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ABSTRACT We conducted laboratory and Þeld studies to test the hypothesis that volatile phero-
mones mediate mate location in the longhorned beetle Prionus californicusMotschulsky (Coleoptera:
Cerambyicidae), an important pest of many agricultural and ornamental plants. Males were strongly
attracted to live females and to carcasses of freshly killed females in olfactometer bioassays. Males also
responded strongly to excised ovipositors of freshly killed females but not to their excised heads,
thoraces, or abdomens. In Þeld studies, males were strongly attracted to cages baited with live females.
These Þndings demonstrate that female P. californicus produce a volatile pheromone from the
ovipositor that attracts males over a distance, and they provide the Þrst conclusive evidence of a
volatile sex pheromone for a species of the primitive cerambycid subfamily Prioninae.
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Cerambycid beetles (Coleoptera) are important pests
worldwide, degrading lumber and damaging and kill-
ing trees, woody shrubs, and vines in forests, orchards,
plantations, and urban landscapes (Solomon 1995).
Although there is an extensive literature on host re-
lationships of cerambycid larvae and geographic
ranges of species, there is scant information on the
behavior of adults because many species are cryptic,
nocturnal, or both, and active for only a few weeks per
year (Solomon 1995; volumes indexed in Linsley and
Chemsak 1997). The lack of information on behavior
of adults, particularly the role of semiochemicals in
reproduction, hinders development of effective de-
tection and management strategies for many ceram-
bycid species that are economically important pests
(Solomon 1995).

Volatile male-produced sex or aggregation phero-
mones have been identiÞed for six cerambycid spe-
cies, all of which are members of the diverse subfamily
Cerambycinae (reviewed by Ray et al. 2006). Female-
produced pheromones have been identiÞed for two
species, Migdolus fryanus Westwood and Verperus
xatartiDufour (Leal et al. 1994, Boyer et al. 1997), that
formerly were placed in the Cerambycidae, but whose
family-level taxonomy is uncertain (Napp 1994, Bense
1995, Dong and Yang 2003). To our knowledge, vol-
atile pheromones have not been identiÞed for any
species of the more primitive cerambycid subfamilies,

including the Prioninae and Spondylidinae, although
earlier research has indicated that females of some
prionine species produce sex attractants (Rotrou 1936,
Edwards 1961, Benham and Farrar 1976, Gwynne and
Hostetler 1978). Many prionine species are important
pestsofwoodycropandornamentalplantsworldwide,
and are often difÞcult to manage (Duffy 1953, 1968;
Linsley 1959, 1962; Bishop et al. 1984).
Prionus californicus Motschulsky (Cerambycidae:

Prioninae), the California prionus, is broadly distrib-
uted in western North America where it is an eco-
nomically important pest of many agricultural and
ornamental plants, including apples, roses, lilacs, and
oaks (Linsley 1962). This species has been a serious
pest of hop, Humulus lupulus L. (Urticales: Canna-
baceae), in the PaciÞc Northwest for �60 yr (Bishop
et al. 1984). Females oviposit on or in the soil near the
base of living plants (for biology, see Bishop et al.
1984). The larvae feed on roots and require 3Ð5 yr to
complete development. Feeding damage to plant
roots results in decreased nutrient uptake, water
stress, and reduced growth rate and can cause wilting
and death of the entire plant. Management of P. cali-
fornicus in hop is labor-intensive and expensive be-
cause no pesticides are registered for preventing new
infestations or controlling established infestations,
and there are no effective biological or host plant
resistance alternatives. Infestations can be eliminated
only by fumigating soil or leaving Þelds fallow for 2Ð3
yr. With fallow Þelds, there is limited opportunity to
produce alternative crops in the interim because the
trellis system upon which hops are grown must remain
in place.
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Adult P. californicus are crepuscular and emerge
from late June through July in the U.S. PaciÞc North-
west. Adults range in body length from 25 to 55 mm
and are among the largest cerambycids in North
America (Linsley 1962; volumes indexed in Linsley
and Chemsak 1997). Although pheromone production
has not been documented for P. californicus, some
traits of this species presumably are associated with
pheromone production by adult females (Thornhill
and Alcock 1983, Gemeno and Schal 2003): 1) males
are smaller than females and have larger, more
strongly serrate antennae; 2) males are active ßiers
and frequently are captured in light traps, whereas
females are more sedentary, apparently rarely ßy, and
are rarely captured in traps; 3) adults of both sexes
apparently do not feed, having atrophied digestive
tracts, and consequently are short-lived (2Ð3 wk under
laboratory conditions; Linsley 1962; J.D.B., personal
observation).

