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Abstract
Spotted cucumber beetle (Diabrotica undecimpunctata howardi; also known as southern corn rootworm) is a pest feeding 
on many crops, including cucurbits, corn (maize), peanuts, beans, and other crops and wild plants in North America. On 
cucurbit crops, where it co-occurs with striped cucumber beetle (Acalymma vittatum), both are key pests that vector Erwinia 
tracheiphila, a destructive pathogen that causes bacterial wilt. Here we deployed synthetic vittatalactone, the male-produced 
aggregation pheromone of A. vittatum, as lures in the field, to measure attraction of the target and non-target insects. Both 
sexes of D. u. howardi were strongly attracted to the vittatalactone lures (5–7.5-fold compared to blank trap) throughout 
the growing season in Maryland and Virginia, USA. Moreover, D. u. howardi was more attracted to live A. vittatum males 
feeding on squash plants than to plants with females or without any beetles, confirming the genuine organismal cross-
attraction between these two key pests. The kairomonal attraction to vittatalactone suggests that it functions as a “keystone 
semiochemical,” mediating the colonization of cucurbits by multiple herbivore species. Such cross attraction could allow 
for use of vittatalactone in management of multiple pest species, with potential reduction of pesticide use in cucurbit crops.
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Key message

• Vittatalactone, pheromone of striped cucumber beetle, 
is highly attractive to both sexes of spotted cucumber 
beetle, in eastern USA

• Use of vittatalactone as a kairomone in host-finding by 
the spotted-cucumber beetle confirms the latter species’ 
evolutionary connection to cucurbit hosts

• Attractiveness of vittatalactone to both sexes of both spe-
cies of cucumber beetles offers the potential for advances 
in sustainable pest management of both species

Introduction

Spotted cucumber beetle (Diabrotica undecimpunctata 
howardi; also known as southern corn rootworm) is a poly-
phagous pest feeding on cucurbits, corn (maize), peanuts, 
beans, and many other horticultural and ornamental crops 
in North America. Although adults are generalist feeders, 
they prefer certain hosts, especially cucurbits (Cranshaw and 
Shetlar 2018). This preference may arise from the fact that 
D. u. howardi sequesters cucurbitacins, bitter defensive com-
pounds present in cucurbits that elicit a compulsive feed-
ing response in D. u. howardi. In addition to cucurbitacins 
being used by D. u. howardi as a defense against predators 
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(Metcalf and Lampman 1989), male D. u. howardi provide 
them as a component of nuptial gifts to females (Tallamy 
et al. 2000), helping to protect their eggs which are laid 
underground. Diabrotica undecimpunctata howardi over-
winters as adults and is highly mobile, colonizing northern 
latitudes over the course of the growing season. Its wide-
spread abundance, mobility and polyphagy pose major 
challenges to pest management (Hoffmann and Zitter 1994; 
Diver and Hinman 2008). A better understanding of D. u. 
howardi host location behavior is therefore needed to effec-
tively manage this pest.

Volatile cues have shown promise for managing a number 
of agricultural pests (e.g., Bruce et al. 2005; Weber et al. 
2014; Morrison et al. 2016), and evidence suggests that vola-
tile cues could be used to also manipulate D. u. howardi 
behavior for pest management. Diabrotica undecimpunc-
tata howardi males are attracted to a female-produced sex 
pheromone, R-10-methyl-2-tridecanone (Guss et al. 1983), 
and there is evidence that females, at least at close range, 
base mating preferences on male-specific compounds (Brodt 
et al. 2006). Both sexes are also attracted to cucurbit floral 
compounds including 1,2,4-trimethoxybenzene and trans-
cinnamaldeyde (Jackson et al. 2005). They share this attrac-
tion with striped cucumber beetle (Acalymma vittatum), a 
cucurbit specialist and key pest with which D. u. howardi 
often co-occurs.

Acalymma vittatum has a male-produced aggregation 
pheromone, vittatalactone (Smyth and Hoffmann 2003; 
Morris et al. 2005), that also attracts the cucurbit special-
ist squash bugs Anasa tristis and A. armigera (Brzozowski 
et al. 2022; Weber et al. 2022). In the course of determining 
the attractiveness of vittatalactone in various habitats and 
seasons to A. vittatum and to nontarget insects, we noted 
the attraction of D. u. howardi to vittatalactone synthetic 
lures. In this report, we document this strong cross-species 
kairomonal attraction both to synthetic lures and to live A. 
vittatum males on host cucurbit plants.

