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Abstract
Cucurbitaceae plants produce cucurbitacins, bitter triterpenoids, to protect themselves against various insects and pathogens. 
Adult banded cucumber beetles (Diabrotica balteata), a common pest of maize and cucurbits, sequester cucurbitacins, 
presumably as a defensive mechanism against their natural enemies, which might reduce the efficacy of biological control 
agents. Whether the larvae also sequester and are protected by cucurbitacins is unclear. We profiled cucurbitacin levels in 
four varieties of cucumber, Cucumis sativus, and in larvae fed on these varieties. Then, we evaluated larval growth and resist-
ance against common biocontrol organisms including insect predators, entomopathogenic nematodes, fungi and bacteria. 
We found considerable qualitative and quantitative differences in the cucurbitacin levels of the four cucumber varieties. 
While two varieties were fully impaired in their production, the other two accumulated high levels of cucurbitacins. We 
also observed that D. balteata larvae sequester and metabolize cucurbitacins, and although the larvae fed extensively on 
both belowground and aboveground tissues, the sequestered cucurbitacins were mainly derived from belowground tissues. 
Cucurbitacins had no detrimental effects on larval performance and, surprisingly, did not provide protection against any of 
the natural enemies evaluated. Our results show that D. balteata larvae can indeed sequester and transform cucurbitacins, 
but sequestered cucurbitacins do not impact the biocontrol potential of common natural enemies used in biocontrol. Hence, 
this plant trait should be conserved in plant breeding programs, as it has been demonstrated in previous studies that it can 
provide protection against plant pathogens and generalist insects.
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Key message

• Many herbivorous insects obtain protection against natu-
ral enemies by sequestering plant toxins.

• We evaluated whether larvae of Diabrotica balteata can 
sequester cucurbitacins and whether these affect biologi-
cal control agents.

• Surprisingly, the so-called rootworms fed not only on 
roots of cucumber plants, but also on stems, cotyledons 
and leaves.

• However, Diabrotica balteata larvae sequestered and 
metabolized cucurbitacins mainly from roots.

• Cucurbitacins did not affect larval performance and did 
not protect them against common biological control 
agents.
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• Cucurbitacins sequestered from plant tissues should not 
affect the biocontrol of Diabrotica balteata larvae.

Introduction

Plants rely on chemical defenses to protect themselves from 
herbivore attack. In this context, secondary metabolites with 
toxic, repellent and/or deterrent effects play highly relevant 
roles (Agrawal et al. 2012; Gershenzon and Dudareva 2007; 
Steppuhn et al. 2004; Wouters et al. 2016). For the Cucur-
bitaceae family, which include many species of melons, 
cucumbers, pumpkins and gourds, the defense against her-
bivory is primarily mediated by a group of extremely bitter 
tetracyclic triterpenoids, the cucurbitacins (Chen et al. 2005; 
Lavie and Glotter 1971; Metcalf et al. 1980; Rehm et al. 
1957). These compounds are also present in a few species of 
other plant families such as Brassicaceae (Curtis and Meade 
1971; Nielsen et al. 1977; Sachdev-Gupta et al. 1993), and 
even in some fungi and bacteria (reviewed in Chen et al. 
2005). Cucurbitacins have been shown to be effective in pro-
tecting leaves and fruits against attacks by birds, arthropods 
and pathogens (Bar-Nun and Mayer 1990; Da Costa and 
Jones 1971; Mason and Turpin 1990; Nielsen et al. 1977; 
Nishida et al. 1992; Sachdev-Gupta et al. 1993; Tallamy 
et al. 1997). Cucurbitacins can be highly toxic to vertebrates 
(David and Vallance 1955), and there are several reports of 
unfortunate human poisonings (Aldous et al. 1994; Ferguson 
et al. 1983; Rymal et al. 1984; Verma and Jaiswal 2015), 
with even a reference of intoxication by gourds written in the 
Old Testament (“Death in the pot”, 2 Kings 4:38–41, written 
around the year 600 BC).

Insects have evolved diverse mechanisms to circumvent 
specific plant defenses, enabling them to optimally exploit 
their host plants (Ali and Agrawal 2012; Felton and Tum-
linson 2008; Zhu‐Salzman et al. 2005). This is also the 
case for beetles of the subtribe Diabroticina (Coleoptera: 
Chrysomelidae), which are known to feed on Cucurbita-
ceae plants despite their toxic cucurbitacins content (Eben 
2012; Eben and Barbercheck 1997; Eben et al. 1997; Eben 
and de Los Monteros 2013; Metcalf et al. 1980). In fact, 
cucurbitacins even act as strong attractants (kairomones) and 
phagostimulants for these beetles (Howe et al. 1976; Metcalf 
et al. 1980). In addition, it has been reported that adults 
of certain Diabroticina species can sequester and detoxify 
cucurbitacins, such as the cucurbit specialists Acalymma vit-
tatum and few species from the genus Aulacophora, as well 
as the generalist beetles Diabrotica balteata, D. virgifera 
virgifera, D. undecimpunctata, D. speciosa and Cerotoma 
arcuata (Andersen et al. 1988; Ferguson et al. 1985; Nishida 
et al. 1992). The beetles excrete most of the ingested cucur-
bitacins, but also conjugate a small proportion that is dis-
tributed between the hemolymph, the gut and the rest of the 

body (Ferguson et al. 1985). This accumulation seems to 
be persistent (Andersen et al. 1988; Ferguson et al. 1985), 
and the sequestered cucurbitacins are even transferred to 
the eggs (Ferguson and Metcalf 1985; Ferguson et al. 1985; 
Tallamy et al. 1998).

The sequestration of plant secondary metabolites by 
herbivorous insects often confers protection against natu-
ral enemies (Agrawal et al. 2012; Nishida 2002; Opitz and 
Müller 2009; Robert et al. 2017), a trait that can be linked 
to their success as pests of many economically important 
crops and could limit the efficacy of biocontrol strategies 
(Machado et al. 2020; Robert et al. 2017; Zhang et al. 2019). 
Ferguson and Metcalf (1985) observed that mantids refused 
to prey on several beetles belonging to the Diabroticina sub-
tribe, including Diabrotica balteata and Acalymma vittatum, 
that had fed on “bitter” squash (assumed to contain cucurbi-
tacins). However, the mantids also rejected a large number 
of Acalymma beetles that had fed on a non-bitter diet. Since 
all the beetles had fed on bitter squash as larvae, it was con-
cluded that these rejected beetles had sequestered the cucur-
bitacins at their larval stages. The study by Ferguson and 
Metcalf (1985) is considered to provide the first evidence of 
the sequestration of cucurbitacins by Diabroticina beetles 
and larvae as a defense against natural enemies. However, 
this protection hypothesis is controversial, as later studies 
were inconsistent, and did not always find similar effects for 
Diabroticina beetles (Gould and Massey 1984; Howe et al. 
1976; Nishida and Fukami 1990), eggs (Brust and Barber-
check 1992b; Tallamy et al. 1998) and larvae (Barbercheck 
1993; Barbercheck et al. 2003, 1995; Eben and Barbercheck 
1997). Hence, there is need for more knowledge on the phe-
nomenon and function of cucurbitacin sequestration by Dia-
broticina larvae.

In this study, we extensively investigated the sequestra-
tion of cucurbitacins from cucumber plants (Cucumis sativus 
L) by larvae of the banded cucumber beetle Diabrotica bal-
teata LeConte and its effects on common biological agents. 
To this end, we profiled the main cucurbitacins in different 
plant organs from four commercial cucumber varieties and 
analyzed the cucurbitacins accumulated over time by D. 
balteata larvae fed on these plants. To test for costs of the 
sequestration, we evaluated the weight gain and mortality 
of larvae that were fed on cucumber plants with or without 
cucurbitacins. The larvae were found to not only feed on 
roots, but also extensively on the aboveground plant parts. 
We therefore assessed whether their performance and the 
sequestration of cucurbitacins were dependent on which 
plant organs they had fed on. Subsequently, we determined 
the mortality of D. balteata larvae fed on cucurbitacin-con-
taining and cucurbitacin-free cucumber plants when exposed 
to insect predators, entomopathogenic nematodes, fungi and 
bacteria. The results show that D. balteata larvae can indeed 
accumulate considerable amounts of cucurbitacins, mainly 
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from roots, which they convert into other chemical forms. 
This sequestration was not deleterious to their development 
and, surprisingly, did not affect the efficacy of biological 
control agents.

Materials and methods

Biological resources

Plants

Four commercial varieties of cucumber (Cucumis sativus L.) 
with contrasting cucurbitacin biosynthetic capacities were 
used for experiments: Tanja (“T”, Zollinger Bio, CH), Sonja 
F1 EKO (“S”, Koeman Flowerbulbs, NL), Hokus EKO (“H”, 
Koeman Flowerbulbs, NL) and Marketmore 76 (“M76”, 
Southern Exposure Seed Exchange, USA). Maize (Zea mays 
L.) seedlings of the hybrid DFI 45,321 (DSP, Delley, CH) 
were used to rear D. balteata. Cucumber plants were grown 
under phytotron conditions (400 µmol/m2/s—LD 16:8—
28:26 °C, RH 60%) in potting soil (Gebrüder Patzer GmbH 
and Co. KG, DE), watered every other day and fertilized 
twice a week (8–8–6 NPK Maag Garden, CH). The plants 
used in the experiments were grown either individually or 
in group of 5 to 10 plants per pot (2 l) to profile cucur-
bitacins or to feed to larvae in the different experiments, 
respectively. Experiments were performed with cucumber 
plants with two expanded leaves (15–20 days). For assays 
with entomopathogenic bacteria, 3-day-old seedlings of the 
cucumber varieties were used.

