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Host search behaviors of specialist 
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Western, northern, Mexican, and southern corn rootworms (WCR, NCR, MCR, and SCR) are serious 
corn pests. We evaluated host search behavior of these pests on six plant species using a video 
tracking system. After a 5‑min exposure to plant roots, behavioral parameters were automatically 
recorded and used to quantify the search behavior. The search behavior was not observed for sorghum 
since no neonates survived after contacting sorghum roots. After exposures to corn roots, all neonates 
exhibited the localized search behaviors (i.e., shortening total distance traveled, lowering movement 
speed, increasing turn angle, moving farther from origin) which are used to stay in and search 
within root systems. When larvae contacted roots of wheat, barley, oats, soybean, or controls, they 
expanded the search area by extending the travel path, increasing velocity, and reducing turn angles 
and total distance moved. The intensity of the search expansion is highly associated with the host 
preferences known for the four rootworm species and subspecies. Neonates of each corn rootworm 
exhibited distinct search behaviors. In fact, NCR larvae had the highest speed, the greatest travel 
path, and the lowest turn angle, whereas MCR larvae had the highest turn angle and moved faster 
than WCR and SCR larvae.

Four Diabrotica species and subspecies including western corn rootworm (WCR), D. virgifera virgifera LeConte, 
northern corn rootworm (NCR), D. barberi Smith & Lawrence, southern corn rootworm (SCR), D. undecimpunc-
tata howardi Barber, and Mexican corn rootworm (MCR), D. virgifera zeae Krysan & Smith, are economically 
important insect pests of corn (Zea mays L.) in the United  States1,2, costing over $2 billion annually in economic 
losses due to management costs and yield  reductions3. These insect species are native to North  America1 and 
are commonly referred to as corn rootworms since their larvae primarily feed on the roots of  corn4 resulting in 
most of the damage caused by these pests (e.g., detrimental effects on nutrient and water uptake of corn plants, 
facilitation of pathogen infection, and reduced plant stability)5,6. Several management strategies (e.g., crop rota-
tion, chemical insecticides, transgenic corn) have been developed to manage WCR and NCR; however, both 
these species have evolved adaptation to nearly all management  tactics7–12. Additional control tools clearly need 
to be developed and implemented for sustainable management programs of the corn rootworms.

Western, northern, and Mexican corn rootworm larvae are nearly monophagous on corn roots, while SCR 
larvae are polyphagous  herbivores13–18. Female corn rootworm beetles lay eggs in the soil and after overwinter-
ing, their newly hatched belowground neonates have limited time and sensory information to search and travel 
through soil to find suitable host  roots19. The larval search behaviors typically consist of two phases including 
ranging, a relatively straight form of locomotion occurring prior to contact with potential host plants, and local-
ized search, a more convoluted track occurring after larvae have gained information on the available  resources20. 
These searching mechanisms are crucial for larval survival and  fitness21. While the straighter and faster ranging 
behavior increases search efficiency for finding food from far distances, the localized search including shorter 
paths and slower movements are more efficient to locate food within a food  patch20,22.
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Most of the findings on host search behaviors of corn rootworms are obtained from WCR research, while 
limited information is available for other corn rootworm species. If they have not found a host, WCR larvae 
exhibit a ranging behavior in which they can travel in a relatively straight direction for far distances in search of 
cues from potential host  plants20,23. Several studies have been demonstrated that WCR larvae utilize volatile and 
non-volatile chemical cues that are either present on corn roots or are emitted into the surrounding soil. Car-
bon dioxide released by the plant roots during respiration was found to be highly attractive to WCR  larvae23–25. 
Silencing  CO2 perception in WCR larvae via RNAi-mediated knockdown of a carbon dioxide receptor (DvvGr2) 
impaired WCR larval ability to locate corn roots at distances > 9 cm but had no effect on WCR host-locating abil-
ity at shorter  distances26. (E)-β-caryophyllene and ethylene are also volatile compounds found to be involved in 
WCR orientation of 2nd instar  larvae27, but at least (E)-β-caryophyllene did not appear to influence behavior of 
neonate  larvae28. Additionally, 6-methoxybenzoxazolinone (6-MBOA) and complexes of iron and 2,4-dihydroxy-
7-methoxy-1,4-benzoxazin-3-one (DIMBOA) were identified to be involved in host orientation by second instar 
larvae to locate nutritious  roots29–31. In addition to the identified attractants, methyl anthranilate was identified 
in corn roots as a repellent for WCR  larvae32.