Materials and methods

Plants and insects

For all experiments, beetle collecting, and beetle feeding, we 
used potted summer squash (Cucurbita pepo) cv. ‘Yellow 
Crookneck’ (Johnny’s Selected Seeds, Fairfield, ME). We 
sowed seeds directly into 2.8 L plastic pots (3 seeds per pot) 
with peat/bark based growing medium (Pro-mix BK55, Pre-
mier Tech Horticulture, Rivière-du-Loup, Québec, Canada). 
Plants were kept in a greenhouse (25–30 °C, 16 L: 8 D) prior 
to experimental set-up.

We used A. vittatum collected in June 2022 from pot-
ted squash plants that we placed (exclusively for beetle 

collecting) at the borders of the previous season’s (2021) 
squash fields, and from a newly planted squash field at the 
USDA Beltsville Agricultural Research Center (BARC) 
North Farm (Beltsville, Maryland, USA; 39.0328°  W, 
76.9316° W). Following field collection, we identified the 
sex of each beetle and kept male and female beetles in a 
greenhouse under a natural photoperiod (25–30 °C) in sepa-
rate cages provisioned with potted squash plants. We col-
lected beetles no more than two days prior to the start of an 
experiment.

Field experiments testing attraction to synthetic 
vittatalactone

Synthesis of the vittatalactone mixture containing eight 
diastereomers with 2R, 3R configuration was performed 
by method of Chauhan and Paraselli (2017) by contract of 
USDA ARS with Chemveda Life Sciences, San Diego, CA. 
Gray rubber septa (1-F SS 1888 GRY, West Pharmaceutical 
Services, Lititz, PA) were washed with hexane in a Sox-
hlet apparatus, and dried in an exhaust hood overnight. The 
washed septa were then placed in a one-neck Norton flask, 
and a hexane solution with 1 mg of vittatalactone mixture 
and 0.6 ml hexane per septum added. The flask was rotated 
in a rotary evaporator (without vacuum) until the liquid was 
completely soaked into septa. Septa were then dried in an 
exhaust hood for 1 h before deployment in the field. This lure 
was shown to be highly attractive to A. vittatum in earlier 
field trials (Weber 2018).

Traps in all experiments were double-sided clear sticky 
traps (STKY Dual Panel Adhesive Traps, Trécé Inc., Adair, 
OK, USA), 15 × 30 cm, attached vertically with a large metal 
binder clip to wooden stakes (2 × 2 cm) at ~ 45 cm height 
(middle of trap above ground). Lures were affixed to the 
“lure” treatment traps with a small metal binder clip, hung 
from the large binder clip. Traps with and without lures 
were paired for each assay, with traps collected and rerand-
omized, and lures changed each week. Traps were deployed 
5 May–1 December 2020 on BARC South Farm, Beltsville, 
Maryland (39.0175° N, 76.9455° W), and 19 May–1 Octo-
ber on Virginia Tech Kentland Farm, Whitethorn, Virginia 
(37.2006° N, 80.5657° W). At each site, four randomized 
complete blocks, consisting of one trap baited with 1 mg 
mixed vittatalactone, and one unbaited trap, were set up 
adjacent to former and current year’s cucurbit crops, at a 
separation of 10 m within blocks (pairs) and ≥ 10 m between 
blocks. Fields were not treated with any insecticide or fun-
gicide applications. In the Maryland experiment, we identi-
fied captured D. u. howardi to sex and recorded the number 
of males and females captured each week. In the Virginia 
experiment, we recorded the total number of D. u. howardi 
captured each week.
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Field experiments testing attraction to volatiles 
from live Acalymma vittatum

We conducted two experiments in 2022 to test attraction 
of D. u. howardi to olfactory cues produced by live striped 
cucumber beetles. All treatments included potted squash 
plants bagged with paint strainers (600 μm polyester mesh, 
with c. 18 L maximum volume, Trimaco, Inc., Morrisville, 
NC, USA) to prevent beetles from leaving plants and so 
that insect and plant-produced cues were exclusively olfac-
tory. Each of these bait plants was placed inside of a cylin-
drical wire cage staked to the ground with two flanking 
wire frames. To catch attracted beetles, we attached two 
clear sticky traps horizontally using metal binder clips, 
one to each of the frames (Figure S1).