Our objective in the work described here was to test
the hypothesis that females of this species produce
volatile pheromones that attract males for mating.

Materials and Methods

Source of Insects.We collected larvae of P. califor-
nicus in fall 2003 and 2004 from hop yards in Canyon
Co., Idaho. Large larvae (5Ð8 cm in length) dislodged
from uprooted hop crowns were placed singly into
500-ml glass jars, transported to a Þeld plot at the
Parma Research and Extension Center (Canyon Co.),
and placed individually into 19-liter plastic buckets.
Buckets were prepared by drilling two 0.75-cm holes
into the bottoms for drainage and then Þlling with soil
to �10 cm from the top. A 15Ð35-cm-long section of
hop rhizome was buried in each bucket to provide
food for larvae. Larvae were buried �10 cm in depth
in the soil beside the rhizome section. Buckets con-
taining larvae were placed outdoors in a trench and
buried to within �10 cm of the bucket tops. Larvae
overwintered in the buckets.

In early spring 2004 and 2005, hop plants growing
from rhizomes in the buckets were cut back and lids,
with centers removed and replaced with aluminum
screening, were Þtted over the buckets to prevent
escape of emerging adults. Water was supplied to each
bucket by drip irrigation (8 liters/h) for 10 min every
day. Buckets were monitored daily from mid-June
through the end of July, and newly emerged adult
beetles were immediately collected and held individ-
ually in the laboratory in ventilated glass jars (�500Ð
1000 ml) at 22�C with a photoperiod of 16:8 (L:D) h
until needed for bioassays. Male and female beetles
were held in separate growth chambers and were
unmated. Beetles were 1Ð14 d old and were vigorous
and apparently healthy when used in bioassays.
Voucher specimens have been submitted to the W. F.
Barr Entomology Museum at the University of Idaho.
Laboratory Bioassays. We tested the response of

maleP. californicus to odor sources using a rectangular
olfactometer (80 by 10 by 19.5 cm, length by width by
height) constructed of polyethylene and Þtted with a

removable glass top. At one end of the olfactometer
were two openings, each Þtted with 3.75-cm-diameter
polyvinyl chloride (PVC) female adapters, to which
were attached sample containers (17.75-cm-long sec-
tions of 3.75-cm-diameter clear PVC pipe screened on
both ends). At the opposite end of the olfactometer
was a central opening attached to a vacuum dust col-
lector (Jet DC650A, Jet Tools, Elgin, IL) that pulled air
through the olfactometer (3.2 m/s at the exit). Air was
pulled from outside the building through an activated
charcoal Þlter directly upwind of sample containers,
through the sample containers, and into the olfactom-
eter chamber. A 30-cm-long bafße inside the chamber
separated airstreams entering from the two sample
containers at the upwind end of the chamber. We
tested the response of male beetles to the following
odor sources.

1. Live females. Response of males would indicate
that females produce volatile olfactory or auditory
signals.

2. Dead females (freeze-killed at �4�C for 30 min,
thawed at room temperature for �15 min) that
males had responded to while alive (treatment 1;
see Results). Attraction of males would indicate
that females produce volatile olfactory signals
(even when dead), rather than auditory signals.
Dead females were stored at �20�C after bioassays.

3. We separately tested the heads, thoraces, abdo-
mens, and ovipositors of freeze-killed females to
which males had responded previously (treatment
2; see Results) to identify the site of pheromone
production. Body sections were excised using
clean forceps and razor blades and were stored
individually in clean glass containers at �20�C.
Body sections were thawed at room temperature
(�15 min) before bioassays.

4. Live males. Attraction of males to other males
would indicate that males also produce volatile
compounds or auditory signals.

