
Role of Plant Volatiles in Host Plant Recognition by Listronotus
maculicollis (Coleoptera: Curculionidae)

Olga S. Kostromytska1 & Cesar Rodriguez-Saona2 & Hans T. Alborn3
& Albrecht M. Koppenhöfer1

Received: 12 March 2018 /Revised: 23 April 2018 /Accepted: 30 April 2018 /Published online: 9 May 2018
# Springer Science+Business Media, LLC, part of Springer Nature 2018

Abstract
The annual bluegrass weevil (ABW), Listronotus maculicollis Kirby, is an economically important pest of short cut turfgrass.
Annual bluegrass, Poa annua L., is the most preferred and suitable host for ABWoviposition, larval survival and development.
We investigated the involvement of grass volatiles in ABW host plant preference under laboratory and field conditions. First,
ovipositional and feeding preferences of ABW adults were studied in a sensory deprivation experiment. Clear evidence of
involvement of olfaction in host recognition by ABW was demonstrated. Poa annua was preferred for oviposition over three
bentgrasses, Agrostis spp., but weevils with blocked antennae did not exhibit significant preferences. ABW behavioral responses
to volatiles emitted by Agrostis spp. and P. annua were examined in Y-tube olfactometer assays. Poa annua was attractive to
ABW females and preferred to Agrostis spp. cultivars in Y-tube assays. Headspace volatiles emitted by P. annua and four
cultivars of Agrostis stolonifera L. and two each of A. capillaris L. and A. canina L. were extracted, identified and compared.
No P. annua specific volatiles were found, but Agrostis spp. tended to have larger quantities of terpenoids than P. annua. (Z)-3-
hexenyl acetate, phenyl ethyl alcohol and their combination were the most attractive compounds to ABW females in laboratory
Y-tube assays. The combination of these compounds as a trap bait in field experiments attracted adults during the spring
migration, but was ineffective once the adults were on the short-mown turfgrass. Hence, their usefulness for monitoring weevil
populations needs further investigation.
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Introduction

The annual bluegrass weevil (ABW), Listronotus maculicollis
Kirby, is a highly destructive and expanding pest of short-
mown golf turf in the Northeast and Mid-Atlantic regions of
the United States and in southeastern Canada (Vittum 2012).
Overuse of synthetic insecticides for ABW management due
to the lack of effective management alternatives combined

with high turfgrass quality expectations has led to widespread
development of resistance to pyrethroids (Ramoutar et al.
2009; Kostromytska et al. 2018) and insecticides from several
other chemical classes (Koppenhöfer et al. 2012;
Kostromytska et al. 2018; McGraw and Koppenhöfer 2017).
Reducing the use of and reliance on chemical control is crucial
for the development of more sustainable approaches for ABW
management. Cost-effective, reliable, and consistent methods
for monitoring ABWare critical to estimate timing and densi-
ties of populations thereupon to base management activities.
However, presently available ABW monitoring methods are
ineffective (cutting out turf pieces with a knife) or impractical
and/or labor intensive (salt- or heat extraction of ABW stages
from turf cores, vacuum sampling) (McGraw and
Koppenhöfer 2009) and hence rarely used.

Semiochemical attractants (plant volatiles, pheromones)
are widely used for monitoring of many insect pests. Various
weevil species have been shown to respond to host-plant vol-
atiles (e.g., Szendrei et al. 2009). McGraw et al. (2011) sug-
gested that volatiles emitted by the preferred host, annual
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bluegrass (Poa annua L.), might play a role in ABW host
recognition, but it remains unknown whether specific com-
pounds are strong enough attractants to be used as a monitor-
ing tool. Host plant volatiles in many cases synergize with
pheromones, and they are used together as powerful lures
(Borden et al. 2008; Gries et al. 1994; Saïd et al. 2011).

ABW is well adapted to the golf course environment. The
adults overwinter off the short-mown turf in sheltered areas of
the golf course (Diaz and Peck 2007; OSK, pers. observation).
In early spring, they migrate back on to the short-mown areas
to feed, mate, and oviposit (McGraw and Koppenhöfer 2007;
Vittum 2012). Larvae initially feed inside the grass stem, older
larvae (fourth and fifth instars) feed externally on the grass
crowns. Pupation occurs near the soil surface, and new adults
appear on the turf surface in late spring to early summer. ABW
goes through 2–3 generations per year.

Most damage caused by ABW larvae is observed in areas
with a high percentage of P. annua. Even though ABW pop-
ulations have been observed in pure creeping bentgrass,
Agrostis stolonifera L. (McGraw and Koppenhöfer 2017;
AMK pers. observations), damage in bentgrass is usually less
severe (Kostromytska and Koppenhöfer 2014, 2016). In a
series of laboratory, greenhouse and field experiments it was
clearly demonstrated that P. annua is also a superior host for
ABW (Kostromytska and Koppenhöfer 2014) compared to
bentgrasses. ABW females prefer P. annua for oviposition to
any out of three bentgrass species (A. stolonifera; colonial
bentgrass, A. capillaris L.; and velvet bentgrass, A. canina
L.) in choice or no-choice tests, although no distinct prefer-
ences in adults feeding were observed. Poa annua is the most
suitable host for larval survival, growth and development.
Studies to elucidate the mechanisms of bentgrass resistance
suggested that silicon and fiber contents in grass stem and leaf
tissue cannot explain the observed grass resistance
(Kostromytska and Koppenhöfer 2016).