Insects, entomopathogenic nematodes, fungi 
and bacteria

Diabrotica balteata eggs were provided by Syngenta Crop 
Protection (Stein, CH). Because neonate D. balteata larvae 
had extremely high mortality rates on cucumber plants, 
regardless of the cucurbitacin content in the plants, neonates 
were first fed on seedlings of maize hybrid DFI 45,321 for 
5–7 days and then switched to cucumber plants of the dif-
ferent varieties.

The predators used were adults of the greenhouse rove 
beetle Dalotia coriaria Kraatz (Coleoptera: Staphylini-
dae), larvae of the common green lacewing Chrysoperla 
carnea Stephens (Neuroptera: Chrysopidae) and adults of 
the minute pirate bug Orius laevigatus Fieber (Heterop-
tera: Anthocoridae). All the predators were purchased from 
Andermatt Biocontrol Suisse AG (Grossdietwil, CH) and 
kept under controlled conditions (LD 16:8–22 °C, RH 60%), 
and they were fed on Ephestia kuehniella eggs (Andermatt 
Biocontrol Suisse AG, CH) until used for experiments 
(1–2  days). The Heterorhabditis bacteriophora and H. 

zacatecana entomopathogenic nematodes (EPN) were col-
lected in Mexico as described (Bruno et al. 2020; Machado 
et al. 2021). The commercial H. bacteriophora strain was 
obtained from e-Nema (Schwentinental, DE). All EPN iso-
lates were reared in last instar Galleria mellonella larvae 
using White traps as previously described and stored at 
12 °C in the dark (Bedding and Akhurst 1975; Bruno et al. 
2020; Campos-Herrera et al. 2015; White 1927).

The strains of entomopathogenic fungi Metarhizium 
brunneum BIPESCO5 (strain F52, EFSA, 2012; available as 
“Met52 Granular” by Novozymes Switzerland AG, CH) and 
Beauveria bassiana Naturalis (strain ATCC 74040, EFSA, 
2013; available as “Naturalis-L” by Andermatt Biocontrol 
AG, CH) were provided by Agroscope Reckenholz (Zurich, 
CH). The entomopathogenic fungi were cultured on larvae 
of Galleria mellonella, re-isolated and cultured on selec-
tive Strasser Medium agar at 24 °C in the dark (Strasser 
et al. 1996). Conidia from the third generation were col-
lected from culturing agar plates by suspending them in 1 ml 
0.01% aqueous Tween80 (Sigma-Aldrich, CH). To collect 
the fungal spores, the resulting conidia suspensions were 
passed through medical gaze and centrifuged for 10 min at 
2,700 g and 15 °C. Supernatants were discarded, and the 
pellets were re-suspended in distilled water. For experi-
ments, the concentrations were adjusted to  103,  105 and  107 
spores per gram of sand. Bacterial strains of Pseudomonas 
protegens CHA0 (Ruffner et al. 2013; Stutz et al. 1986) 
and Pseudomonas chlororaphis PCL1391 (Chin-A-Woeng 
et al. 1998; Ruffner et al. 2013) were cultured from glyc-
erol stocks at the Plant Pathology Group (ETH Zurich, CH). 
The bacteria strains from the stocks were streaked with an 
inoculation loop on King's B (King et al. 1954) agar supple-
mented with ampicillin (40 µg/ml), cycloheximide (100 µg/
ml) and chloramphenicol (13 µg/ml)  (KB+++) and grown 
for two days at 24 °C. These colonies were used to inoculate 
Luria Bertani liquid cultures prepared with Lysogeny broth 
(LB; 10 g Bacto Tryptone, 5 g Bacto Yeast Extract, 0.25 g 
 MgSO4 ×  7H2O, 8 g NaCl dissolved in 1 L double-distilled 
 H2O) (Bertani 1951). The inoculated liquid cultures were 
incubated overnight at 24 °C and 180 rpm. The cultures were 
centrifuged at 2700 rpm for 10 min at 4 °C, the supernatants 
were discarded, and the pellets were re-suspended in NaCl 
0.9% by vortexing. For experiments, the concentration was 
adjusted to  108 cfu/ml  (OD600 ≈ 0.125).

Cucurbitacin measurements

To profile plant cucurbitacins, we harvested plants that were 
grown individually and the roots, stems, cotyledons and 
leaves of the four plant varieties were separately collected 
from undamaged plants or plants damaged by 15 second-
instar D. balteata larvae that had freely fed on them for 
five days (n = 5). Plant organs were flash frozen in liquid 
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nitrogen and ground into a fine powder. To profile insect-
sequestered cucurbitacins, second-instar D. balteata larvae 
were fed freely on whole cucumber plants potted for three, 
five or seven days (n = 5–10) or were fed on detached roots 
or shoots for five days (n = 5). The detached plant parts were 
offered to the larvae by placing them in a plastic pot filled 
with a thin layer of soil. After feeding, the insects were col-
lected and dissected and their guts were removed to spe-
cifically quantify cucurbitacins stored in other insect tissues 
and hemolymph. Eight to ten dissected larvae were pooled 
per biological replicate. Insect samples were flash frozen in 
liquid nitrogen and ground into a fine powder.

To extract cucurbitacins, 100 mg of plant material or 
20 mg of larval tissue per sample was suspended in 1 ml or 
500 µl of pure MeOH, respectively. Then, the samples were 
vortexed for 1 min and centrifuged at 20,000 g for 20 min 
at 4 °C. All the supernatants were filtered (13 mm Syringe 
filter, PTFE hydrophilic, 0.22 µm, BGB, CH) before analy-
sis by liquid chromatography–mass spectrometry. The quan-
tification of cucurbitacins was performed using a Waters 
Acquity UPLC™ system equipped with an Acquity UPLC 
BEH C18 column (Waters, 2.1 × 50 mm, 1.7 μm particle 
size) and connected to a Synapt G2 QTOF mass spectrom-
eter (Waters, Milford, MA, USA). The entire system was 
controlled by Masslynx 4.1. The mobile phases consisted of 
formic acid (0.05%) in water (A) and in acetonitrile (B). A 
linear gradient from 5–100% B in 7 min was performed, fol-
lowing by washing at 100% B for 2 min and requilibration at 
5% B for 2 min. The flow rate was 0.4 ml/min, and the injec-
tion volume was 2.5 μl. The mass spectrometer was oper-
ated in negative electrospray ionization over a mass range 
of 85 – 1200 Da. Accurate mass measurements (< 2 ppm) 
were obtained by infusing a solution of leucine–enkephalin 
(0.5 μg/ml) throughout the run. Cucurbitacins were puta-
tively identified based on their retention times, exact masses 
and relative mass defects (allowing for molecular formula 
determination) (Ekanayaka et al. 2015) and compared with 
those of the standard Cucurbitacin B as well as with avail-
able databases such as the Dictionary of Natural Product 
(CRC Press). In some cases, the presence of several possible 
cucurbitacin isomers prevented full identification. Cucurbi-
tacin B solutions at 0.02, 0.08, 0.4, 2, 5 and 10 μg/ml were 
used to establish a calibration curve for quantitation, and 
all other cucurbitacins were determined as cucurbitacin B 
equivalents. Data for quantitation were processed in Target-
Lynx XS (Waters).

Performance of Diabrotica balteata larvae 
on cucumber plants

To evaluate the performance of D. balteata larvae on the 
different plant varieties, we fed D. balteata larvae on whole 
plants, on only roots, or only shoots and measured insect 

weight and mortality. Insects were released in 250-ml plas-
tic pots containing 10 g of moist potting soil (Gebrüder 
Patzer GmbH & Co. KG, DE) and either roots, shoots or 
whole plants. Five independent pots with fifteen first-instar 
larvae per treatment were evaluated (n = 5). The detached 
roots were carefully covered with the soil to avoid desicca-
tion. Pots were maintained in a plant growth chamber (LD 
16:8–22 °C, RH 60%). The mean weight and mortality of the 
larvae were recorded for five days by counting and weighing 
together the surviving larvae of each sample, and the weight 
gain per larva was calculated. At the end of the experiment, 
the surviving larvae were dissected to measure cucurbitacins 
as described above.

Bioassays with natural enemies

All experiments with natural enemies were conducted on 
D. balteata larvae previously fed on cucumber varieties (T, 
S, H and M76, see biological resources) for five days. The 
experiments were carried out in 30 ml plastic cups with lids 
(Frontier Scientific Services, Inc., USA) with either moist 
filter paper on the bottom (predators) or with a 5 mm layer 
of moist autoclaved washed sand (Ø 1–4 mm) (Migros, CH) 
(entomopathogenic nematodes, fungi and bacteria).

Predation assays were carried out with Dalotia cori-
aria adults, Chrysoperla carnea larvae and Orius laeviga-
tus adults (n = 30). One D. balteata larva and one preda-
tor were released in a 30-ml plastic cup with a moist filter 
paper on the bottom of the cup. The cups were closed with 
lids and stored in the dark at 24 °C. The total number of 
samples with a dead larva that was at least partially eaten 
by a predator was determined after 48 h. The infectivity of 
22 Heterorhabditis bacteriophora and three H. zacatecana 
nematode isolates was carried out as described by Zhang 
et al. (2019) and Bruno et al. (2020) (n = 10–20). Approxi-
mately 25 newly emerged EPN suspended in 500 µl of tap 
water were applied to each plastic cup. Each cup contained 
four D. balteata larvae. All cups were closed with lids and 
kept in the dark at 24 °C. Infection by EPN was verified 
after 5 days, which was done by evaluating whether the 
larvae turned orange–red. This color change is due to the 
endosymbiotic bacteria that grow inside of the host once 
the nematodes release them (Forst and Clarke 2002) and is 
depicted in Bruno et al. (2020).