Immediately after contacting plant roots, the WCR response to contact cues dominates over response to vola-
tile  cues20. WCR larvae can determine its potential as a host or non-host plants based on the detection of various 
chemosensory cues present in the plant roots with the aid of their maxillary  palpi33,34. These chemosensory cues 
can act as either a phagostimulant (e.g., sugars) which encourages feeding or as a feeding deterrent (e.g., phenolic 
compounds) which would cause the larvae to seek a different feeding  site33. It has been determined that a feed-
ing stimulant for WCR larvae is a blend of three simple sugars (30:4:4 mg/ml of glucose:fructose:sucrose) plus 
free fatty acids (2:5 mg/ml oleic acid:linoleic acid)35. Later, monogalactosyldiacylglycerol (MGDG) consisting 
of a glycerol backbone with a single galactose molecule and two fatty acids was discovered as a host recognition 
cue of WCR  larvae36.

The host-search behavior of WCR larvae switches from ranging to localized search behavior as soon as the 
larvae contact the roots of a host  plant20,37. After contacting host plants (corn and a few grasses), WCR larvae 
exhibited an increase in turning rate and a decrease in locomotory rate which can facilitate the larvae’s probability 
of contacting the root system. WCR larvae also exhibited significant host preference response to corn hybrids 
expressing at least one of the insecticidal toxins from Bacillus thuringiensis (Bt) Berliner or a double strain (ds)
RNA targeting WCR compared to roots of a non-host plant (oats, Avena sativa L.)38. Nonetheless, the searching 
behavior of NCR, MCR, and SCR have never been explored to our knowledge. The goals of the present study were 
to determine and compare the localized search behavior of four corn rootworm species and subspecies (WCR, 
NCR, SCR, and MCR) on six plant species including corn, wheat (Triticum aestivum L.), barley (Hordeum vulgare 
L.), soybean (Glycine max L.), oats, and sorghum (Sorghum vulgare Pers.). Exploring basic biology such as the 
localized search behavior of these rootworm species provides a better understanding of fundamental biology, 
which may facilitate the development of pest management.

Results
All corn rootworm neonates exposed to sorghum died within the 5-min exposure period. As such, there were 
no behavioral data of corn rootworm larvae observed related to sorghum. The search behavior of four corn 
rootworm species (WCR, NCR, MCR, and SCR) were determined on five different plant species (corn, wheat, 
barley, soybean, and oats). Significant differences in the search behaviors were found among insect species, 
plant species and their interactions (Table 1). Generally, WCR and SCR neonates had somewhat similar search 
behaviors when data from the plant species and control were combined, which were significantly different than 
NCR and MCR neonates (Fig. 1). WCR and SCR neonates had significantly shorter paths, moved slower, turned 
more, and traveled farther from the distance from the origin than NCR neonates (Fig. 1). NCR larvae had the 
longest path and the highest speed, and the lowest turn angle, whereas MCR larvae had the highest turn angle 
and moved faster than WCR and SCR larvae (Fig. 1). With respect to the plant species with all rootworm species 

Table 1.  Effect of treatments on behavioral parameters measured of the movement of four corn rootworm 
species and subspecies during bioassays.

Analysis Effect df F value P value

Total distance moved

Insect 3667 15.31 < 0.0001

Plant 5667 23.62 < 0.0001

Insect × Plant 15,667 5.99 < 0.0001

Velocity

Insect 3667 35.13 < 0.0001

Plant 5667 18.29 < 0.0001

Insect × Plant 15,667 5.81 < 0.0001

Turn angle

Insect 3667 95.79 < 0.0001

Plant 5667 16.01 < 0.0001

Insect × Plant 15,667 4.03 < 0.0001

Maximum distance from origin

Insect 3667 4.97 0.0020

Plant 5667 20.76 < 0.0001

Insect × Plant 15,667 4.28 < 0.0001
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combined, corn had the shortest distance and the lowest velocity and turn angle of rootworm neonates, followed 
by wheat and barley, and then oats, soybean, and control (Fig. 2). Rootworm neonates that were exposed to oats 
and soybean moved significantly farther from the origin than those exposed to corn, wheat, and barley (Fig. 2).