McGraw et al. (2011) demonstrated a clear attraction of
ABW females to volatiles emitted by intact P. annua. The
volatiles emitted by intact plants and clippings were extract-
ed, identified and compared. According to this study, vola-
tiles (+)-β-pinene, (E)-2-hexenal, 6-methyl-5-hepten-2-
one, (Z)-3-hexenyl acetate, decanal, hexanal, nonanal, octa-
nal, and phenyl ethyl alcohol elicited significant electro-
physiological responses in ABW adults, but the behavioral
significance of the observed EAG responses to these com-
pounds was not studied. However, understanding the be-
havioral responses to these compounds may help with the
development of improved monitoring methods, traps and
lures, to overcome the limitations of the existing methods.
In addition, comparing volatiles produced by P. annua (suit-
able host) with the volatiles produced by bentgrasses (infe-
rior hosts) may help to pinpoint attractants and elucidate the
mechanisms involved in the increased bentgrass resistance.
This knowledge is critical for the implementation of host

plant resistance in ABW management and for the develop-
ment of new management strategies.

Our ultimate goal is to identify attractants for the develop-
ment of effective traps and lures in ABW monitoring and
management. The current study investigated the involvement
of host plant volatiles in ABW host plant preference and fo-
cuses on ABW olfactory responses to different grass species.
In particular, it investigated 1) the role of olfaction in ABW
host recognition in sensory deprivation and Y-tube assays; 2)
the behavioral significance of volatiles emitted by P. annua
extracted and identified in McGraw et al. (2011) and our stud-
ies in laboratory and field settings; and 3) the extraction, iden-
tification and comparison of headspace volatiles from
bentgrasses and P. annua.

Methods and Materials

Grass Propagation Cultivars of three bentgrass species,
A. stolonifera (cvs ‘L93’ and ‘Penncross’, older widely known
cultivars; ‘007’ and ‘Declaration’, newer high quality culti-
vars), A. capillaris (cv ‘Capri’), and A. canina (cvs
‘Greenwich’ and ‘Villa’), and wild type P. annua were used
in our experiment.

Bentgrasses were seeded at rates recommended by Seed
Research of Oregon (2008) (A. stolonifera, 6.25 g m−2;
A. capillaris, 8.75 g m−2; A. canina, 4.75 g m−2). They were
propagated in the greenhouse for 2 months prior to experi-
ments (14 h light at 28 °C: 10 h dark at 18 °C; natural light
supplemented with 400 watt high pressure sodium lamps).
Poa annua plugs (10 cm diameter) were taken using a golf
hole cup cutter from uniform established fields at Rutgers
Horticultural Farm 2 (North Brunswick, NJ, USA) and their
roots washed free of soil before planting. Seeded grass and
plugs were grown in 540-ml deli-cups (Fabri-Kal®,
Kalamazoo, MI, USA) with drainage holes, filled with a mix-
ture of a pasteurized (3 h at 72 °C) sandy loam (61% sand,
27% silt, 12% clay; 2.3% organic matter, pH 5.9) and sand
(3:1 ratio). Grasses were fertilized weekly (20–20-20 NPK,
The Scotts Miracle-Gro Co., Marysville, OH, USA), watered
as necessary and clipped 2×/week (1.3 cm height).

InsectsOverwintering generation adults were collected from
overwintering sites at Pine Brook Golf Course (Manalapan,
NJ, USA). They were sexed and kept in 840 ml plastic con-
tainers filled with moist (5%w/w) sand for 2–6months in an
incubator simulating overwintering conditions (10 h light at
6 °C: 14 h dark at 4 °C) to break their reproductive diapause
(Wu et al. 2017). Prior to bioassays, adults were extracted
and kept in groups of 60 in ventilated clear plastic con-
tainers on moist sand with black cutworm, Agrotis ipsilon
(Hufnagel), diet (Bio-Serv, Frenchtown, NJ, USA) and or-
ganic wheat sprouts as food in an incubator simulating
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spring conditions (14 h light at 21 °C: 10 h dark at 14 °C) for
14 days to allow them to sexually mature after diapause
termination (Wu et al. 2017).

Spring generation adults were handpicked from P. annua
fields (mowing height 2.5 mm) at Rutgers Horticultural Farm
2 in late June. Adults were held in plastic containers with
moist sand and food (14 h light at 21 °C: 10 h dark at
14 °C) for at least 1 week prior to the experiments.