To evaluate EPN reproductive potential, 13 out of the 
25 EPN isolates were randomly chosen from the high num-
ber of isolates previously tested. For each isolate, four 
D. balteata larvae were infected as described above, but 
with 125 newly emerged EPN instead of 25 (n = 10). Five 
days after, nematode infectivity was recorded. Five days 
later, 2 ml of tap water were added to each of the plastic 
cups that contained at least one infected larva (2–10 cups 
per variety and EPN strain). Another five days later, this 
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is 15 days after EPN infection, cups were gently shaken, 
5 drops of 20 µl were taken from each sample, and the 
number of infective juveniles (IJs) was counted under a 
microscope. The average number of IJs counted in the five 
drops was then used to extrapolate the concentration of 
IJs in the sample, and this was divided by the number of 
infected larvae per sample.

Bioassays with entomopathogenic fungi (EPF) were 
performed with Metarhizium brunneum BIPESCO5 and 
Beauveria bassiana Naturalis at  103,  105 and  107 conidia/
ml (n = 30). One ml of conidia suspension was applied 
to each plastic cup with moist sand and four D. balteata 
larvae. The cups were closed with lids and stored in the 
dark at 24 °C. Mortality of the larvae caused by EPF was 
regularly recorded for ten days.

The mortality of D. balteata larvae by entomopatho-
genic bacteria was assessed with Pseudomonas protegens 
CHA0 and Pseudomonas chlororaphis PCL1391. Experi-
ments were carried out in plastic cups with moist sand 
and four D. balteata larvae (n = 30). As the bacteria had 
to be ingested to colonize the midgut of the larvae (Kup-
ferschmied et al. 2013), 3-day-old seedlings of the cor-
responding cucumber varieties were bathed in  108 cfu/ml 
bacterial suspensions for 30 min and then placed on the 
sand in the plastic cups, where they were rapidly eaten by 
the larvae. The cups were closed with lids and stored in the 
dark at 24 °C. Mortality of the larvae by EPP was regularly 
evaluated for seven days.

Statistical analyses

Statistical tests were carried out with R statistical software 
(v. 4.0.0; R Development Core Team, 2019) using analysis 
of variance (ANOVA), followed by residual analyses to 
verify suitability of distributions of the tested models. Dif-
ferences in cucurbitacin contents in plants and larvae and 
the larval weight were analyzed using generalized linear 
models (GLM) with a Gaussian distribution followed by 
pairwise comparisons of least squares means (LSMeans). 
Orthogonal partial least squares discriminant analyses 
(OPLS-DA) and hierarchical heatmaps were carried out 
using MetabolAnalyst 5.0 (Chong et al. 2019) to check 
for differences among cucurbitacins in plant organs and 
larvae. Larval mortality was compared within each natural 
enemy for the different food sources using generalized lin-
ear models (GLM) under binomial distribution followed by 
pairwise comparisons of least squares means (LSMeans).

Results

Diabrotica balteata larvae feed 
on above and belowground organs of cucumber 
plants.

We observed that Diabrotica balteata larvae settle mainly 
on the base of the plants, feeding on the stems, causing 
plant wilting and stem bending. When the plant leaves are 
in contact with the soil, the larvae rapidly start feeding on 
them, but avoid the trichomes (Fig. 1). When the larvae 
feed on aboveground organs, they become intense yellow, 
whereas when they only feed on roots, their color is light 
cream (Fig. S1).

d

a

c

b

Fig. 1  Diabrotica balteata larvae feed on above and below ground 
tissues of cucumber plants. Larvae feeding on a roots, b stems, c cot-
yledons and d leaves. Photographs: © Neil Villard & Pamela Bruno, 
FARCE
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Cucumber varieties contain different cucurbitacin 
levels in their organs, and Diabrotica balteata larvae 
sequester cucurbitacins from cucumber plants 
mainly from the roots.

Cucurbitacins were mainly found in roots, stems, cotyle-
dons and leaves of cucumber plants from two commercial 
varieties (Hokus EKO “H” and Marketmore 76 “M76”), 
and in both undamaged plants and plants damaged for five 
days by 15 second-instar D. balteata larvae (Fig. 2a–d). We 
found nine main cucurbitacins, which were putatively iden-
tified according to their mass spectra after fragmentation 
(Table S1). The varieties T and S had very low contents 
of cucurbitacins in all the measured plant organs, with less 
than 1 µg/g of total cucurbitacins, whereas the cucurbita-
cin levels for the varieties H and M76 were more than 100 
times higher. For H and M76, the cucurbitacin profiles were 
composed of three metabolites that represented up to 99.5% 
of the total contents: dihydro-cucurbitacin B-glucoside 
(77–85%, respectively), cucurbitacin IIa (12–14%, respec-
tively) and cucurbitacin C (4–9%, respectively). For the four 
varieties, 71 to 99% of the total cucurbitacin contents were 
found in aboveground organs, and overall, the cucurbita-
cin contents were very similar for undamaged and damaged 
plants, suggesting no induction of cucurbitacins (Fig. 2a–d, 
Fig. 3a, Fig. S2 a). However, stems of H plants had sig-
nificantly higher levels of cucurbitacin C in damaged plants 
compared to undamaged plants: 0.04 and 0.31 µg/g, respec-
tively  (F2,8–9 = 5.2159, p = 0.04) (Fig. 2b, Fig. 3a, Fig. S2 
a). Although there was no significant difference in the total 
content of cucurbitacins in the variety M76 after D. balteata 
fed on cotyledons  (F2,8–9 = 3.40, p = 0.08), there was a slight 
increase in the total value, with 32 µg/g in undamaged and 
37 µg/g in damaged cotyledons. This change was mainly 
due to a significantly higher amount of cucurbitacin IIa in 
damaged cotyledons  (F2,8 = 5.6049, p = 0.03) (Figs. 2c, 3a, 
Fig. S2 a). Similarly, for this variety the total quantity of 
cucurbitacins in the leaves was 45 µg/g in undamaged and 
60 µg/g in damaged leaves  (F2,8–9 = 3.80, p = 0.07), which 
can be explain by significantly higher amounts of cucurbi-
tacin C and cucurbitacin IIa in damaged leaves (cucurbitacin 
C:  F2,8 = 5.6623, p = 0.03, cucurbitacin IIa:  F2,8 = 10.0630, 
p = 0.006) (Figs. 2d, 3a, Fig. S2 a).

After D. balteata larvae fed for five days on whole plants 
or only on roots or shoots of the four cucumber varieties, 
sequestered cucurbitacins were profiled in gut-dissected 
larvae (Figs. 2e, 3b, c, Fig. S2 b, c). Regardless of the plant 
organs they had fed on, larvae from T or S plants accumu-
lated negligible amounts of cucurbitacins in their bodies 
(< 0.3 µg/g). In contrast, larvae fed on whole plants of the 
varieties H and M76 accumulated up to 34 µg/g of total 
cucurbitacins and when they were fed only on roots, they 
accumulated up to 31 µg/g. The profiles of cucurbitacins 

from larvae that fed either on whole plants or roots were 
very similar. Surprisingly, the larvae that fed only on shoots 
sequestered ten times less (up to 3.1 µg/g) (Fig. 2e, Fig. S2 b, 
c), despite the fact that the leaves contained much higher lev-
els of cucurbitacins than the roots (Fig. 2a–d). The seques-
tered amount of cucurbitacins in the larvae increased gradu-
ally over time after feeding on whole plants of H and M76 
for three, five or seven days, and the qualitative composition 
of cucurbitacins was similar over time (Fig. S3). The similar 
profiles for cucurbitacins from larvae fed on roots and those 
fed on whole plants indicate that D. balteata larvae accu-
mulate cucurbitacins mainly from the roots (Fig. 3b, c, Fig. 
S2 b, c). The larvae metabolize the cucurbitacins seques-
tered from the plants and accumulate transformed types of 
cucurbitacins in their bodies (Fig. 3b, c). Detailed statistical 
results are available in Supplementary Tables S2-S7.

Cucurbitacins from cucumber do not affect 
the performance of Diabrotica balteata larvae