The first experiment took place from 10 to 21 June and 
included four treatments: (1) four males on plant, (2) four 
females on plant, (3) plant without beetles, and (4) blank 
pot with growing medium. Because our early-season bee-
tle collection from the field was male-biased, this experi-
ment was set up as a completely randomized design with 
seven replicates of the male treatment, five replicates 
of the female treatment, and four replicates each of the 
uninfested plant and blank pot treatments. These plants 
were randomized along the borders of two fields on BARC 
North Farm (10 plants per field). One field (39.0333° N, 
76.9344° W) had been planted in the 2021 season with 
yellow crookneck squash, and the other (39.0284°  N, 
76.9333° W) with zucchini (C. pepo). Potted plants were 
spaced 10 m apart within each field. All potted plants were 
late in their vegetative stage upon experimental set-up, 
and most had begun flowering at the conclusion of the 
experiment. To evaluate attractiveness of each treatment, 
we counted the number of D. u. howardi, as well as A. vit-
tatum, the squash bug Anasa tristis, and the horned squash 
bug A. armigera on each sticky trap.

The second experiment took place from 28 June to 15 
July along the border of the previous season’s zucchini field 
(the latter field above). Because we speculated that floral 
volatiles might play a role in D. u. howardi attraction, this 
experiment included five treatments: (1) four males on veg-
etative plant, (2) four females on vegetative plant, (3) veg-
etative plant without beetles, (4) flowering plant without 
beetles, (5) blank pot with growing medium. The vegetative 
plants were in the cotyledon stage at the start of the experi-
ment, and had true leaves but had not yet started producing 
flower buds at the experiment’s completion. Each flowering 
plant had 1–3 flowers at a time throughout the experiment. 
This experiment was set up as eight spatiotemporal blocks: 
four spatial blocks from 28 June-6 July, and another four 
spatial blocks from 6 to 15 July. For the second temporal 
block, we rerandomized plants in each spatial block and 
replaced the sticky traps. We counted the number of D. u. 

howardi, A. vittatum, A. tristis, and A. armigera captured on 
each sticky trap.

Data analysis

Attraction to synthetic vittatalactone

Diabrotica undecimpunctata howardi activity exhibits a 
nonuniform pattern throughout the season; therefore, we 
evaluated attraction to the vittatalactone lure versus the 
unbaited lure based on the season-long sum of D. u. how-
ardi captured. We first used log-linear models in the Catmod 
procedure in SAS 9.4 (SAS Institute 2016) with sex, lure 
treatment, and block as variables for the Maryland study 
and lure treatment and block as variables for the Virginia 
study. All two- and three-way interactions with block were 
nonsignificant. Therefore, we proceeded with binomial 
exact tests to determine the statistical significance and 
magnitude (with 95% confidence interval) of the treatment 
effect (Lowry 2022; StatPages 2009). In addition, we used 
Fisher 2 × 2 Exact tests (Lowry 2022) to test for interaction 
of treatment*sex for Maryland captures, and for interaction 
of treatment*location for total Virginia versus Maryland 
captures.

Attraction to volatiles from live Acalymma vittatum

To determine whether the number of captured D. u. howardi 
and A. vittatum differed by bait plant treatment, we con-
ducted separate generalized linear mixed models for each 
species using SAS Proc Glimmix with treatment as the fixed 
effect (four and five treatments total for the completely ran-
domized and blocked experiments, respectively). For the 
completely randomized experiment, field was included as a 
random effect, and for the blocked experiment, spatiotempo-
ral block was a random effect. Because we had count data, 
both models assumed a negative binomial distribution and 
used a log link function. When models indicated a significant 
overall treatment effect, we followed up with Tukey–Kramer 
tests at a Bonferroni-adjusted alpha level to determine which 
pairwise treatments were significantly different at an experi-
mentwise α = 0.05. For the low numbers of Anasa spp. also 
captured, we employed the Kolmogorov–Smirnov one-sam-
ple test (Lowry 2022) to test total captures.