Sensory Deprivation Experiment To determine the role of
host-plant chemical cues on ABW oviposition preference, a
choice experiment with blocked antennae was conducted. In
each experimental run, ABW adults were given a choice be-
tween three different grass species in two arrangements: 1)
one core each of P. annua, cvs. ‘L-93’, ‘007’ (both
A. stolonifera), and ‘Greenwich’ (A. canina) (set I), and 2)
one core each of P. annua, cvs. ‘Penncross’, ‘Declaration’
(both A. stolonifera), and cv ‘Capri’ (A. capillaris) (set II).
To create an oviposition arena, one turf core (4.5 cm diameter,
7.5 cm depth) of each of the specified greenhouse-grown
grasses was fit into a 120-ml plastic vial and placed on the
corner of a central quadrate (10 × 10 cm) in a rectangular clear
plastic container (36 × 27 × 16 cm). Pasteurized sandy loam
(61% sand, 27% silt, 12% clay; 2.3% organic matter, pH 5.9)
amended with 10% (vol/vol) peat moss was added to the level
of the core’s soil surface.

In each experimental replication, three different weevil
treatments for each previously described set were arranged:
a) sensory deprived weevils, b) weevils with painted elytra,
and c) unmodified control weevils. To create sensory de-
prived weevils, the adults’ antennae were painted with
Testors® modeling enamel (#1150 flat red rouge mat)
(The Testor Corp., Rockford, IL, USA) using a number 0
artist’s brush under a dissection microscope (Pureswaran
and Poland 2009). To ensure that the paint itself did not
affect the weevil’s oviposition behavior, a similar amount
of enamel was applied on the elytra of adults in the painted
control (treatment Bb^ above). For each treatment, ten
spring generation male–female pairs were introduced cen-
trally on the soil surface of the arena. Arenas were held in
environmental chambers for 1 week at L14 (21 °C): D10
(14 °C). Plugs were then removed from the arenas and ex-
amined under a compound microscope. The number of eggs
per plug was counted. In addition, we counted the number of
feeding scars to determine host-plant effects on weevil feed-
ing behavior. For oviposition, females chew round notches
in the grass stems before oviposition and then deposit eggs
in the opening (Kostromytska and Koppenhöfer 2014).
Often females create oviposition probes but do not deposit
eggs in them. Feeding scars differ from oviposition probes
by their irregular shape and location on the top part of leaf
blades. A feeding score was determined on a 0 to 9 scale that
took into account the number and size of feeding scars, with

0 being assigned when no feeding was observed and 9 if
more than 135 feeding scars were found (Kostromytska
and Koppenhöfer 2014).

Y-Tube Olfactometer Assays: Growing Plants The olfactory
responses of spring generation ABW adults to six bentgrass
cultivars (‘L-93’, ‘Penncross’, ‘Declaration’, ‘007’, ‘Capri’
and ‘Villa’) and P. annuawere tested using a Y-tube olfactom-
eter (10-cm arms and 14-cm stem, 2 cm cross section,
Analytical Research Systems Inc., Gainesville, FL, USA).
Air filtered through activated charcoal was split into two
1.57 L/min air streams and delivered through the 10-cm arm
via an odor source in a glass chamber. Odor sources consisted
of a turf core (4.5 cm diam × 7.5 cm depth including soil/root
zone) taken from greenhouse-grown grass or a soil core with-
out grass as a negative control placed in a 500 ml flask
(Kimax) and connected to the olfactometer odor adapters.
Adults were confined individually in the bottom of the Y-
tube in a glass inlet fit with a screen and observed for
20 min. A positive response was recorded if weevils moved
to the end of an arm of the olfactometer (8-cm mark) and
remained in the selected arm for at least 30 s. A bioassay
was terminated if a choice was recorded. Weevils failing to
make a decision were recorded as non-responding. Individuals
were used only once. The experiment was conducted until 35
responding weevils of each sex were observed per treatment.

Between replicates, the arms holding the odor source were
switched to exclude directional bias. Before each bioassay,
purified air was passed through the Y-tube for 10 min to purge
the system. For each assay, fresh odor sources were used for
no longer than 30 min. After each observation, the Y-tube and
all glass connections (with the exception of the odor sources)
were rinsed with ethanol, then acetone, and oven dried (80 °C,
5 min) to avoid contamination. Assays were performed at 25
± 2 °C and 260 lx. Two sets of experiments were conducted: in
the first set, adults were given a choice between one of the
grasses and the control; in the second set, adults were given a
choice between one of the bentgrasses and P. annua.