Western corn rootworm
WCR neonates had the shortest total distance moved on corn (5.62 cm), followed by wheat (9.16 cm) and barley 
(10.83 cm), and then oats (11.53 cm), soybean (11.48 cm), and control (11.26 cm) (Fig. 3). The velocity of WCR 
neonates was significantly lower for those exposed to corn (0.02 cm/s) than those exposed to wheat (0.03 cm/s), 
barley (0.04 cm/s), oats (0.04 cm/s), soybean (0.04 cm/s), and control (0.04 cm/s) all of which were not signifi-
cantly different from one another. The turn angle was the greatest for neonates exposed to corn (29.7°), followed 
by wheat (20.07°), control (15.45°), soybean (15.24°), oats (15.25°), and barley (15.10°). The maximum distance 
traveled from the origin was highest for neonates exposed to control (4.28 cm) and oats (3.97 cm), while that for 
neonates exposed to corn (2.64 cm) was significantly lower than all other exposures, except for wheat (3.31 cm) 
(Fig. 3).

Figure 1.  Total distance moved (A), velocity (B), turn angle (C), and maximum distance from origin (D) of 
four larval Diabrotica species and subspecies (WCR  western corn rootworm, NCR northern corn rootworm, 
MCR Mexican corn rootworm, SCR southern corn rootworm) in 5 min after exposure to different seedlings 
from five plant species and a blank control. Box plots with median (red line), the 25th and 75th percentiles 
(bottom and top of box, respectively), the 5th and 95th percentiles (whiskers), and means (+) are shown. Open 
dots are data points. Boxes with different letters are significantly different (P < 0.05). Untransformed data were 
presented, while analysis was performed with square root transformed data.
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Northern corn rootworm
NCR neonates had shorter total distance moved on barley (9.33 cm), corn (10.36 cm), and control (12.97 cm) 
than soybean (16.56 cm), oats (17.44 cm), and wheat (17.09 cm) (Fig. 3). The velocity of NCR neonates was lowest 
for those exposed to barley (0.043 cm/s), corn (0.046 cm/s), and the control (0.05 cm/s). These were significantly 
lower than larvae exposed to soybean (0.06 cm/s), wheat (0.06 cm/s), and oats (0.06). NCR neonates had signifi-
cantly higher turned angle on barley (17.89°) and corn (17.07°) than other plant species tested. The maximum 
distance traveled was significantly lower for neonates exposed to corn (2.17 cm) and barley (1.85 cm) than those 
exposed to wheat (3.28 cm), oats (3.63 cm), soybean (3.64 cm), and control (3.87 cm) (Fig. 3).

Mexican corn rootworm
The total distance traveled was shortest for MCR neonates exposed to wheat (6.96 cm) and corn (7.71 cm), fol-
lowed by oats (12.50 cm), soybean (13.44 cm), barley (14.73 cm), and control (16.48 cm) (Fig. 3). MCR neonates 

Figure 2.  Total distance moved (A), velocity (B), turn angle (C), and maximum distance from origin (D) 
of four larval Diabrotica species and subspecies in 5 min after exposure to different seedlings from five plant 
species and a blank control. Box plots with median (red line), the 25th and 75th percentiles (bottom and top of 
box, respectively), the 5th and 95th percentiles (whiskers), and means (+) are shown. Open dots are data points. 
Boxes with different letters are significantly different (P < 0.05). Untransformed data were presented, while 
analysis was performed with square root transformed data.
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had significantly lower velocity on wheat (0.03 cm/s) and corn (0.03 cm/s) than oats (0.04 cm/s), soybean 
(0.04 cm/s), barley (0.05 cm/s), and control (0.05 cm/s). Neonate larvae exposed to corn (34.38°) and wheat 
(33.35°) had significantly higher turn angle than those exposed to oats (27.58°), soybean (26.87°), barley (23.08°) 