To determine whether cucurbitacin sequestration influence 
larval performance, we recorded the mean weight and mor-
tality of D. balteata larvae three and five days after they 
fed on whole cucumber plants or only on roots or shoots 
of the varieties T, S (CUC -), H or M76 (CUC +), and cal-
culated the weight gain per larva (Fig. 4). After three days 
of feeding on the different organs and varieties, there were 
some small differences in the weight gain of the larvae, with 
higher values for larvae fed on whole plants of S (1.3 mg/
larva) compared to the other varieties (0.9 to 1.1 mg/larva) 
 (F3,3–5 = 5.35, p = 0.009), (Fig. 4 a), as well as for larvae fed 
on roots of T or S (1 and 1.1 mg/larva, respectively), in com-
parison with their counterparts fed on H or M76 (0.5 mg/
larva)  (F3,3–5 = 13.90, p < 0.001) (Fig. 4 c). In contrast, larvae 
fed on shoots of S plants had slightly lower weight gain than 
larvae fed on H plants (0.7 and 1.2 mg/larva, respectively) 
 (F3,3–5 = 3.65, p = 0.03) (Fig. 4 e). After five days of feeding 
there were no longer any differences in weight gain for larvae 
fed on varieties with or without cucurbitacins, regardless of 
whether they fed on whole plants  (F3,3–5 = 2.75, p = 0.07), or 
only on roots  (F3,3–5 = 1.97, p = 0.15) or shoots  (F3,3–5 = 2.93, 
p = 0.06) (Fig. 4a, c, e). Similarly, the larvae fed on the dif-
ferent cucumber varieties showed no differences in mortal-
ity after three and five days (Fig. 4b, d, f), regardless of 
the plant organ consumed and the content of cucurbitacins 
(after three days, for larvae fed on either entire plants, or 
just roots or shoots:  Chisq3,5 = 2.56E-10, p = 1.00) (after five 
days, for larvae fed on whole plants:  Chisq3,5 = 7.02, p = 0.2; 
for larvae fed on roots:  Chisq3,5 = 18.03, p = 0.85; and for 
larvae fed on shoots:  Chisq3,5 = 16.82, p = 0.86). These data 
suggest that cucurbitacins do not affect the performance of 
D. balteata larvae. Detailed statistical results are available 
in Supplementary Tables S8-S9.
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Fig. 2  Cucumber varieties have 
different cucurbitacin levels 
in their tissues and Diabrotica 
balteata larvae sequester cucur-
bitacins from cucumber plants, 
mainly from the roots. (a-d) 
Cucurbitacins present in cucum-
ber roots (a, n = 7–8), stems (b, 
n = 7–9), cotyledons (c, n = 7–8) 
or leaves (d, n = 7–8) of healthy 
plants (Undamaged: “Und.”) 
or after 15 second-instar D. 
balteata larvae freely fed on 
the plants (Damaged: “Dam.”) 
for five days. e Sequestered 
cucurbitacins in D. balteata 
larvae after freely feeding for 
five days on whole cucumber 
plants or only on roots or shoots 
(n = 5). Commercial varieties 
of cucumber were used for 
the experiments: “T” (Tanja), 
“S” (Sonja), “H” (Hokus) 
or “M76” (Marketmore 76). 
Bars indicate average (± SE). 
p values are given for treat-
ments [generalized linear model 
(family, Gaussian)] followed by 
pairwise comparisons of least 
squares means (LSMeans). Not 
significant (n.s., p > 0.05). Dif-
ferent letters indicate significant 
differences among plant tissues 
within each cucumber variety, 
p < 0.05. Cucurbitacins present 
in plant and larvae are indicated 
with different colors and num-
bered 1–9 in the bars and in the 
legend: 1. Cuc IIa, 2. Dihydro-
cuc B-glucoside, 3. Unknown 
cuc#1, 4. Cuc B-glucoside, 5. 
Cuc C, 6. Isomer of dihydro-cuc 
B-glucoside, 7. Metabolized cuc 
#1, 8. Deacetylated-dihydro-cuc 
B-glucoside, 9. Unknown cuc#2 a b b
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Cucurbitacins do not protect Diabrotica balteata 
larvae against common natural enemies

In order to assess whether sequestered cucurbitacins 
protect D. balteata larvae against natural enemies, lar-
vae fed for five days on whole plants of cucumber varie-
ties with or without cucurbitacins (CUC -: T, S, CUC + : 
H, M76) were exposed to insect predators, entomopatho-
genic nematodes (EPN), fungi and bacteria (Fig. 5). The 

cucurbitacin content in the larvae did not appear to have 
any effect on the predation rates after 48 h by Dalotia cori-
aria  (F4,30 = 0.1189, p = 0.94) (Fig. 5a), Chrysoperla car-
nea (Chisq = 119.26, df = 26, p = 0.84) (Fig. 5b) or Orius 
laevigatus  (F4,30 = 0.2603, p = 0.85) (Fig. 5c). Similarly, the 
mean infection percentage of 25 EPN isolates on the larvae 
was not affected by any of the cucumber varieties that they 
had fed on (Chisq = 37.941, df = 96, p = 0.24) (Fig. 5d). Out 
of the 25 EPN isolates evaluated, only six showed significant 
differences in infection rates among treatments (Fig. S4). 
However, the differences cannot be explained by cucurbita-
cin content; for some isolates infectivity was actually higher 
in larvae fed on one of the varieties containing cucurbitacins, 
whereas for other isolates it was the other way around (Fig. 
S4, Table S11). In order to determine whether the EPN were 
indirectly affected by the cucurbitacins sequestered by their 
host larvae, we compared the progeny production of 13 of 
the 25 isolates previously evaluated (Fig. 5e, Fig. S5). The 
mean progeny production of the 13 isolates was significantly 
higher for EPN that had infected larvae fed on cucumber 
plants of the variety H, compared to the other three varieties 
 (F4,2–10 = 8.8908, p < 0.001) (Fig. 5e). This was in particular 
the case of two of the EPN isolates; MEX-21 and MEX-23, 
whereas for all the other isolates we did not observe differ-
ences in the number of infective juveniles (IJs) produced 
by the EPN that had killed larvae fed on varieties with or 
without cucurbitacins (Fig. S5). The mortality of D. balteata 
larvae seven days after inoculation with different concen-
trations of the entomopathogenic fungi Beauveria bassiana 
Naturalis and Metarhizium brunneum BIPESCO5 did not 
differ among the larvae fed on different cucumber varie-
ties (Fig. 5f, g). The mortality of the larvae was generally 
very low and rapidly increased after seven days, especially 
for higher fungal concentrations, but this was unrelated to 
the cucumber varieties that the larvae had consumed (Fig. 
S6). Similarly, the mortality of D. balteata larvae five days 
after ingestion of entomopathogenic bacteria Pseudomonas 
protegens CHA0 or P. chlororaphis PCL 1391 was not sig-
nificantly different for the four larval food sources (Fig. 5 h, 
i). In general, the mortality increased after seven days for all 
the larvae, but this was not consistent for all varieties with 
or without cucurbitacins (Fig. S7). Overall, cucurbitacins 
sequestered by D. balteata larvae did not provide any pro-
tection against the insect predators, EPN, fungi and bacteria 
evaluated. Detailed statistical results are available in Sup-
plementary Tables S10-S14.

Discussion

In this study, we could show that Diabrotica balteata larvae 
are able to sequester cucurbitacins. We profiled the cucur-
bitacins in plants of four commercial cucumber varieties 
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and found that some varieties contain up to 27 µg/g in total 
contents of cucurbitacins, whereas others have less than 
1 µg/g. For cucurbitacin-containing varieties, more than 
99% of the cucurbitacins are accumulated in the shoots, in 
particular in the leaves. The cucurbitacins from cucumber 
plants showed only minor induction after D. balteata larvae 
fed on the plants for five days. Although D. balteata larvae 
were found to feed extensively on aboveground cucumber 
organs, they sequestered and accumulated the cucurbitacins 
mainly from roots, transforming some of them into different 

cucurbitacins. Cucurbitacin content in the host plants did 
not exert a measurable effect on larval performance and pro-
vided no protection against the evaluated insect predators, 
entomopathogenic nematodes, fungi and bacteria.

Diabroticina larvae are called rootworms, in reference 
to their soil-dwelling behavior. We had therefore expected 
the larvae to only feed on roots, and we were surprised to 
observe that most of the larvae foraged on the soil surface 
around the stem base, and that they extensively fed on above-
ground organs, while hiding under the leaves. This behavior 
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squares means (LSMeans). Not significant (n.s., p > 0.05). Photo-
graphs: © Neil Villard & Pamela Bruno, FARCE
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is not commonly reported, but has been observed for Dia-
broticina larvae feeding on maize (Canales Santos 1990), 
beans (Cardona et al. 1982), cucurbits (Jiménez Martínez 
and Rodríguez Flores 2014) and chia (Sosa-Baldivia and 
Ruiz-Ibarra 2016). Related to this behavior, we observed 
that when D. balteata larvae fed on aboveground organs, 
their light cream color changed to an intense yellow, which 
does not happen when they feed only on roots. Larval color 

changes after feeding on different plant parts has already 
been observed in Lepidoptera (Greene 1989; Yamasaki et al. 
2009) and Diptera (Zettler et al. 1998), and has been sug-
gested to provide camouflage against predators (Eacock et al. 
2017). Whether the color change provides protection to D. 
balteata larvae remains to be tested.

The biosynthesis of cucurbitacins in cucumber is driven 
by a qualitative gene Bi (bitter foliage) and also by a “bitter 

Fig. 5  Cucurbitacins do not 
protect Diabrotica balteata 
larvae against natural enemies. 
Second-instar D. balteata larvae 
fed for five days on cucum-
ber plants of the commercial 
varieties “T” or “S” or “H” or 
“M76”, and then were exposed 
to natural enemies. a–c Preda-
tion (%) of one D. balteata larva 
48 h after being exposed to 
one a Dalotia coriaria adult, b 
Chrysoperla carnea larva or c 
Orius laevigatus adult (n = 30). 
d Mean infection rates (%) of 22 
Heterorhabditis bacteriophora 
and 3 H. zacatecana isolates 
five days after inoculation 
on four D. balteata larvae 
(n = 15–20). e Mean number of 
infected juveniles produced by 
13 isolates of H. bacteriophora 
and H. zacatecana (n = 2–10). 
Mortality of four D. balteata 
larvae seven days after infection 
with B. bassiana (f, n = 30), 
M. brunneum (g, n = 30), or 
five days after infection with 
P. protegens (h, n = 30) and P. 
chlororaphis (i, n = 30). Bars 
indicate percentage (a, b, c, f, g, 
h, i) or average (d and e) (± SE). 
p values are given for treat-
ments [generalized linear model 
(family, binomial)] followed by 
pairwise comparisons of least 
squares means (LSMeans). Not 
significant (n.s., p > 0.05). Dif-
ferent letters indicate significant 
differences among plant varie-
ties, p < 0.05
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fruit” gene Bt dependent on Bi dominance (Andeweg and 
De Bruyn 1959; Pierce and Wehner 1990). However, abiotic 
stresses such as drought and heat can increase bitterness 
(Andeweg and De Bruyn 1959; Kano and Goto 2000), and 
more genes seem to be involved in the biosynthesis and reg-
ulation of cucurbitacins (Shang et al. 2014). Nevertheless, it 
has been traditionally postulated that cucurbitaceous plants 
are either entirely “bitter” (with cucurbitacins), or they are 
“sweet” or “non-bitter” (without cucurbitacins), and that the 
taste of cotyledons (or even insects that fed on them) can be 
correlated with the presence or absence of cucurbitacins in 
the rest of the plant (Agrawal et al. 1999; Brust and Bar-
bercheck 1992a; Deheer and Tallamy 1991; Dhillon 1993; 
Howe et al. 1976). Our analyses showed that cucurbitacins 
are distributed differently among the plant organs, which 
would suggest that plants could not be exclusively classi-
fied as “bitter” or “sweet”. In addition, it remains unclear 
whether the glycosylation of cucurbitacins reduces their 
bitterness and, in consequence, their toxicity. Although all 
cucurbitacins are thought to be extremely bitter and to con-
fer toxicity (Chen et al. 2005), the quantitative variation in 
bitterness and toxicity between aglucones and glucosylated 
cucurbitacins has only recently been explored (Zhong et al. 
2017), and further studies are necessary. As the chemical 
identities of many of the compounds found in our analyses 
(including several cucurbitacins that were glucosylated) have 
not been reported before, no pure standards are available 
and their bitterness and individual toxicity remain unknown.