Volatile Collection and Identification Headspace volatiles of
six bentgrass cultivars (‘L-93’, ‘Penncross’, ‘Declaration’,
‘OO7’, ‘Capri’ and ‘Villa’) and P. annua were collected using
a push–pull volatile collection system (Rodriguez-Saona et al.
2009; Tholl and Röse 2006) arranged in a greenhouse (aver-
age temperature 22 °C day, 9 °C night). Each pot with dense
grass cover (86.6 cm2) was covered by a 4-L glass chamber
(Analytical Research Systems, Inc.). In each collection run,
three different bentgrass cultivars and P. annua were used,
grasses were cut 24 h prior to the start of volatile collection.
Clean air passed through each chamber at 2 L min−1 and
pulled at 1 L min−1 through a filter trap containing 30 mg of
a Super-Q adsorbent (Analytical Research Systems, Inc.).
Volatiles were collected for 72 h.
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Filter traps were eluted with 150 μl of dichloromethane. An
internal standard of 400 ng of n-octane was added to the ex-
tract. To quantify volatiles, a 1-μl aliquot of each extract was
injected in splitless mode onto a Hewlett Packard 6890 GC
equipped with a 10 m × 0.53 mm × 2.65 μm HP-1 column
(Agilent Technologies) and a flame ionization detector (FID)
as described in Rodriguez-Saona et al. (2009, 2011). Helium
was the carrier gas at a 5 mLmin−1 flow rate. The temperature
program began at 40 °C for 1 min and ramped at 14 °C min−1

up to 180 °C, where it was held for 2 min, then ramped again
at 40 °C min−1 up to 200 °C, where it was held for 2 min. The
approximate total amount of each compound in each sample
was calculated by relating its peak area to that of the internal
standard. Volatile emissions were calculated in ng h−1. The
identity of compounds detected was determined by GC-MS
(Instruments 7890 and 5975 C; Agilent, Palo Alto, CA, USA)
in both EI and CI (isobutane) modes by using a 30 m ×
0.25 mm i.d. × 0.25 μm film thickness medium polar DB35
(35%-Phenyl-methylpolysiloxane) and non-polar DB-1
(100% Dimethylpolysiloxane) capillary column (Agilent).
Samples were introduced with cold on-column injection into
a 1 m deactivated fused silica retention gap between injector
and analytical column. For both columns, the oven tempera-
ture was kept at 30 °C for 2.5 min after injection and then
temperature programmed 20 °C min−1 to 90 °C and then
2 °C min−1 to 125 °C followed by 20 °C min−1 to 240 °C.
The carrier gas flow rate was 30 cm sec−1 (constant flow), and
the MS transfer line temperature was 250 °C. The ion source
temperature was 220 °C in EI mode and 250 °C in CI mode.
Volatile identity was confirmed by analyzing synthetic stan-
dards, when available, as well as mass spectral data libraries
(NIST 11, National Institute of Standards and Technology),
Adams2 (Allured Publishing Corporation), and a floral scent
library (Department of Chemical Ecology, University of
Göteborg, Sweden).

Y-Tube Olfactometer Assays: Individual Volatiles Poa annua-
emitted volatiles described by McGraw et al. (2011) and sev-
eral of the volatiles extracted and identified in the current
study (Table 1) were tested to determine their potential as
ABW attractants using the same method as in the Y-tube ex-
periment with different grasses. The following compounds
were tested in the assay: (E)-2-hexenal (95% purity, SAFC,
Sigma-Aldrich Corp., St. Louis, MO, USA), (+)-β-Pinene
(98.5% purity, Sigma Aldrich, Buch, Switzerland); 6-
Methyl-5-hepten-2-one (98% purity, Fluka, Buch,
Switzerland); phenyl ethyl alcohol (99% purity SAFC,
Sigma-Aldrich Corp., St. Louis, MO, USA), (Z)-3-hexenyl
acetate (98% purity, Aldrich Chemical company,
Milwaukee, WI, USA); octanal (92% purity, Aldrich
Chemical company, Milwaukee, WI, USA), limonene (96%
purity, Acros Organics, Thermo Fisher Scientific, New Jersey,
USA), nonanal (95% purity, Fluka), decanal (98%, Sigma-

Aldrich Corp., St. Louis, MO, USA), and linalool (97%,
Sigma-Aldrich Corp., St. Louis, MO, USA). Four concentra-
tions (0.02, 0.2, 2, and 20mg) of each compound were diluted
in hexane before testing in Y-tube bioassays. 10 μL of each
dilution was applied on a filter paper strip (1 × 10 cm) that
served as odor source. Filter papers were air dried for
10 min before using in the experiment to allow the solvent
to evaporate. Each dilution series was tested against the con-
trol (filter paper with hexane only). The experiment was con-
ducted until 30 responding weevils of each sex were observed
per treatment. Insects were used in the tests only once.

Further on, chemical blends of the most attractive volatiles
determined above were tested for their effect on weevil behav-
ior in the same Y-tube assay set up. Chemicals were diluted in
hexane in equal proportions, so the total concentration of com-
pounds was 0.02 mg.