Bioassays were conducted in July 2004 and 2005 under
red light (25-W incandescent) to minimize the inßu-
ence of visual signals. Experiments were performed
during the second to sixth hour of scotophase when
adult beetles were typically active (J.D.B., unpub-
lished data). An odor source (a beetle or body part)
was placed in one of the two sample containers (se-
lected randomly), and the other sample container was
empty. Air ßow was started and a male beetle was
placed at the downwind end of the olfactometer under
a clean glass petri dish. The olfactometer lid was re-
placed and the beetle was allowed to acclimate for at
least 30 s. The olfactometer lid then was opened, the
petri dish removed, and the olfactometer lid reclosed
to begin the bioassay. All males walked in the olfac-
tometer rather than attempting to take ßight. Beetles
that walked upwind and reached the sample container
that contained the odor source within 5 min were
scored as a positive response. A negative score was
given to beetles reaching the control (empty) cham-
ber within 5 min. A beetle that did not reach either
chamber within 5 min was scored as “no response.”
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The olfactometer was washed, rinsed with acetone,
and air-dried, and sample containers were switched to
different sides after every Þve trials.

We tested Þve to six different intact beetles (living
and dead females, living males) as odor sources with
Þve to 10 different males (n � 25Ð38 replicates). We
tested ovipositors of six females as odor sources with
two to seven males (n� 27 replicates). However, for
body parts that showed no activity in bioassays (heads,
thoraces, and abdomens; see Results), we tested two
to Þve different parts with Þve males (n� 10 replicates
per body part). We also periodically bioassayed males
in the olfactometer with both test chambers empty,
which conÞrmed that there were no position effects
(data not shown). Males were never used in bioassays
more than once per day. Data for all replicates were
pooled, and the numbers of males responding to
treatments versus controls were compared using the
chi-square goodness-of-Þt test (Analytical Software
2003).
Field Bioassays. Bioassays were conducted in hop

Þelds to test for attraction of wild P. californicus to
caged adults of both sexes. We used modiÞed light
traps (Universal blacklight traps 2851A, BioQuip, Gar-
dena, CA) that consisted of a 13-liter polypropylene
bucket (27 cm in height by 30 cm in diameter) into
which was Þtted an aluminum vane trap (funnel
topped with four vanes under an aluminum lid; 2851T
assembly, BioQuip). The UV light was replaced with
awiremeshcage intowhichwasplacedanadultbeetle
that served as a lure. One trap contained a single
unmated female, a second contained an unmated
male, and the third contained no beetle and served as
a control. All traps also contained a piece of sponge
moistened with water to provide beetles water and to
control for emission of water vapor across treatments.
Traps were set out at dusk and were placed 9 m apart
between rows in commercial hop Þelds in a line per-
pendicular to hop rows. Because laboratory olfactom-
eter studies indicated that males would respond to
females by walking (see above), we set traps into the
ground so that the top of the funnel was level with the
soil surface (similar to a pitfall trap). We collected
traps the next morning and recorded the number and
sex of adult P. californicus in each trap. Traps were
cleaned after each trial. The experiment was repli-
cated on six different nights; once on 14 July 2004 and
Þve times between 7 and 14 July 2005, when light trap
catches indicated that beetles were active in the Þeld.
Treatment position was initially randomized, and in
2005 treatment position was rotated after each repli-
cate. We tested differences in mean numbers of males
captured in each treatment with the nonparametric
KruskalÐWallis test (Analytical Software 2003) be-
cause heteroscedasticity violated assumptions of anal-
ysis of variance (ANOVA) (Sokal and Rohlf 1995). We
tested differences between pairs of treatment means
by comparing 95% conÞdence intervals (CI) (overlap
of intervals is a conservative test of statistical signiÞ-
cance; Payton et al. 2003).

Results

Laboratory Bioassays.Males responded strongly to
odors from live females (�2

1, 110 � 73.6; P � 0.001),
dead females(�2

1, 30 �26.2;P�0.001), andovipositors
excised from females (�2

1, 23 � 19.2; P � 0.001) in
laboratory olfactometer bioassays (Fig. 1). Subject
males usually walked directly upwind within the Þrst
minute of the bioassay. Males showed no signiÞcant
response to odors from heads (�2

