)-10,11-difluoro-8,10-dodecadienol 
and (8E,10E)-11-chloro-8,10-undecadienol attracted 44% 
and 75% more male moths than traps baited with equivalent 
doses of (8E,10E)-8,10-dodecadienol, respectively. Differ-
ing volatilities were discounted as a possible explanation for 
these results, suggesting that the analogs were indeed more 
attractive than the natural pheromone (Lucas et al. 1994).

In another study conducted with the gypsy moth, Lyman-
tria dispar, traps baited with an oxaspiropentane compound, 
4-(1-oxaspiro[2.2]pent-2-yl)butan-1-ol, caught ~ 1.7 times 
as many moths as traps baited with the natural pheromone 
(+)-disparlure (Solari et al. 2007). However, the estimated 
boiling points of 4-(1-oxaspiro[2.2]pent-2-yl)butan-1-ol and 
(+)-disparlure differ by ~ 100 °C (244 vs. 341 °C, respec-
tively, at atmospheric pressure; Advanced Chemistry Devel-
opment Labs 2019), and consequently the vapor pressures of 
these two compounds differ by at least an order of magnitude 
[estimated with EPI Suite software; (US EPA 2019)]. Conse-
quently, the release rate of the analog in the field tests would 
have been substantially higher than that of (+)-disparlure, 
confounding any estimates of the comparative attractiveness 
of the two compounds.

The ~ 26-fold higher trap catch of C. edwardsi in traps 
baited with fuscumol propionate as compared to MDF may 
be the result of one or a number of different factors because 
the units of measurement (trap catch) are the end result of 
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a series of neurophysiological and behavioral steps. These 
in turn are mediated by both the chemical properties of the 
test compounds (e.g. volatility) and the biochemistry of the 
sequence of events from the capture of an odor molecule by 
the insect’s antenna through to the triggering of a behavioral 
output resulting in upwind flight towards a lure. Differing 
volatilities of the attractive test substrates were ruled out 
because the measured release rates of fuscumol propionate 
and MDF were not statistically different. In terms of the 
biochemistry, it also seems unlikely that the rates of adhe-
sion of the compounds to the antennal cuticle or dissolution 
in the antennal lymph would be markedly different given the 
very similar structures and consequently lipophilicities of 
the two molecules. However, slight differences in structure 
could indeed be crucial in the next steps. That is, the capture 
of the ligands by a pheromone binding protein for transport 
through the sensillar lymph and transfer to the pheromone 
receptor would both be expected to be sensitive to struc-
ture, and this was demonstrated indirectly by the complete 
lack of an EAD signal from the other two analogs tested, or 
of the (S)-enantiomers of MDF and fuscumol acetate (Ser-
rano et al. 2018). Thus, the relative affinities of the transport 
proteins and the pheromone receptors, and the kinetics of 
the capture and transfer of fuscumol propionate and MDF 
between the transport proteins and the receptors, would 
likely be different. Similarly, the clearance of the pheromone 
from the active site of the receptor by pheromone degrading 
enzymes could also be different. These effects, in turn, could 
alter the signal transmitted to higher brain centers, and the 
eventual output to motor neurons resulting in attraction to 
the odor source. We also cannot rule out the possibility that 
fuscumol propionate and MDF may actually be detected by 
different receptors and that the receptors may be expressed 
differently in either species. At this point, all we can say 
is that the hyperattraction to fuscumol propionate demon-
strated by the enhanced trap captures may be a consequence 
of any one of these factors, or some combination of them.

However, the fact that fuscumol propionate elicited 
substantial, albeit significantly smaller responses from the 
antennae of males of both beetle species in EAG assays 
would seem to suggest that all the steps up to and includ-
ing the firing of the pheromone receptors may be similar 
between fuscumol propionate and the natural pheromone. 
This, in turn, might suggest that the differences in the behav-
ioral responses to the two compounds are the result of pro-
cesses that occur after rather than before the receptors fire.

In summary, our results suggest that fuscumol propionate 
may be the most powerful analog or mimic ever reported 
for a volatile insect pheromone. This finding is even more 
remarkable in light of the fact that insect pheromone systems 
have been tuned by natural selection for millennia, to provide 
species-specific signals with very low detection thresholds. 
Thus, it was entirely unexpected and difficult to explain, how 

an analog could be so much more attractive than the natural 
pheromone. Further studies incorporating tools such as sin-
gle sensillum recording might provide further insight into 
the mechanisms underlying the hyperactive response.
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