Figure 3.  Total distance moved (A), velocity (B), turn angle (C), and maximum distance from origin (D) of 
four larval Diabrotica species and subspecies (WCR  western corn rootworm, NCR northern corn rootworm, 
MCR Mexican corn rootworm, SCR southern corn rootworm) in 5 min after exposure to different seedlings 
from five plant species and a blank control. Bars with different letters are significantly different (P < 0.05). 
Mean ± SEM.
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and the control (23.07°). The maximum distance traveled was lowest for larvae exposed to wheat (2.31 cm) and 
corn (2.47 cm), followed by barley (3.54 cm), oats (3.67 cm), soybean (3.62 cm) and control (4.02 cm) (Fig. 3).

Southern corn rootworm
SCR neonates had significantly lower total distance moved on corn (7.75 cm), barley (8.14 cm), wheat (8.77 cm), 
and soybean (9.56 cm) than oats (14.71 cm) and control (15.67 cm) (Fig. 3). Significantly lower velocity was 
observed in neonates exposed to corn (0.03 cm/s), wheat (0.03 cm/s), barley (0.03 cm/s), and soybean (0.03 cm/s) 
than those exposed to oats (0.05 cm/s) and control (0.05 cm/s). The turn angle was greater for neonates exposed 
to barley (22.79°), corn (22.30°), and wheat (20.39°) than those exposed to soybean (16.76°), oats (14.74°), and 
control (14.15°). The maximum distance traveled by SCR larvae were greatest on control (3.92 cm), followed by 
oats (3.70 cm), corn (3.43 cm), soybean (3.28 cm), wheat (2.91 cm), and barley (2.62 cm) (Fig. 3).

Discussion
In the present study, we documented the search behaviors of four corn rootworm species and subspecies (WCR, 
NCR, MCR, and SCR) on five plant species including their natural host plant (corn). After contacting roots of 
corn, corn rootworm larvae exhibited localized search behaviors (i.e., shortening total distance traveled, lower-
ing movement speed, increasing turn angle, moving farther from distance from origin) which are used to stay in 
and search within the root system. When specialist larvae contacted the roots of other plant species (i.e., wheat, 
barley, oats, soybean) or controls, they tended to expand their search area via extending the travel path, increas-
ing velocity, and reducing turn angles and the distance moved. Interestingly, neonates of each corn rootworm 
showed distinct search behaviors. In fact, NCR larvae had the highest speed, the greatest travel path, and the 
lowest turn angle, whereas MCR larvae had the highest turn angle and moved faster than WCR and SCR larvae. 
These inherent search patterns may arise from the differences in genotype of these species. A similar pattern of 
the localized search was previously observed for WCR  larvae20,37,38. The authors found WCR larvae established 
the localized search after contact with corn, but not after contact with non-host plants (e.g., oats, soybean).

Our results revealed that the intensity of the search expansion is highly associated with the host preferences 
of all four corn rootworm species and subspecies. WCR, NCR, and MCR larvae are root-feeding specialists that 
feed almost exclusively on plant species in the Poaceae family (e.g., corn, wheat, barley)13–17, while SCR larvae 
are root-feeding generalists that can feed on many plant species including those in the Poaceae and Fabaceae 
(e.g., soybean)  families16,39. WCR larvae had the most restricted and convoluted search pattern on corn, fol-
lowed by wheat, barley, soybean, and oats, while no significant differences on the search patterns of SCR were 
found on corn, wheat, barley, and soybean. NCR and SCR larvae exhibited similar search patterns on soybean 
and oats. NCR larvae had a more restricted search pattern on corn and barley than wheat, whereas there were 
no significant differences in the search patterns on corn and wheat for MCR larvae. These behavioral results 
indicated that corn is the best host plant for WCR, NCR, MCR, and SCR larvae, followed by wheat and barley. 
In contrast, WCR, NCR, and MCR did not prefer soybean and oats. This agrees with what is known of the host 
preferences for these insect pests.