Field Testing of Host-Plant Attractants The combination of the
two most attractive compounds, (Z)-3-hexenyl acetate and
phenyl ethyl alcohol, was field-tested during spring migration
of the overwintering generation adults (March – May 2012)
and when the spring generation adults became active (June –
July 2012). In spring, two trap designs [linear pitfall (custom
made) and dome trap (ISCA Technologies, Inc., Riverside,
CA)] were used. Linear pitfall traps were constructed from
1 m PVC pipe sections (10 cm diam) with a longitudinal slit.
One side of the section were capped and the other was con-
nected to the receptacle (840 ml cup with pasteurized sand).
Traps were placed in the taller rough grass between the fair-
way edge about 3 m from a tree line and about 1–2 m from the
fairway edge with about 10 m between traps. Trapping was
conducted at Pine Brook Golf Course and Bel-Aire Golf
Course (Wall Township, NJ). The combination of these two
compounds was distributed in 2-ml plastic vials which served
as lures. Vials were placed in lure receptacles (ISCA
Technologies, Inc., Riverside, CA) that were placed on the
wires hanging above the midsection of linear pitfall traps
and at the receptacle of the dome trap. Six blocks were ar-
ranged and each block had one baited and one non-baited trap
of each design (N = 6 traps per treatment for each design).
Traps were checked weekly and the bait assignments were
randomly changed to avoid bias. At each collection date, six
10-s vacuum samples were taken from each block to assure
that high enough adult population densities were present at
given locations. Samples were examined immediately after
taking them, and ABW adults were counted and returned to
the sampled area.

Because the dome traps were ineffective in the spring, we
used only pitfall traps in the following early summer experi-
ment. The traps were placed into the rough at the edge of two
different fairways with a history of high ABW population at
Pine Brook GC. Twelve blocks were arranged with four traps
per block (two baited and two non-baited) (N = 24 traps per
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treatment). Treatments were assigned randomly within block
and changed weekly to avoid bias.

Statistical Analysis To determine the significance of the ABW
preferences in the deprivation oviposition and Y-tube experi-
ments, two tailed G-test was used. Amount of volatiles emit-
ted was calculated based on standard and analyzed using the
MANOVA procedure, followed by the univariate analysis of
variances with the Tukey-Kramer test for mean separation.
Principal component analysis (PCA) was conducted to sepa-
rate cultivars (SAS Institute Inc. 2011). Repeated measure
analysis of variance was used (ProcMixed) to determine over-
time differences in number of ABW adults collected in the
pitfall traps with and without lures.

Results

Sensory Deprivation Experiment Poa annua was preferred to
all bentgrasses tested in both cultivar arrangements by unmod-
ified ABW females (G ≥ 18.3, df = 3, P < 0.01) and females
with painted elytra (G ≥ 38.4, df = 3, P < 0.01) with on aver-
age 70% of all eggs laid in P. annua plugs (Fig. 1), similarly to
the oviposition preference experiment with the same method-
ology conducted in the previous study using unmodified fe-
males only (Kostromytska and Koppenhöfer 2014). There
were no significant differences among bentgrass cultivars.
Adults with blocked antennae did not exhibit significant ovi-
position preferences in either cultivar arrangement (G ≥ 4.6,
df = 3, P = 0.1) even though weevils with blocked antennae
laid on average 40% of all eggs in P. annua (Fig. 1). The total
number of eggs laid per arena did not differ among adult
treatments (χ2 = 0.82; df = 2; P = 0.66), which suggests that
paint itself did not significantly affect oviposition. No signif-
icant feeding preferrence (based on feeding scars) for any
treatment was observed (G ≤ 0.001, df = 3, P = 1.0).

Y-Tube Olfactometer Assays: Growing PlantsOlfactometer as-
says demonstrated that, if given a choice between control and
grass plugs, ABW females preferred P. annua (G = 6.5, df = 1,
P< 0.01) (Fig. 2) and oriented away from the odor of cvs.
‘Villa’ (G = 4.9, df = 1, P < 0.01) and ‘Declaration’ (G = 3.5,
df = 1, P = 0.03). Males did not exhibit any preference or re-
pellency in this experiment. If given a choice between
P. annua and bentgrass cultivars, females preferred P. annua
to all tested cultivars (Fig. 3) (G ≥ 3.5, df = 1, P ≤ 0.03) except
for ‘Capri’ (G = 0.3, df = 1, P = 0.3), whereas males exhibited
no significant preferences (Fig. 3).

Volatile Profiles of P. annua and Bentgrasses Overall 50 dif-
ferent peaks were observed in the headspace volatile blends of
P. annua and six bentgrass cultivars. Among these, 24 were
major compounds, comprising up to 83.3% of total emissions

and were identified as mostly monoterpenes and sesquiter-
penes, (Table 1). None of the identified volatiles were pro-
duced exclusively by P. annua. However, several compounds
produced by bentgrasses were not found in the headspace of
P. annua (α-pinene, myrcene, Z-β-ocimene, terpinolene, cam-
phor, borneol, and E-α-bergamotene). In addition, the relative
quantity of compounds differed significantly for the tested
grasses (F = 3.2; df = 25, 114; P < 0.01). The compounds that
were produced in the highest amounts by P. annuawere (Z)-3-
hexenyl acetate and linalool. The newer creeping bentgrass
cvs. ‘Declaration’ and ‘007’ emitted the highest amounts of
ɑ-pinene, camphene, myrcene, sabinene, terpinolene, limo-
nene, camphor, and borneol and produced more Z-β-ocimene
than P. annua. The highest amount of E-ɑ-bergamotene was
emitted by the velvet bentgrass ‘Villa’. In PCA analysis, the
score plot of PC1 versus PC2 showed that the volatile blend
composition of P. annua and bentgrasses slightly overlapped,
and that P. annua was most distant from creeping bentgrass
cvs ‘007’ and ‘Declaration’.