Results

Attraction to synthetic vittatalactone

In Maryland, we captured a total of 450 male and 338 female 
D. u. howardi across all traps. The sex*lure interaction was 
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nonsignificant (Fisher Exact test P = 0.77), indicating that 
attraction to the vittatalactone versus unbaited lure was inde-
pendent of sex. There were over 5 times as many of both 
male D. u. howardi (P < 0.0001) and female D. u. howardi 
(P < 0.0001) at traps baited with vittatalactone relative to 

unbaited traps (Fig. 1). In Virginia, we captured a total of 
120 D. u. howardi (both sexes combined) across all traps. 
There were over 7.5 times as many D. u. howardi on vit-
tatalactone-baited traps as there were on unbaited traps 
(P < 0.0001; Fig. 1). The site*lure interaction was nonsig-
nificant (Fisher Exact test P = 0.34), indicating that D. u. 
howardi response to the lure did not differ between Mary-
land and Virginia locations.

Attraction to volatiles from live Acalymma vittatum

The generalized linear model for the completely randomized 
experiment indicated a significant treatment effect on D. u. 
howardi attraction (F3,15 = 6.06, P = 0.007). The number of 
D. u. howardi captured on the male treatment was signifi-
cantly greater than the number captured at either the female 
or blank treatment, with over six times as many captured in 
the male treatment relative to the female treatment and over 
seven times as many captured in the male treatment relative 
to the blank treatment (Fig. 2a). Over four times as many D. 
u. howardi were captured in the male treatment relative to 
the plant treatment, although this pairwise difference was 
not statistically significant (Fig. 2a).

Diabrotica undecimpunctata howardi attraction in the 
blocked experiment also differed by treatment (F4,28 = 8.66, 
P < 0.0001). The number of D. u. howardi attracted to the 
male treatment was over three times greater than the number 
attracted to the female treatment, over four times greater 
than the number attracted to the flowering plant treatment, 
and over twice as many as the number attracted to the veg-
etative plant and blank treatments each (Fig. 2b). Acalymma 
vittatum attraction exhibited a strong treatment effect in 

Fig. 1  Captures of Diabrotica undecimpunctata howardi on clear 
sticky traps baited with 1  mg lure of mixed vittatalactone, versus 
captures on unbaited clear sticky traps, during entire growing season 
2020, in four randomized complete blocks at both Beltsville, Mary-
land, and Whitethorn, Virginia, USA. Error bars and ratio confidence 
intervals are 95% exact binomial CIs; comparisons between sexes 
(Maryland) and between sites are both non-significant by Fisher 2 × 2 
Exact tests

Fig. 2  Least squares mean 
captures of Diabrotica undec-
impunctata howardi at caged 
plants with either male or 
female Acalymma vittatum, or 
no beetles, or a blank pot. Error 
bars show 95% confidence lim-
its; different letters above bars 
indicate pairwise significant 
differences based on Bonfer-
roni-corrected Tukey–Kramer 
tests, P < 0.05. a: 10–21 June 
2020, in completely randomized 
design. b: 28 June through 15 
July 2020, in four randomized 
complete blocks
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both experiments (completely randomized: F3,15 = 13.48, 
P = 0.0002; blocked: F4,28 = 16.09, P < 0.0001), with attrac-
tion to the male treatment significantly greater than attrac-
tion to all other treatments (Figure S2). In the completely 
randomized experiment, we also captured only seven total A. 
tristis, and zero A. armigera. In the blocked experiment we 
captured ten A. tristis and seven A. armigera. In each case, in 
which Anasa were captured, numbers for the male treatment 
were significantly higher than all other treatments (P < 0.01, 
Kolmogorov–Smirnov one-sample test); see Figure S3.