We found hardly any induction of cucurbitacins after 
plants were damaged by larval feeding. Contents in undam-
aged and damaged organs were generally very similar, with 
the exception of cucurbitacin C levels in stems of the vari-
ety H and leaves of M76, and cucurbitacin IIa glucoside 
in cotyledons and leaves of M76 cucumber plants, which 
were higher in damaged plants. Agrawal et al. (1999) had 
previously reported the induction of cucurbitacin C in the 
cucumber variety M76, after spider mites fed on the leaves. 
Similarly, Tallamy (1985) observed an induction of cucur-
bitacin B and D in mechanically damaged squash leaves. On 
the other hand, Apriyanto and Potter (1990) did not find an 
induction of cucurbitacin production on cucumber leaves 
after inoculation with tobacco necrosis virus (TNV). Induc-
tion may therefore depend on the type of attacker and/or be 
different for different plant species and varieties. It is also 
plausible that the induction of other defensive metabolites 
could be triggered in cucumber tissues upon larval feeding.

Other possible effects of induced resistance might include 
changes in trichomes, such as trichome density and induc-
tion of toxic compounds in the trichome cells (Pullin and 
Gilbert 1989). The trichomes in cucumber are multicellular 
and contain several secondary metabolites, such as flavo-
noids (Pan et al. 2021). All the cucumber varieties tested in 
our experiments had large trichomes on their stems, leaves 

(mostly on the nerves) and cotyledons. We observed that 
the larvae clearly avoided the trichomes, feeding around 
the leaf nerves and on the under sides of leaves and coty-
ledons, where the trichomes are smaller. It appears that in 
cucumber plants the trichome density does not change after 
leaf herbivory (Agrawal et al. 1999). Whether flavonoids or 
other secondary metabolites in the trichomes are inducible, 
though, has not yet been tested.

The sequestration and metabolization of cucurbitacins by 
Diabroticina have been previously studied for adult beetles 
that either only consumed purified aglucone cucurbitacin 
B (Ferguson et al. 1985) or fed on squash fruits known to 
have the (aglucone) cucurbitacins B and D (Andersen et al. 
1988). In these experiments, since the beetles only suppos-
edly ingested aglucone cucurbitacins, it was assumed that 
the insects had hydrogenated, acetylated, desaturated and 
glucosylated the cucurbitacins in their bodies (Ferguson 
et al. 1985). Our analyses found hydrogenated, deacetylated 
and glucosylated cucurbitacins not only in larvae but also 
in plants. Therefore, we cannot assume, as previously sug-
gested, that these molecules are stable products that result 
from detoxification of the cucurbitacins ingested by Dia-
brotica beetles (Tallamy et al. 2000). Regarding sequestra-
tion in particular, Barbercheck et al. (1995) and Tallamy 
et al. (1998) quantified cucurbitacins in entire bodies of D. 
undecimpunctata howardi larvae fed on squash. Their results 
strongly indicated sequestration, but the quantified cucurbi-
tacins in those analyses could also have been from the plant 
tissues in the larval guts at the moment of quantification. 
By dissecting the larval guts before the analyses, we could 
conclusively demonstrate the sequestration of these com-
pounds by D. balteata larvae and their accumulation in the 
non-gut tissues.

Although the highest amount of cucurbitacins was found 
in aboveground plant organs (in particular for the varieties 
H and M76), we surprisingly found that larvae accumulated 
and metabolized cucurbitacins mostly when they fed on 
roots. Apart from this and the different coloration of the 
larvae, we did not detect other differences between larvae 
fed on below versus aboveground organs. The larvae did not 
obtain an evident nutritional advantage after feeding on roots 
or shoots, as the weight gain and mortality were very similar 
for all organs (and varieties). However, we did not analyze 
the primary metabolism of the plants used in the experi-
ments, and other nutritional aspects of D. balteata larvae fed 
on roots versus shoots might be different, which might help 
explain why they feed on aboveground organs.

Whether cucurbitacins protect Diabroticina species 
against natural enemies has been a controversial subject 
(Tallamy and Krischik 1989). Adult beetles of D. undecim-
punctata fed on cucurbits have been shown to be rejected 
by mantids (Ferguson and Metcalf 1985), but not by birds, 
mice and frogs (Gould and Massey 1984). Eggs from 
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beetles fed on bitter or non-bitter cucumber are equally 
predated by carabid larvae, mites or centipedes (Brust and 
Barbercheck 1992a). It is less clear whether there are any 
effects on entomopathogenic nematodes (Barbercheck et al. 
1995) and entomopathogenic fungi (Tallamy et al. 1998). 
Our results imply that there is indeed no deterrent effect 
of sequestered cucurbitacins on common natural enemies. 
A potential limitation of our experimental setup is that we 
used no-choice experiments to test the effects of cucurbi-
tacins on the predators Dalotia coriaria, Chrysoperla car-
nea and Orius laevigatus. It is possible that no-choice tests 
are less sensitive to detect predator feeding preferences than 
choice experiments, as hungry predators might prey even on 
cucurbitacin-containing larvae if no other food is available. 
It should be noted, however, that, in nature, the predators are 
unlikely to be confronted with choice situations either. Also, 
we have recently observed that in choice experiments D. 
coriaria feeds equally on cucurbitacin-free and cucurbitacin-
containing larvae (Jaccard et al. 2022), which further con-
firms that cucurbitacins do not affect the feeding preference 
of this predator species.

In addition to assessing the direct effects of cucurbitacins 
sequestered by the larvae on their vulnerability to natural 
enemies, we also evaluated possible long-term effects on the 
fitness of one of their main natural enemies, entomopatho-
genic nematodes. For this, we compared the progeny of the 
entomopathogenic nematodes that succeeded in killing lar-
vae that had fed on cucumber plants with or without cucur-
bitacins. Although we observed differences in the number 
of infective juveniles (IJs) among treatments, these differ-
ences did not correlate with the cucurbitacin contents in the 
plants (Fig. S5). As it has been previously hypothesized, the 
observed variations could be related to the nutritional quality 
of the larvae as food sources for the nematodes (Barbercheck 
et al. 1995). All of our larvae had similar weights after feed-
ing on cucumber plants, but other aspects of larval suitabil-
ity for nematodes could have been influenced by feeding 
on the different varieties. We could not assess the survival 
and performance of predators fed on D. balteata larvae with 
sequestered cucurbitacins due to the reflex bleeding of the 
larvae. When threatened or attacked, some insects exude 
hemolymph, which quickly coagulates and can entangle their 
aggressor and glue the mouthparts of predators together. 
This so-called reflex bleeding is a defense response in vari-
ous insects (Lundgren et al. 2009; Wallace and Blum 1971). 
In our attempts to evaluate survival, all predators eventually 
died unable to clean themselves despite vigorous attempts. 
This might suggest that against some natural enemies, this 
defense strategy could be prevalent for Diabrotica larvae to 
the sequestration of cucurbitacins.

Our results provide first conclusive evidence for the abil-
ity of D. balteata larvae to sequester cucurbitacins from their 
host plants, but this does not affect the efficacy of several 

common biological control agents. The presence of cucurbi-
tacins, which represent a key element of the plants’ defense 
against pathogens and generalist insects, should therefore 
not be eliminated from plant breeding programs.

Author contributions

PB, CCMA, RARM, BB and TCJT conceived the original 
project. PB, CCMA, RARM, GB, AS, GG and CJ performed 
experiments. PB and CCMA carried out statistical analyses. 
PB and CCMA wrote the first draft of the manuscript. All 
authors contributed to the final manuscript.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10340- 022- 01568-3.

Acknowledgements We thank Olivier Kindler from Syngenta Crop 
Protection for providing eggs of Diabrotica balteata, and Monika 
Maurhofer (ETH Zürich) and Giselher Grabenweger (Agroscope) for 
providing strains of entomopathogenic fungi and bacteria. We thank 
Johnny Wing Moreira, Lara de Gianni, Léa Bolis, Marine Mamin, 
Aurélie Rosset and Eloïse Ansermin for technical assistance in experi-
ments and for rearing EPN and D. balteata larvae.

Funding Open access funding provided by University of Neuchâtel. 
This work was supported by the Swiss National Science Foundation 
(Grant 186094 to RARM and Grant CRSII3_160786 to TCJT, PB and 
CCMA).

Data availability The data supporting the findings of this study are 
available in the supplementary materials.