Fig. 1 Ovipositional preferences of sensory deprived Listronotus
maculicollis (±SE) compared to control adults in 4-choice test comparing
Poa annua to bentgrass cultivars. Poa annua was preferred by ABW
females in control (G = 55.1, df 3, P < 0.01 (a) and G = 38.4, df 3,
P < 0.01 (b)), and painted control (G = 18.3, df 3, P < 0.01 (a) and G =
40.3, df 3, P < 0.01 (b)). No significant preference was observed when
antennae were blocked (G = 5.8, df 3, P = 0.07 (a) and G = 4.6, df 3,
P= 0.1 (b))
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Y-Tube Laboratory Assays: Individual Volatiles At the highest
rates (20 mg), all tested compounds except for octanal were
repellent and males and females chose the control over the
treatments. At the other concentrations (2.0, 0.2, 0.02 mg),
most compounds had no significant effect. However, phenyl
ethyl alcohol was marginally attractive to females at the two
lowest concentration (G = 3.3, df = 1, P = 0.07), and (Z)-3-
hexenyl acetate was attractive to females at the lowest concen-
tration (G = 4.8, df = 1, P = 0.03) (Table 2). Males did not
demonstrate any significant preference for any of the com-
pounds tested. However, phenyl ethyl alcohol for females
and octanal for males caused increased non-directional loco-
motion, where weevils walked in the Y-tube more and faster
than without the compound, even though the movement not
always resulted in a specific choice. In addition, at the lowest
concentration of phenyl alcohol weevils made their choice
faster than for most of the tested volatiles with exception of
(Z)-3-hexenyl acetate, nonanal and hexanal (χ2 = 50.6; df =
10, 319; P < 0.01).

Among the tested host plant volatile blends only the blend
of phenyl ethyl alcohol and (Z)-3-hexenyl acetate attracted
females (G = 6.7, df = 1, P < 0.01) (Table 3). Therefore, it

was used in the field experiments. Males did not exhibit pref-
erences for any of the blends tested.

Field Testing of Host-Plant Attractants In the spring field ex-
periment, only pitfall traps effectively collected adult ABWs;
therefore dome trap data were not included in the analysis and
not used in the summer field tests. The total and relative dif-
ferences in number of collected weevils between baited and
non-baited pitfall traps varied over the time (F = 2.25, df = 8,
80; P = 0.03) but for the first 2 weeks of the experiment more
adults were consistently collected in baited than in unbaited
traps (Fig. 4). Later in the season, weevil numbers were too
low and differences no longer observed (Fig. 4).

Discussion

This study provided clear evidence for the involvement of
olfaction in host recognition by the annual bluegrass weevil
(ABW).Poa annua has previously been shown to be preferred
over bentgrasses for oviposition and larval development
(Kostromytska and Koppenhöfer 2014, 2016). In this

Fig. 2 Behavioral responses of
Listronotus maculicollis adults in
two choice Y-tube olfactometer
assays if given a choice between a
plug with Poa annua or bentgrass
cultivars and a grass free control
plug. Percent of nonresponsive
adults per treatment is presented
at the right side of each bar.
Asterisk marks statistically sig-
nificant preference or repellency

Fig. 3 Behavioral responses of
Listronotus maculicollis adults in
two choice Y-tube olfactometer
assays if given a choice between a
plug with bentgrass cultivars and
a plug with Poa annua. Percent of
nonresponsive adults per treat-
ment is presented at the right side
of each bar. Asterisk marks sta-
tistically significant preference or
repellency
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investigation, we showed that plant volatiles contribute to
making P. annua more attractive than bentgrasses to ABW
females. The effects of the grass-emitted volatiles are likely
complex, and may involve attractiveness of P. annua emitted
compounds combined with possible repellent/deterrent effects
of secondary metabolites (mostly terpenoids) produced by less
preferred bentgrass species. However, while our study indicat-
ed that weevils oriented away from two of the tested bentgrass
cultivars ('Declaration' and 'Villa'), the repellency of any of the
secondary metabolites found in these cultivars has yet to be
shown experimentally. In the laboratory tests, clear oviposi-
tion preferences for P. annua plants were observed with non-
modified control and Bpainted control^ (painted elytra) wee-
vils. These results were similar to those in choice assays con-
ducted previously that used unmodified weevils only
(Kostromytska andKoppenhöfer 2014).Weevils with blocked
antennae, however, did not exhibit distinct oviposition prefer-
ences for P. annua. Most of the olfactory sensilla responsible
for perceiving long distance chemical stimuli in insects are
located on the antennae (Keil 1999), which are considered
the main olfactory organs in insects. However, other sensillum

types can be also present on insect antennae, suggesting mul-
tiple functions of the antennae. In addition, chemoreceptors
are not confined to the insect antennae (Keil 1999). In other
insect species including other Curculionidae, olfactory and
gustatory sensilla have been found on the mouthparts, tarsi
and ovipositor (Bland 1984; Keil 1999; Salama and Abdel
Aziz 2001), and chemosensory input is known to be para-
mount in the host selection for the oviposition by many insect
species (Städler 1994).