Discussion

Our results demonstrate that the eastern subspecies of spot-
ted cucumber beetle (D. u. howardi) is attracted to vittata-
lactone, the male-produced aggregation pheromone of the 
striped cucumber beetle (A. vittatum). At all experimental 
sites, traps baited with vittatalactone caught more D. u. how-
ardi than unbaited traps. In addition, squash plants with live 
A. vittatum males attracted more D. u. howardi than plants 
with A. vittatum females or with no beetles, confirming that 
D. u. howardi is in fact attracted to the male-produced phero-
mone and not any different isomer present in the synthetic 
lures. Furthermore, the stronger attraction of A. vittatum to 
squash plants with A. vittatum males relative to other bait 
plant treatments is consistent with previous work (Smyth 
and Hoffmann 2003) and confirms that the male A. vittatum 
on our bait plants produced a detectable pheromone sig-
nal. Although we captured only a few Anasa tristis and A. 
armigera individuals, captures were significantly higher on 
plants with male A. vittatum, providing further support to 
prior work demonstrating cross attraction of both species to 
vittatalactone (Brzozowski et al. 2022; Weber et al. 2022). 
Here, we show vittatalactone attracts yet another cucurbit 
pest, indicating the potential for use of vittatalactone as a 
sustainable management strategy to manipulate the behavior 
of multiple pests simultaneously.

The attraction of D. u. howardi to vittatalactone seems to 
reflect the continued special role of plant hosts in the Cucur-
bitaceae in the life history of this very generalist feeder. 
Genetic analyses estimate that the genera Acalymma and 
Diabrotica diverged 45 (± 8, 95%CI) million years ago, and 
that the polyphagous fucata group of Diabrotica, of which 
D. u. howardi is a member, diverged from the oligophagous 
virgifera group 17 (± 4) Mya (Eben and Espinosa de los 
Monteros 2013). Although a D. u. howardi male-produced 
pheromone has not been identified, the continued affinity 
of D. u. howardi and other polyphagous Diabrotica spe-
cies for cucurbitacin consumption and sequestration (Eben 
2022) parallels with our findings of kairomonal attraction 
to the pheromone of the cucurbit specialist Acalymma. The 
eavesdropping kairomonal cross-attraction provides, through 

the related specialist beetles, a mechanism “tethering” the 
polyphagous beetles to their ancestral plant hosts. Such 
eavesdropping is likely favored by natural selection given 
the value of cucurbitacins as defensive compounds against 
fungi, nematodes, and various other natural enemies to all 
life stages (e.g., Ferguson and Metcalf 1985; Tallamy et al. 
1998; Eben 2022).

The very strong evolutionarily-conserved bond between 
the generalist Diabrotica and their ancestral cucurbit hosts 
offers an opportunity for behavioral pest management using 
a combined bait of the volatile vittatalactone as a distance 
attractant and cucurbitacins as arrestants and feeding stimu-
lants. Baits containing cucurbitacins and small amounts of 
pesticides have been shown to be effective at controlling D. 
virgifera (Metcalf et al. 1987; Lance and Sutter 1990; Chan-
dler 2003), but distance attractants such as vittatalactone 
have never been included in these baits. We note that we 
have not yet determined the vittatalactone loading neces-
sary to ensure that baits are more attractive than A. vittatum 
aggregations in the field, and this is worthy of future study. 
In addition, diversity and host affiliations among the many 
Diabrotica species are still not well-defined (Derunkov et al. 
2015; Eben 2022), and it remains to be determined whether 
there are other species with attraction to vittatalactone or 
other semiochemicals of Acalymma species. However, the 
discovery that two species of Anasa (squash bugs; Hemip-
tera: Coreidae) are also attracted to vittatalactone (Brzozo-
wski et al. 2022; Weber et al. 2022), shows that cross-attrac-
tion to vittatalactone is not limited to the Chrysomelidae or 
even Coleoptera. This merits further study of vittatalactone’s 
attractiveness among generalist and specialist cucurbit pests.

To our knowledge, this is the first study to document 
attraction of a generalist herbivore (D. u. howardi) to the 
pheromone of a co-occurring specialist (A. vittatum). These 
results likely reflect the selective advantage to D. u. howardi 
of feeding on cucurbitacins. Our results suggest that vittata-
lactone has an inordinate influence on the pest complex of 
cucurbits in North America, constituting a “keystone semio-
chemical” with effects on at least four important herbivores. 
This kairomonal attraction, and the availability of synthetic 
vittatalactone, present a new opportunity for efficient man-
agement of multiple pests that minimizes both insecticide 
use and nontarget effects. We suggest that vittatalactone be 
further evaluated for potential attractiveness to other cucur-
bit pests, as well as for deployment in commercial cucurbit 
fields as part of sustainable pest management strategy.
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