After contact with plant roots, corn rootworm larvae utilize contact cues to locate host plants and acquire 
nutrients, whereas volatile cues are limited to the time of  perception20. Plants contain nutrients (e.g., amino acids, 
carbohydrates) and secondary metabolites (e.g., benzoxazinoids) required for herbivore  development30,40,41. These 
nutritional factors can serve as contact cues and vary among different plant species, within a plant species, and 
across  genotypes42. It is likely that WCR has adopted to  corn43, but even more so since corn has been widely 
planted. Indeed,  LeConte44 first collected WCR in western Kansas. According to Goodman and  Galinat45, "At 
the time of European colonization of the New World, maize was being grown from southern Canada to central 
Chile, although little was grown in the grassy plains or savannas of the central U.S. and northern Argentina". The 
distribution map of  Weatherwax46 indicates that indeed maize was not grown in western Kansas in the 1860s. 
Although something other than corn was producing WCR beetles in the 1800s, it is noteworthy that corn is 
currently the only known host plant of WCR in  nature43. Our previous studies demonstrated that WCR beetles 
can be produced experimentally on a number of non-corn  hosts13,47–49, though no natural production of WCR 
has been documented without  corn43.

Corn roots contain not only feeding  stimulants35,36 but also likely provide the best-fit nutrients for corn root-
worm development. When roots of both species are present, later instar WCR larvae choose to eat corn roots 
even those expressing insecticidal toxins (Bt corn) rather than eating one of the better alternate  hosts49. The 
differences in the search patterns of the specialist root-feeding larvae, that share intimate coevolution adapta-
tion with these host  plants50, may reveal that neonates of these species acknowledge their best-fit nutrients. Our 
results indicated that the larvae continued to expand their search intensity to find the better host plants if neces-
sary. Corn rootworm larvae did not prefer roots of oats and soybean. Oats, which contain a feeding  deterrent34, 
and soybean are not larval host plants of WCR, NCR, and  MCR16,39. As a result, the larvae opened their search 
pattern more intensively compared to other plant species.

The balance between nutrients and secondary plant chemistry often designed to be toxic or repellent to 
 herbivores51 is one that has been ongoing since the earliest of  times52. For the generalist (SCR), there was no 
difference between corn, wheat, barley, and soybean for several of the parameters measured (Fig. 3). For the 
specialists, corn and at most one other grass were grouped as having data suggesting preferred status. For all 
insect species, oats were not preferred. If factors from oats making it a non-host could be identified and placed 
into the corn genome, not only corn would be a nonhost for WCR, but also for other insect pests evaluated.
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Materials and methods
Experimental approach
The localized search behavior of four corn rootworm species and subspecies was evaluated on six plant spe-
cies including corn, wheat, barley, soybean, oats, and sorghum. These plant species were selected based on our 
previous studies on host preferences of WCR  larvae13,15. The roots included those of WCR natural host plant 
(corn), two inferior host plants (wheat and barley), and three non-host plants (soybean, oats, and sorghum). 
The four insect species and subspecies were exposed as neonate larvae to seedlings from each of six plant species 
and a blank control for 5 min as described below. After the 5-min exposure, behavioral parameters (i.e., total 
distance moved, velocity, turn angle, and the farthest distance that larvae traveled) were automatically detected 
and recorded for 5 min using a video tracking system, EthoVision system 3.1 (Noldus Information Technology, 
Wageningen, the Netherlands).

Insects
Eggs from a non-diapausing WCR strain were obtained from the USDA-ARS Plant Genetics Research Unit in 
Columbia, MO. This strain was derived from a non-diapausing strain originally purchased from Crop Charac-
teristics (Farmington, MN) as described  previously53. Eggs from a non-diapausing NCR strain were obtained 
from the USDA-ARS North Central Agricultural Research Laboratory in Brookings, SD. The NCR strain had 
been selected for a non-diapausing trait from a diapausing strain through selective  breeding54. Eggs of SCR were 
purchased from Crop Characteristics. This strain was derived from non-diapausing field strains and was main-
tained on corn for > 100 generations. The eggs of these species were obtained in Petri dishes containing eggs and 
soil and then were incubated at 25 °C in complete darkness in an incubator (Percival, Perry, IA). After approxi-
mately 5% of eggs hatched, the eggs were washed from soil with tap water and were pipetted onto a coffee filter 
paper (Pure Brew, Rockline Industries, Sheboygan, WI) placed inside a container with a lid (11.7 × 7.62 × 9.6-cm, 
LG8RB-0090 & DM16R-0090, Solo Cup Company, Lake Forest, IL) as described  previously55,56. The eggs were 
then incubated at 25 °C in darkness and larvae that hatched within 24 h were used for insect behavioral assays.