Our observations show that reducing the antennal input
decreases the ABWoviposition preference for P. annua, sug-
gesting that chemoreception plays at least a partial role in host
recognition and acceptance by ovipositing ABW females. As
in previous studies (Kostromytska and Koppenhöfer 2014),
ABW adults demonstrated generalist feeding habits and fed
equally on all grasses tested, suggesting that preferences are
limited to egg-laying behavior. Moreover, Cameron and
Johnson (1971) observed ABW adults feed on a number of
other plant species including some grasses (Kentucky blue-
grass, Poa pratensis L.; fescue (species on specified)) and
non-grasses (annual clover, Trifolium sp.; mulberry, Morus

Table 3 Attractiveness of
selected host plant volatiles
blends (1:1 or 1:1:1 ratio) to
Listronotus maculicollis females
presented as percent choice (P-
value associated with choice) and
average time (min) until choice
was made

Compound 0.02 mg

% (P) Time, min

Phenyl ethyl alcohol+ Octanal 33.3 (0.09) 5.8

(Z)-3-hexenyl acetate + Octanal 40 (0.36) 2.3

Phenyl ethyl alcohol+ Hexanal 43.3 (0.58) 2.9

(Z)-3-hexenyl acetate + Hexanal 53.3 (0.86) 3.8

Phenyl ethyl alcohol +(Z)-3-hexenyl acetate 73.3 (<0.01) 3.2

Phenyl ethyl alcohol +(Z)-3-hexenyl acetate + octanal 33.3 (0.09) 6.8

Phenyl ethyl alcohol +(Z)-3-hexenyl acetate + hexanal 36.7 (0.19) 6.3
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Table 2 Attractiveness of selected host plant volatiles (single synthetic compounds) to Listronotus maculicollis females at different concentrations
presented as percent choice (P-value associated with choice) and average time (min) until choice was made

Compound (Purity,%) 20 mg 2 mg 0.2 mg 0.02 mg

% (P) Time % (P) Time % (P) Time % (P) Time

Hexanal 30 (0.03) 4.9 37 (0.14) 5.2 63 (0.14) 3.8 53 (0.72) 3.8

(E)-2-hexenal 23 (<0.01) 4.7 40 (0.27) 5.5 37 (0.14) 3.4 43 (0.47) 4.9

(+)-β-Pinene (98.5) 27 (<0.01) 5.1 53 (0.72) 4.9 50 (1.00) 3.7 57 (0.47) 4.3

6-Methyl-5-hepten-2-one 10 (<0.01) 4.3 30 (0.03) 5.2 43 (0.47) 5.5 53 (0.72) 5.6

Phenyl ethyl alcohol 27 (<0.01) 4.4 53 (0.72) 3.6 67 (0.07) 2.9 67 (0.07) 2.6

(Z)-3-hexenyl acetate 17 (<0.01) 4.4 40 (0.27) 4.1 53 (0.72) 4.5 70 (0.03) 3.2

Octanal 33 (0.10) 3.9 47 (0.72) 6.9 53 (0.72) 5.5 33 (0.07) 7.6

Limonene 17 (<0.01) 5.5 43 (0.47) 6.1 53 (0.72) 5.0 47 (0.72) 6.4

Nonanal 27 (<0.01) 5.6 50 (1.00) 3.8 57 (0.47) 4.2 53 (0.72) 3.9

Decanal 23 (<0.01) 4.9 40 (0.27) 4.7 43 (0.47) 5.2 40 (0.27) 6.2

Linalool 10 (<0.01) 6.5 43 (0.47) 5.2 53 (0.72) 4.6 57 (0.47) 4.4



rubra L.; dandelion, Taraxacum sp.; plantain, Plantago sp.)
even though they tended to feed more on P. annua in choice
tests.

The Y-tube olfactometer assays provided more evidence of
olfaction involvement in host recognition by ABW. Females
were attracted toP. annua if given a choice between plants and
control and preferred P. annua to bentgrasses; however, males
did not exhibit any preferences. Similarly, McGraw et al.
(2011) found that female but not male ABW responded be-
haviorally to P. annua clippings and whole plant-emitted vol-
at i les, even though physiologically (via electro-
antennography) both sexes responded to P. annua volatiles.
These observations are consistent with our observations in the
sensory deprivation experiment and in previous studies
(Kostromytska and Koppenhöfer 2014). ABWadults are gen-
eralist herbivores that feed and survive on several grass spe-
cies whereas larval survival and development are affected by
grass species with P. annua being a superior host
(Kostromytska and Koppenhöfer 2014). Because ABW im-
mature stages have limited mobility (Cameron 1970), host