Declarations 

Conflict of interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

Agrawal AA, Gorski PM, Tallamy DW (1999) Polymorphism in plant 
defense against herbivory: constitutive and induced resistance in 
Cucumis sativus. J Chem Ecol 25:2285–2304. https:// doi. org/ 10. 
1023/A: 10208 21823 794

Agrawal AA, Petschenka G, Bingham RA, Weber MG, Rasmann S 
(2012) Toxic cardenolides: chemical ecology and coevolution of 
specialized plant–herbivore interactions. New Phytol 194:28–45. 
https:// doi. org/ 10. 1111/j. 1469- 8137. 2011. 04049.x

https://doi.org/10.1007/s10340-022-01568-3
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1023/A:1020821823794
https://doi.org/10.1023/A:1020821823794
https://doi.org/10.1111/j.1469-8137.2011.04049.x


1073Journal of Pest Science (2023) 96:1061–1075 

1 3

Aldous J, Ellam G, Murray V, Pike G (1994) An outbreak of illness 
among schoolchildren in London: toxic poisoning not mass hys-
teria. J Epidemiol Commun Health 48:41–45. https:// doi. org/ 10. 
1136/ jech. 48.1. 41

Ali JG, Agrawal AA (2012) Specialist versus generalist insect herbi-
vores and plant defense. Trends Plant Sci 17:293–302. https:// doi. 
org/ 10. 1016/j. tplan ts. 2012. 02. 006

Andersen J, Plattner R, Weisleder D (1988) Metabolic transformations 
of cucurbitacins by Diabrotica virgifera virgifera Leconte and 
D. undecimpunctata howardi Barber. Insect Biochem 18:71–77. 
https:// doi. org/ 10. 1016/ 0020- 1790(88) 90038-8

Andeweg J, De Bruyn J (1959) Breeding of non-bitter cucumbers. 
Euphytica 8:13–20. https:// doi. org/ 10. 1007/ BF000 22084

Apriyanto D, Potter DA (1990) Pathogen-activated induced resistance 
of cucumber: response of arthropod herbivores to systemically 
protected leaves. Oecologia 85:25–31. https:// doi. org/ 10. 1007/ 
BF003 17339

Barbercheck ME (1993) Tritrophic level effects on entomopathogenic 
nematodes. Environ Entomol 22:1166–1171. https:// doi. org/ 10. 
1093/ ee/ 22.5. 1166

Barbercheck ME, Wang J, Hirsh I (1995) Host plant effects on 
entomopathogenic nematodes. J Invertebr Pathol 66:169–177. 
https:// doi. org/ 10. 1006/ jipa. 1995. 1080

Barbercheck ME, Wang J, Brownie C (2003) Adaptation of the 
entomopathogenic nematode, Steinernema carpocapsae, to insect 
food plant. Biol Control 27:81–94. https:// doi. org/ 10. 1016/ S1049- 
9644(02) 00187-1

Bar-Nun N, Mayer AM (1990) Cucurbitacins protect cucumber tissue 
against infection by Botrytis cinerea. Phytochemistry 29:787–791. 
https:// doi. org/ 10. 1016/ 0031- 9422(90) 80019-D

Bedding R, Akhurst R (1975) A simple technique for the detection of 
insect paristic rhabditid nematodes in soil. Nematologica 21:109–
110. https:// doi. org/ 10. 1163/ 18752 9275X 00419

Bertani G (1951) Studies on lysogenesis I: the mode of phage liberation 
by lysogenic Escherichia coli. J Bacteriol 62:293–300. https:// doi. 
org/ 10. 1128/ jb. 62.3. 293- 300. 1951

Bruno P et  al (2020) Entomopathogenic nematodes from mexico 
that can overcome the resistance mechanisms of the west-
ern corn rootworm. Sci Rep 10:1–12. https:// doi. org/ 10. 1038/ 
s41598- 020- 64945-x

Brust GE, Barbercheck ME (1992a) Effect of dietary cucurbitacin C 
on southern corn rootworm (Coleoptera: Chrysomelidae) egg sur-
vival. Environ Entomol 21:1466–1471. https:// doi. org/ 10. 1093/ 
ee/ 21.6. 1466

Brust GE, Barbercheck ME (1992b) Effect of dietary cucurbitacin C 
on southern corn rootworm (Coleoptera: Chrysomelidae) egg sur-
vival. Environ Entomol 21:1466–1471. https:// doi. org/ 10. 1093/ 
ee/ 21.6. 1466

Campos-Herrera R, Puza V, Jaffuel G, Blanco-Perez R, Cepulyte-
Rakauskiene R, Turlings TC (2015) Unraveling the intraguild 
competition between Oscheius spp nematodes and entomopatho-
genic nematodes: implications for their natural distribution in 
Swiss agricultural soils. J Invertebr Pathol 132:216–227. https:// 
doi. org/ 10. 1016/j. jip. 2015. 10. 007

Canales Santos R (1990) Control químico de plagas del suelo en el 
cultivo de maíz criollo temporalero en la comunidad de Ayotitlán, 
mpio. de Cuautitlán, Jal

Cardona C, Gonzalez R, Schoonhoven A (1982) Evaluation of damage 
to common beans by larvae and adults of Diabrotica balteata and 
Cerotoma facialis. J Econ Entomol 75:324–327. https:// doi. org/ 
10. 1093/ jee/ 75.2. 324

Chen JC, Chiu MH, Nie RL, Cordell GA, Qiu SX (2005) Cucurbitacins 
and Cucurbitane glycosides: structures and biological activities. 
Natl Prod Rep 22:386–399. https:// doi. org/ 10. 1039/ b4188 41c

Chin-A-Woeng TF et al (1998) Biocontrol by phenazine-1-carboxa-
mide-producing Pseudomonas chlororaphis PCL1391 of tomato 

root rot caused by Fusarium oxysporum f. sp. radicis-lycopersici. 
Mol Plant-Microbe Interact 11:1069–1077. https:// doi. org/ 10. 
1094/ MPMI. 1998. 11. 11. 1069

Chong J, Wishart DS, Xia J (2019) Using MetaboAnalyst 4.0 for com-
prehensive and integrative metabolomics data analysis. Curr Pro-
toc Bioinform 68:e86. https:// doi. org/ 10. 1002/ cpbi. 86

Curtis P, Meade P (1971) Cuburbitacins from the cruciferae. Phyto-
chemistry 10:3081–3083. https:// doi. org/ 10. 1016/ S0031- 9422(00) 
97357-6

Da Costa CP, Jones CM (1971) Cucumber beetle resistance and mite 
susceptibility controlled by the bitter gene in Cucumis sativus 
L. Science 172:1145–1146. https:// doi. org/ 10. 1126/ scien ce. 172. 
3988. 1145

David A, Vallance D (1955) Bitter principles of cucurbitaceae. J Pharm 
Pharmacol 7:295–296. https:// doi. org/ 10. 1111/j. 2042- 7158. 1955. 
tb120 40.x

Deheer CJ, Tallamy DW (1991) Affinity of spotted cucumber beetle 
(Coleoptera: Chrysomelidae) larvae to cucurbitacins. Environ 
Entomol 20:1173–1175. https:// doi. org/ 10. 1093/ ee/ 20.4. 1173

Dhillon N (1993) The lack of a relationship between bitterness and 
resistance of cucurbits to red pumpkin beetle (Aulacophora fove-
icollis). Plant Breed 110:73–76. https:// doi. org/ 10. 1111/j. 1439- 
0523. 1993. tb005 70.x

Eacock A, Rowland HM, Edmonds N, Saccheri IJ (2017) Colour 
change of twig-mimicking peppered moth larvae is a continuous 
reaction norm that increases camouflage against avian predators. 
PeerJ 5:e3999. https:// doi. org/ 10. 7717/ peerj. 3999

Eben A, Barbercheck ME (1997) Host plant and substrate effects on 
mortality of southern corn rootworm from entomopathogenic 
nematodes. Biol Control 8:89–96. https:// doi. org/ 10. 1006/ bcon. 
1996. 0489

Eben A, de Los Monteros AE (2013) Tempo and mode of evolutionary 
radiation in Diabroticina beetles (genera Acalymma, Cerotoma, 
and Diabrotica). ZooKeys. https:// doi. org/ 10. 3897/ zooke ys. 332. 
5220

Eben A, Barbercheck ME, Martín AS (1997) Mexican diabroticite bee-
tles: I laboratory test on host breadth of Acalymma and Diabrotica 
spp. Entomol Exp Et Appl 82:53–62. https:// doi. org/ 10. 1046/j. 
1570- 7458. 1997. 00113.x

Eben A (2012) ¿Por qué amargarse la vida? La asociación de los escar-
abajos Diabroticina (Coleoptera: Chrysomelidae) con plantas de 
la familia Cucurbitaceae

Ekanayaka EP, Celiz MD, Jones AD (2015) Relative mass defect fil-
tering of mass spectra: a path to discovery of plant specialized 
metabolites. Plant Physiol 167:1221–1232. https:// doi. org/ 10. 
1104/ pp. 114. 251165

Felton GW, Tumlinson JH (2008) Plant–insect dialogs: complex 
interactions at the plant–insect interface. Curr Opin Plant Biol 
11:457–463. https:// doi. org/ 10. 1016/j. pbi. 2008. 07. 001

Ferguson J, Metcalf R (1985) Cucurbitacins. J Chem Ecol 11:311–318. 
https:// doi. org/ 10. 1007/ BF014 11417

Ferguson J, Metcalf R, Fischer D (1985) Disposition and fate of 
cucurbitacin B in five species of diabroticites. J Chem Ecol 
11:1307–1321

Ferguson J, Fischer D, Metcalf R (1983) A report of cucurbitacin poi-
sonings in humans Cucurbit Genetics Cooperative, 36

Forst S, Clarke D (2002) Bacteria-nematode symbiosis. In: Gaugler R 
(ed) Entomopathogenic nematology. CABI Publishing, pp 57–77