Adults of MCR beetles were collected from corn fields located in Williamson County, Texas. The field had 
a history of rootworm damage with continuous corn planting for the past 10 years with the surrounding area 
being primarily continuous corn. The MCR beetles were reared in the USDA-ARS Plant Genetics Research Unit. 
The beetles were provided artificial  diet57, water, and Petri dishes filled with soil as an ovipositional medium to 
collect  eggs58. The Petri dishes containing eggs and soil were watered to get 15% moisture (w/v). The egg dishes 
were then sealed using Parafilm and maintained at room temperature for 9 months. After 9 months, the egg 
dishes were monitored regularly to collect newly emerged neonates (< 24 h old) that were found moving on the 
soil plates for use in the behavioral assays.

Plant materials
Corn (a non-transgenic line) and sorghum seeds were purchased from Albert Lea Seed (Albert Lea, MN) and 
Green Cover Seed (Bladen, NE), respectively. Seeds of wheat, barley, soybean, and oats were purchased from 
Johnny’s Selected Seeds (Winslow, ME). Seeds were grown on germination paper covered in a plastic sleeve. 
Water was added to each plastic pouch to fully soak the germination paper. The sleeves were then held upright 
with the aid of a stand. Roots were allowed to grow down into the filter paper to provide root material for the 
experiments. All plant seedlings used in the assays were 3–5 days old with approximately 1.5–2 in. in length.

Insect behavioral assays
Behavioral assays were performed as described  previously20,37,38 with modifications. The rootworm search behav-
iors were recorded and analyzed using EthoVision system 3.1. This system utilized a Monochrome GigE camera 
mounted 52 cm above an observation arena to autodetect and record movement features of insects. The obser-
vation arena was designed as a 9-cm diameter Petri plate lid lined with filter paper. In the Ethovision program, 
DanioVision settings were selected for the observation.

Fresh germinated seedlings were placed in a Petri dish lined with filter paper. A single neonate larva was 
then placed directly onto the roots using a fine paintbrush. The larvae were allowed to be exposed to the root 
material for 5 min. For the control, larvae were placed in a Petri dish with a moist filter paper using purified 
water and without plant roots. After the 5-min exposure, the larvae were then immediately transferred to the 
center of the observation arena in the EthoVision system using the fine paintbrush and their movements were 
automatically recorded for 5 min by the EthoVision system. After the observations, the larvae and root material 
were discarded, whereas the paintbrush was cleaned with 70% ethanol. Newly hatched and unexposed neonates 
(< 24 h old) and fresh root material were used for each observation. Each rootworm species was exposed to the 
roots of six different plant species. The observation was replicated 30 times for each plant species.

Insect behavioral parameters measured included velocity (cm/s), turn angle (degrees, the change in move-
ment direction), maximum distance from the starting point (cm, the farthest distance from the origin that larvae 
moved), and total distance traveled (cm) during the bioassays using the EthoVision system. In the DanioVision 
setting, the absolute setting was selected to optimize data collection for small animals (e.g., insects). In the 
event of larvae moving outside the barriers of the arena after over 90% of time exposure, the total distance was 
calculated by multiplying the recorded data with the remaining recording time left.

Data analysis
The experiment was designed as a 2-factor factorial design (insect species × plant species). The behavioral data 
(total distance, velocity, turn angle, and maximum distance from origin) were analyzed with analysis of variance 
(ANOVA) in generalized linear mixed models (PROC GLIMMIX) in SAS 9.4 (SAS Institute, Cary, NC). Insect 
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and plant species were the fixed effects and replication was the random variable. Differences between treatments 
were determined using Fisher’s least significant difference (LSD) at P < 0.05. The data were square root trans-
formed prior to the analysis to meet assumption of normality and homoscedasticity, whereas untransformed 
data were presented as Mean ± SEM.