1, 8 � 0; P � 1.0),
thoraces (�2

1, 7 � 0.71; P � 0.4), or abdomens of
females (�2

1, 8 � 0.12; P � 0.7). Males also did not
respond to odors from live males (�2

1, 6 � 0; P� 1.0)
(Fig. 1). In bioassays of heads, thoraces, and abdomens
of females, and live males, the subject males wandered
in the olfactometer in a manner similar to their be-
havior when no odor source was present in the olfac-
tometer (see Materials and Methods). For example, in
bioassays using live males as sources of stimuli, only six
of the 19 males tested responded within 5 min (Fig. 1).
FieldBioassays.We captured 88 adult P. californicus

in Þeld bioassays, including 86 males and two females,
and numbers captured per d ranged from 4 to 35. The
percentage of males captured was signiÞcantly inßu-
enced by treatment (Fig. 2; means signiÞcantly dif-
ferent, KruskalÐWallis statistic � 13.2, P � 0.0014),
with most males captured in traps baited with live
females. A small percentage of males were captured by
traps baited with live males, but the mean was not
signiÞcantly different from the control (indicated by
overlap of 95% CI). The number of females caught
with female-baited cages (n� 2) was not signiÞcantly
different from the number caught with the male-
baited treatments and controls (both n � 0; KruskalÐ
Wallis statistic � 4.3, P � 0.1160). The very low re-
sponse of females to female-baited traps, despite their
being active during bioassays, conÞrms that the at-
tractant is a sex pheromone rather than an aggregation
pheromone).

Fig. 1. Response of male P. californicus to various odor
sources in laboratory olfactometer bioassays (n� 113, 32, 25,
and 27, left to right).
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Discussion

Laboratory bioassays conÞrmed that female P. cali-
fornicusproduce a pheromone that attracts males, that
the pheromone persisted after females were killed,
and that pheromone was associated with the ovipos-
itor. These Þndings are consistent with recent obser-
vations of an apparent calling behavior in P. califor-
nicus: females raise their abdomen, extend their
ovipositor, and a small sac is everted from the dorsal
surface of the ovipositor (J.D.B., personal observa-
tion). Capture of signiÞcant numbers of males in fe-
male-baited traps and the insigniÞcant response to
traps baited with live males support the laboratory
Þndings. We conclude that female-produced sex pher-
omones allow actively dispersing male P. californicus
to locate their sedentary mates. Once the sexes are
brought into proximity, however, mate recognition
apparently is mediated by contact pheromones on the
cuticle of the female (unpublished data).

This is the Þrst conclusive demonstration of a vol-
atile sex pheromone in a cerambycid species of the
subfamily Prioninae, or any of the other more prim-
itive subfamilies of the Cerambycidae. However, it is
the males that produce sex and aggregation phero-
mones in other cerambycid species for which volatile
pheromoneshavebeen identiÞed todate, including six
species of the subfamily Cerambycinae (Sakai et al.
1984, Fettköther et al. 1995, Leal et al. 1995, Lacey et
al. 2004, Hall et al. 2005). Pheromones of these cer-
ambycine species are produced by glands on the male
thorax (Ray et al. 2006), whereas in the current study
and Barbour et al. (2006a), the ovipositor of P. cali-
fornicus is strongly implicated as the source of pher-
omone. That the Prioninae are considered primitive (a
recent analysis indicates that this subfamily diverged
from other cerambycid groups in the Jurassic; Farrell
1998) suggests that production of pheromones by fe-
males may represent the ancestral condition for the
family.

Earlier research has indicated that attractants are
produced by females of the prionines Dorysthenes
(�Cyrtognathus) forficatus (F.), Prionoplus reticularis

White, Prionus laticollis (Drury), Prionus emarginatus
Say, the females displaying behaviors presumably as-
sociated with release of pheromone, or males appar-
ently being attracted to females from a distance (Ro-
trou 1936, Edwards 1961, Benham and Farrar 1976,
Gwynne and Hostetler 1978). Moreover, many pri-
onine species share morphological and behavioral
traits commonly associated with pheromone produc-
tion (Thornhill and Alcock 1983, Gemeno and Schal
2003), including a more sedentary nature in females
and more elaborate antennal structure in males (Sum-
merland 1932, Benham and Farrar 1976, Santos Fer-
reira 1980, Hovore 1981). It therefore seems likely that
mate location is mediated by female-produced pher-
omones in other prionine species. Pheromones may be
invaluable for managing the many prionine species
that are economically important pests worldwide. For
P. californicus, this research could Þnd application in
monitoring distribution and abundance, improving
the efÞciency of insecticide treatments, and it also
might be exploited for control of the insect via pher-
omone-based mating disruption, mass trapping, or at-
tract-and-kill strategies.Research to identify the struc-
ture of the pheromone of P. californicus is underway.
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Fettköther, R., K. Dettner, F. Schröder, H. Meyer, W.
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