Gershenzon J, Dudareva N (2007) The function of terpene natural prod-
ucts in the natural world. Nat Chem Biol 3:408–414. https:// doi. 
org/ 10. 1038/ nchem bio. 2007.5

Gould F, Massey A (1984) Cucurbitacins and predation of the spotted 
cucumber beetle Diabrotica undecimpunctata howardi. Entomol 
Exp Et Appl 36:273–278. https:// doi. org/ 10. 1111/j. 1570- 7458. 
1984. tb034 39.x

https://doi.org/10.1136/jech.48.1.41
https://doi.org/10.1136/jech.48.1.41
https://doi.org/10.1016/j.tplants.2012.02.006
https://doi.org/10.1016/j.tplants.2012.02.006
https://doi.org/10.1016/0020-1790(88)90038-8
https://doi.org/10.1007/BF00022084
https://doi.org/10.1007/BF00317339
https://doi.org/10.1007/BF00317339
https://doi.org/10.1093/ee/22.5.1166
https://doi.org/10.1093/ee/22.5.1166
https://doi.org/10.1006/jipa.1995.1080
https://doi.org/10.1016/S1049-9644(02)00187-1
https://doi.org/10.1016/S1049-9644(02)00187-1
https://doi.org/10.1016/0031-9422(90)80019-D
https://doi.org/10.1163/187529275X00419
https://doi.org/10.1128/jb.62.3.293-300.1951
https://doi.org/10.1128/jb.62.3.293-300.1951
https://doi.org/10.1038/s41598-020-64945-x
https://doi.org/10.1038/s41598-020-64945-x
https://doi.org/10.1093/ee/21.6.1466
https://doi.org/10.1093/ee/21.6.1466
https://doi.org/10.1093/ee/21.6.1466
https://doi.org/10.1093/ee/21.6.1466
https://doi.org/10.1016/j.jip.2015.10.007
https://doi.org/10.1016/j.jip.2015.10.007
https://doi.org/10.1093/jee/75.2.324
https://doi.org/10.1093/jee/75.2.324
https://doi.org/10.1039/b418841c
https://doi.org/10.1094/MPMI.1998.11.11.1069
https://doi.org/10.1094/MPMI.1998.11.11.1069
https://doi.org/10.1002/cpbi.86
https://doi.org/10.1016/S0031-9422(00)97357-6
https://doi.org/10.1016/S0031-9422(00)97357-6
https://doi.org/10.1126/science.172.3988.1145
https://doi.org/10.1126/science.172.3988.1145
https://doi.org/10.1111/j.2042-7158.1955.tb12040.x
https://doi.org/10.1111/j.2042-7158.1955.tb12040.x
https://doi.org/10.1093/ee/20.4.1173
https://doi.org/10.1111/j.1439-0523.1993.tb00570.x
https://doi.org/10.1111/j.1439-0523.1993.tb00570.x
https://doi.org/10.7717/peerj.3999
https://doi.org/10.1006/bcon.1996.0489
https://doi.org/10.1006/bcon.1996.0489
https://doi.org/10.3897/zookeys.332.5220
https://doi.org/10.3897/zookeys.332.5220
https://doi.org/10.1046/j.1570-7458.1997.00113.x
https://doi.org/10.1046/j.1570-7458.1997.00113.x
https://doi.org/10.1104/pp.114.251165
https://doi.org/10.1104/pp.114.251165
https://doi.org/10.1016/j.pbi.2008.07.001
https://doi.org/10.1007/BF01411417
https://doi.org/10.1038/nchembio.2007.5
https://doi.org/10.1038/nchembio.2007.5
https://doi.org/10.1111/j.1570-7458.1984.tb03439.x
https://doi.org/10.1111/j.1570-7458.1984.tb03439.x


1074 Journal of Pest Science (2023) 96:1061–1075

1 3

Greene E (1989) A diet-induced developmental polymorphism in a 
caterpillar. Science 243:643–646. https:// doi. org/ 10. 1126/ scien 
ce. 243. 4891. 643

Howe W, Sanborn J, Rhodes A (1976) Western corn rootworm adult 
and spotted cucumber beetle associations with Cucurbita and 
cucurbitacins. Environ Entomol 5:1043–1048. https:// doi. org/ 10. 
1093/ ee/5. 6. 1043

Jaccard C, Marguier NT, Arce CC, Bruno P, Glauser G, Turlings TC, 
Benrey B (2022) The effect of squash domestication on a below-
ground tritrophic interaction plant-environment. Interactions. 
https:// doi. org/ 10. 1002/ pei3. 10071

Jiménez Martínez E, Rodríguez Flores O (2014) Insectos: Plagas de 
cultivos en Nicaragua. Universidad Nacional Agraria

Kano Y, Goto H (2000) Relationship between the occurrence of bit-
ter fruit (Cucumis sativus L. cv. Kagafutokyuri) and the content 
of amino acid, protein and HMG-CoA reductase in the leaf. In: 
International Symposium on Tropical and Subtropical Fruits 575, 
pp 797–803

King EO, Ward MK, Raney DE (1954) Two simple media for the dem-
onstration of pyocyanin and fluorescin. J Lab Clin Med 44:301–
307. https:// doi. org/ 10. 5555/ uri: pii: 00222 14354 90222X

Kupferschmied P, Maurhofer M, Keel C (2013) Promise for plant pest 
control: root-associated pseudomonads with insecticidal activities. 
Front Plant Sci 4:287. https:// doi. org/ 10. 3389/ fpls. 2013. 00287

Lavie D, Glotter E (1971) The cucurbitanes, a group of tetracyclic 
triterpenes. In: Herƶ W, Grisebach H, Kirby GW (eds) Fortschritte 
der chemie organischer naturstoffe/progress in the chemistry of 
organic natural products. Springer, pp 307–362. https:// doi. org/ 
10. 1007/ 978-3- 7091- 3259-3

Lundgren JG, Haye T, Toepfer S, Kuhlmann U (2009) A multifaceted 
hemolymph defense against predation in Diabrotica virgifera vir-
gifera larvae. Biocontrol Sci Tech 19:871–880. https:// doi. org/ 10. 
1080/ 09583 15090 31685 49

Machado RA et al (2020) Engineering bacterial symbionts of nema-
todes improves their biocontrol potential to counter the western 
corn rootworm. Nat Biotechnol 38:600–608. https:// doi. org/ 10. 
1038/ s41587- 020- 0419-1

Machado RA et al (2021) Multi-locus phylogenetic analyses uncover 
species boundaries and reveal the occurrence of two new 
entomopathogenic nematode species, Heterorhabditis ruandica 
n. sp. and Heterorhabditis zacatecana n. sp. J Nematol. https:// 
doi. org/ 10. 21307/ jofnem- 2021- 089

Mason JR, Turpin T (1990) Cucurbitacin-adulterated diet is avoided 
by captive european starlings. J Wildl Manag. https:// doi. org/ 10. 
2307/ 38093 68

Metcalf RL, Metcalf RA, Rhodes A (1980) Cucurbitacins as kai-
romones for diabroticite beetles. Proc Natl Acad Sci 77:3769–
3772. https:// doi. org/ 10. 1073/ pnas. 77.7. 3769

Nielsen JK, Larsen LM, Søorensen H (1977) Cucurbitacin E and I in 
Iberis amara: feeding inhibitors for Phyllotreta nemorum. Phyto-
chemistry 16:1519–1522. https:// doi. org/ 10. 1016/ 0031- 9422(77) 
84014-4

Nishida R (2002) Sequestration of defensive substances from plants by 
lepidoptera. Annu Rev Entomol 47:57–92

Nishida R, Fukami H (1990) Sequestration of distasteful compounds by 
some pharmacophagous insects. J Chem Ecol 16:151–164. https:// 
doi. org/ 10. 1007/ BF010 21276

Nishida R, Yokoyama M, Fukami H (1992) Sequestration of cucur-
bitacin analogs by new and old world chrysomelid leaf beetles 
in the tribe Luperini. Chemoecology 3:19–24. https:// doi. org/ 10. 
1007/ BF012 61452

Opitz SE, Müller C (2009) Plant chemistry and insect sequestra-
tion. Chemoecology 19:117–154. https:// doi. org/ 10. 1007/ 
s00049- 009- 0018-6

Pan J et al (2021) Study of micro-trichome (mict) reveals novel connec-
tions between transcriptional regulation of multicellular trichome 

development and specific metabolism in cucumber. Hortic Res. 
https:// doi. org/ 10. 1038/ s41438- 020- 00456-0

Pierce LK, Wehner TC (1990) Review of genes and linkage groups 
in cucumber. HortScience 25:605–615. https:// doi. org/ 10. 21273/ 
HORTS CI. 25.6. 605

Pullin AS, Gilbert JE (1989) The stinging nettle, Urtica dioica, 
increases trichome density after herbivore and mechanical dam-
age. Oikos. https:// doi. org/ 10. 2307/ 35652 85

Rehm S, Enslin P, Meeuse A, Wessels J (1957) Bitter principles of 
the Cucurbitaceae. VII. The distribution of bitter principles in 
this plant family. J Sci Food Agric 8:679–686. https:// doi. org/ 10. 
1002/ jsfa. 27400 81203

Robert CA et al (2017) Sequestration and activation of plant toxins pro-
tect the western corn rootworm from enemies at multiple trophic 
levels. Elife 6:e29307. https:// doi. org/ 10. 7554/ eLife. 29307

Ruffner B et al (2013) Oral insecticidal activity of plant-associated 
pseudomonads. Environ Microbiol 15:751–763. https:// doi. org/ 
10. 1111/j. 1462- 2920. 2012. 02884.x