selection by ovipositing females is a key factor for offspring
survival. All findings to date suggest that chemical cues are
important for host recognition only for oviposition by females.
McGraw et al. (2011) described ABW behavioral responses to
damaged and not damaged P. annua, and demonstrated in Y-
tube laboratory assays that ABW females preferred intact
plants, but were repelled by clippings. In contrast, the main
goal of the presented study was to compare ABW behavioral
responses to P. annua (preferred host) to ABW behavioral
responses to cultivars of Agrostis spp. (less suitable hosts),
and to determine whether olfactory/chemoreceptory cues play
a role in the host plant preferences.We emphasized the natural
scenario of host plant growing conditions on the golf courses.
Therefore, all grasses used in the Y-tube and deprivation
bioassays and for volatile collections were maintained in the
greenhouse mimicking maintenance conditions of the golf
course. Composition and quantities of P. annua volatiles
observed in our study and McGraw et al. (2011) were differ-
ent. This may be explained by growing conditions of the plant
material used. McGraw et al. (2011) used 5 g of intact plant
material with thatch or clippings. In contrast, in our study
actively growing P. annua and Agrostis spp. plants (in
10.5 cm-diameter pots), grown from cores taken from an
established field, were used for volatile collection, and grow-
ing turf plugs were used for behavioral assays.

Studying and comparing the headspace volatiles revealed
no P. annua specific volatiles and showed (Z)-3-hexenyl ace-
tate and phenyl ethyl alcohol to be produced in larger amounts
by P. annua. These two compounds, alone and in combina-
tion, were attractive to the weevils in Y-tube assays, which
suggest that they might be responsible for P. annua attractive-
ness to ABW. However, this most attractive blend of volatiles
identified in the laboratory, was not a strong enough attractant
in the field for use as an effective ABW monitoring tool. (Z)-
3-hexenyl acetate is a green leaf volatile, known to be emitted
by many plants in response to mechanical damage and other
stresses (Scala et al. 2013) and thus may therefore not be a
reliable host finding cue. In the field, (Z)-3-hexenyl acetate
and phenyl ethyl alcohol attracted weevils during the spring
migration period but not once weevils were mostly on the
fairways in late spring and early summer. This may be ex-
plained by the properties of the stimuli, physiological state
of the weevils, and the surrounding conditions. Particularly,
chemical stimuli might be active only over a short range and
thus only attract weevils that pass in close proximity of the
traps as they migrate from the overwintering sites to the fair-
ways. In addition, because P. annua is more abundant and
mown more often in the fairways than in the roughs, the lures
are likely outcompeted by naturally present stimuli in the fair-
ways. Moreover, it also has been demonstrated that attraction
to host plant volatiles could be interrupted by the presence of
non-host plant volatiles and background odors (Thiery and
Visser 1986; Xu et al. 2017).

Fig. 4 Number of Listronotus maculicollis (ABW) adults (±SE) collected
in the traps not baited and baited with plant volatiles in a spring (a) and a
summer (b) experiment. Asterisks mark statistically significant differ-
ences between baited and unbaited traps (F = 2.25; df = 8, 80, P = 0.03)
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Headspace collections from bentgrasses, especially
newer, more disease resistant cultivars, were richer in terpe-
noids than those from P. annua. This suggests that in ABW
host plant recognition not only P. annua attractiveness is
important but that defensive compounds in bentgrasses
may also play a role as ABW repellents/deterrents.
Production andmaintenance of terpenoids, which often play
an important role in plant defenses, is metabolically expen-
sive (Gershenzon 1994). However, P. annua is an opportu-
nistic species with prolific seed production (Hutchinson and
Seymour 1982) and might therefore be less protected
against ABW and other pests than other grass species.
Bentgrass species have stoloniferous growing habits with
less seed production. The cultivars tested in our study were
specifically bred to improve tolerance to diseases and abi-
otic factors (Brilman 2003; Ruemmele 2003;Warnke 2003).
In our study, we observed that bentgrasses produced a
higher variety of compounds, mostly terpenoids, which
were present in low quantity or not present at all in
P. annua volatile profile. Chemical oviposition repellents/
deterrents, as well as attractive compounds, apparently play
an important role in the location and acceptance of plants as
hosts by ovipositing ABW females.

Field observations and previous studies (Kostromytska
and Koppenhöfer 2014) clearly demonstrated that P. annua
is the most preferred ABW host. The current study deter-
mined that volatiles emitted by different grass species are at
least partially involved in the host preference by ABW.
While the plant volatiles tested in this study were not suffi-
ciently attractive to be used for improving ABW trapping
and monitoring on golf courses, combinations of these plant
volatiles with insect pheromones may have a synergistic
effect on insect attraction. In fact, (Z)-3-hexenyl acetate is
reported to have such an effect on the attractiveness of insect
produced pheromones (Light et al. 1993; Reddy and
Guerrero 2004). Additional research is needed to investi-
gate whether (Z)-3-hexenyl acetate and phenyl ethyl alcohol
can be used as possible synergists to yet-to-be-identified
ABW pheromones and whether such combinations could
to be used for effective species monitoring.
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