Rymal K, Chambliss O, Bond M, Smith D (1984) Squash containing 
toxic cucurbitacin compounds occurring in California and Ala-
bama. J Food Prot 47:270–271. https:// doi. org/ 10. 4315/ 0362- 
028X- 47.4. 270

Sachdev-Gupta K, Radke CD, Renwick JAA (1993) Antifeedant activ-
ity of cucurbitacins from Iberis amara against larvae of Pieris 
rapae. Phytochemistry 33:1385–1388. https:// doi. org/ 10. 1016/ 
0031- 9422(93) 85096-A

Shang Y et al (2014) Biosynthesis, regulation, and domestication of 
bitterness in cucumber. Science 346:1084–1088. https:// doi. org/ 
10. 1126/ scien ce. 12592 15

Sosa-Baldivia A, Ruiz-Ibarra G (2016) Será Diabrotica speciosa Ger-
mar, 1824 (Coleoptera: Chrysomelidae) una plaga de importancia 
económica para la producción de chía (Salvia hispanica L.) en 
México? Entomol Mex 3:269–274

Steppuhn A, Gase K, Krock B, Halitschke R, Baldwin IT, Levine M 
(2004) Nicotine’s defensive function in nature. PLoS Biol 2:e217. 
https:// doi. org/ 10. 1371/ journ al. pbio. 00202 17

Strasser H, Forer A, Schinner F (1996) Development of media for the 
selective isolation and maintenance of viruIence of Beauveria 
brongniartii. In: Proceedings of the 3rd international workshop 
on microbial control of soil dwelling pests, Lincoln, New Zealand, 
pp 21–23

Stutz E, Défago G, Kern H (1986) Naturally occurring fluorescent 
Pseudomonads involved in suppression. Phytopathology 76:181–
185. https:// doi. org/ 10. 1094/ Phyto- 76- 181

Tallamy DW (1985) Squash beetle feeding behavior: an adaptation 
against induced cucurbit defenses. Ecology 66:1574–1579. https:// 
doi. org/ 10. 2307/ 19380 19

Tallamy DW, Krischik VA (1989) Variation and function of cucurbi-
tacins in cucurbita: an examination of current hypotheses. Am 
Nat 133:766–786

Tallamy DW, Stull J, Ehresman NP, Gorski PM, Mason CE (1997) 
Cucurbitacins as feeding and oviposition deterrents to insects. 
Environ Entomol 26:678–683. https:// doi. org/ 10. 1093/ ee/ 26.3. 678

Tallamy DW, Whittington DP, Defurio F, Fontaine DA, Gorski PM, 
Gothro PW (1998) Sequestered cucurbitacins and pathogenicity 
of Metarhizium anisopliae (Moniliales: Moniliaceae) on spotted 
cucumber beetle eggs and larvae (Coleoptera: Chrysomelidae). 
Environ Entomol 27:366–372. https:// doi. org/ 10. 1093/ ee/ 27.2. 366

Tallamy DW, Gorski PM, Burzon JK (2000) Fate of male-derived 
cucurbitacins in spotted cucumber beetle females. J Chem Ecol 
26:413–427. https:// doi. org/ 10. 1023/A: 10054 61522 609

Verma A, Jaiswal S (2015) Bottle gourd (Lagenaria siceraria) juice 
poisoning. World J Emerg Med 6:308. https:// doi. org/ 10. 5847/ 
wjem.j. 1920- 8642. 2015. 04. 011

Wallace JB, Blum MS (1971) Reflex bleeding: a highly refined 
defensive mechanism in Diabrotica larvae (Coleoptera: 

https://doi.org/10.1126/science.243.4891.643
https://doi.org/10.1126/science.243.4891.643
https://doi.org/10.1093/ee/5.6.1043
https://doi.org/10.1093/ee/5.6.1043
https://doi.org/10.1002/pei3.10071
https://doi.org/10.5555/uri:pii:002221435490222X
https://doi.org/10.3389/fpls.2013.00287
https://doi.org/10.1007/978-3-7091-3259-3
https://doi.org/10.1007/978-3-7091-3259-3
https://doi.org/10.1080/09583150903168549
https://doi.org/10.1080/09583150903168549
https://doi.org/10.1038/s41587-020-0419-1
https://doi.org/10.1038/s41587-020-0419-1
https://doi.org/10.21307/jofnem-2021-089
https://doi.org/10.21307/jofnem-2021-089
https://doi.org/10.2307/3809368
https://doi.org/10.2307/3809368
https://doi.org/10.1073/pnas.77.7.3769
https://doi.org/10.1016/0031-9422(77)84014-4
https://doi.org/10.1016/0031-9422(77)84014-4
https://doi.org/10.1007/BF01021276
https://doi.org/10.1007/BF01021276
https://doi.org/10.1007/BF01261452
https://doi.org/10.1007/BF01261452
https://doi.org/10.1007/s00049-009-0018-6
https://doi.org/10.1007/s00049-009-0018-6
https://doi.org/10.1038/s41438-020-00456-0
https://doi.org/10.21273/HORTSCI.25.6.605
https://doi.org/10.21273/HORTSCI.25.6.605
https://doi.org/10.2307/3565285
https://doi.org/10.1002/jsfa.2740081203
https://doi.org/10.1002/jsfa.2740081203
https://doi.org/10.7554/eLife.29307
https://doi.org/10.1111/j.1462-2920.2012.02884.x
https://doi.org/10.1111/j.1462-2920.2012.02884.x
https://doi.org/10.4315/0362-028X-47.4.270
https://doi.org/10.4315/0362-028X-47.4.270
https://doi.org/10.1016/0031-9422(93)85096-A
https://doi.org/10.1016/0031-9422(93)85096-A
https://doi.org/10.1126/science.1259215
https://doi.org/10.1126/science.1259215
https://doi.org/10.1371/journal.pbio.0020217
https://doi.org/10.1094/Phyto-76-181
https://doi.org/10.2307/1938019
https://doi.org/10.2307/1938019
https://doi.org/10.1093/ee/26.3.678
https://doi.org/10.1093/ee/27.2.366
https://doi.org/10.1023/A:1005461522609
https://doi.org/10.5847/wjem.j.1920-8642.2015.04.011
https://doi.org/10.5847/wjem.j.1920-8642.2015.04.011


1075Journal of Pest Science (2023) 96:1061–1075 

1 3

Chrysomelidae). Ann Entomol Soc Am 64:1021–1024. https:// 
doi. org/ 10. 1093/ aesa/ 64.5. 1021

White G (1927) A method for obtaining infective nematode larvae 
from cultures. Science 66:302–303. https:// doi. org/ 10. 1126/ scien 
ce. 66. 1709. 302-a

Wouters FC, Blanchette B, Gershenzon J, Vassão DG (2016) Plant 
defense and herbivore counter-defense: benzoxazinoids and insect 
herbivores. Phytochem Rev 15:1127–1151. https:// doi. org/ 10. 
1007/ s11101- 016- 9481-1

Yamasaki A, Shimizu K, Eujisaki K (2009) Effect of host plant part on 
larval body-color polymorphism in Helicoverpa armigera (Lepi-
doptera: Noctuidae). Ann Entomol Soc Am 102:76–84. https:// 
doi. org/ 10. 1603/ 008. 102. 0108

Zettler JA, Adler PH, McCreadie JW (1998) Factors influencing larval 
color in the Simulium vittatum complex (Diptera: Simuliidae). 
Invertebr Biol. https:// doi. org/ 10. 2307/ 32269 89

Zhang X et al (2019) Plant defense resistance in natural enemies of a 
specialist insect herbivore. Proc Natl Acad Sci 116:23174–23181. 
https:// doi. org/ 10. 1073/ pnas. 19125 99116

Zhong Y et al (2017) Developmentally regulated glucosylation of 
bitter triterpenoid in cucumber by the UDP-glucosyltransferase 
UGT73AM3. Mol Plant 10:1000–1003. https:// doi. org/ 10. 1016/j. 
molp. 2017. 02. 005

Zhu-Salzman K, Bi JL, Liu TX (2005) Molecular strategies of plant 
defense and insect counter-defense Insect. Science 12:3–15. 
https:// doi. org/ 10. 1111/j. 1744- 7917. 2005. 00002.x

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1093/aesa/64.5.1021
https://doi.org/10.1093/aesa/64.5.1021
https://doi.org/10.1126/science.66.1709.302-a
https://doi.org/10.1126/science.66.1709.302-a
https://doi.org/10.1007/s11101-016-9481-1
https://doi.org/10.1007/s11101-016-9481-1
https://doi.org/10.1603/008.102.0108
https://doi.org/10.1603/008.102.0108
https://doi.org/10.2307/3226989
https://doi.org/10.1073/pnas.1912599116
https://doi.org/10.1016/j.molp.2017.02.005
https://doi.org/10.1016/j.molp.2017.02.005
https://doi.org/10.1111/j.1744-7917.2005.00002.x

	Sequestration of cucurbitacins from cucumber plants by Diabrotica balteata larvae provides little protection against biological control agents
	Abstract
	Key message
	Introduction
	Materials and methods
	Biological resources
	Plants

	Insects, entomopathogenic nematodes, fungi and bacteria
	Cucurbitacin measurements
	Performance of Diabrotica balteata larvae on cucumber plants
	Bioassays with natural enemies
	Statistical analyses

	Results
	Diabrotica balteata larvae feed on above and belowground organs of cucumber plants.
	Cucumber varieties contain different cucurbitacin levels in their organs, and Diabrotica balteata larvae sequester cucurbitacins from cucumber plants mainly from the roots.
	Cucurbitacins from cucumber do not affect the performance of Diabrotica balteata larvae
	Cucurbitacins do not protect Diabrotica balteata larvae against common natural enemies

	Discussion
	Author contributions
	Anchor 20
	Acknowledgements 
	References