Ethics approval and consent to participate
The experimental research and collection of plant and insect materials of this study comply with the relevant 
institutional, national, and international guidelines and legislation.

Data availability
All pertinent data are found in the figures and tables. Requests for data and additional information should be 
submitted to the corresponding authors.

Received: 10 July 2023; Accepted: 12 October 2023

References
 1. Eben, A. Ecology and evolutionary history of Diabrotica beetles-overview and update. Insects 13, 156 (2022).
 2. Metcalf, R. L. Methods for the Study of Pest Diabrotica vii–xv (Springer, New York, 1986).
 3. Wechsler, S. & Smith, D. Has resistance taken root in US corn fields? Demand for insect control. Am. J. Agric. Econ. 100, 1136–1150 

(2018).
 4. Branson, T. F. & Krysan, J. L. Feeding and oviposition behavior and life cycle strategies of Diabrotica: An evolutionary view with 

implications for pest management. Environ. Entomol. 10, 826–831 (1981).
 5. Chiang, H. C. Bionomics of the northern and western corn rootworms. Annu. Rev. Entomol. 18, 47–72 (1973).
 6. Spike, B. P. & Tollefson, J. J. Yield response of corn subjected to western corn root worm (Coleoptera: Chrysomelidae) infestation 

and lodging. J. Econ. Entomol. 84, 1585–1590 (1991).
 7. Paddock, K. J., Robert, C. A., Erb, M. & Hibbard, B. E. Western corn rootworm, plant and microbe interactions: A review and 

prospects for new management tools. Insects 12, 171 (2021).
 8. Gassmann, A. J. Resistance to Bt maize by western corn rootworm: Effects of pest biology, the pest–crop interaction and the 

agricultural landscape on resistance. Insects 12, 136 (2021).
 9. Levine, E., Oloumi-Sadeghi, H. & Fisher, J. R. Discovery of multiyear diapause in Illinois and South Dakota northern corn root-

worm (Coleoptera: Chrysomelidae) eggs and incidence of the prolonged diapause trait in Illinois. J. Econ. Entomol. 85, 262–267 
(1992).

 10. Calles-Torrez, V. et al. Field-evolved resistance of northern and western corn rootworm (Coleoptera: Chrysomelidae) populations 
to corn hybrids expressing single and pyramided Cry3Bb1 and Cry34/35Ab1 Bt proteins in North Dakota. J. Econ. Entomol. 112, 
1875–1886 (2019).

 11. Meinke, L. J., Siegfried, B. D., Wright, R. J. & Chandler, L. D. Adult susceptibility of Nebraska western corn rootworm (Coleoptera: 
Chrysomelidae) populations to selected insecticides. J. Econ. Entomol. 91, 594–600 (1998).

 12. Levine, E., Spencer, J. L., Isard, S. A., Onstad, D. W. & Gray, M. E. Adaptation of the western corn rootworm to crop rotation: 
Evolution of a new strain in response to a management practice. Am. Entomol. 48, 94–117 (2002).

 13. Oyediran, I. O., Hibbard, B. E. & Clark, T. L. Prairie grasses as hosts of the western corn rootworm (Coleoptera : Chrysomelidae). 
Environ. Entomol. 33, 740–747 (2004).

 14. Oyediran, I. O., Hibbard, B. E., Clark, T. L. & French, B. W. Selected grassy weeds as alternate hosts of northern corn rootworm 
(Coleoptera: Chrysomelidae). Environ. Entomol. 33, 1497–1504 (2004).

 15. Clark, T. L. & Hibbard, B. E. Comparison of nonmaize hosts to support western corn rootworm (Coleoptera: Chrysomelidae) 
larval biology. Environ. Entomol. 33, 681–689 (2004).

 16. Krysan, J. L. Methods for the Study of Pest Diabrotica 1–23 (Springer, Berlin, 1986).
 17. Oyediran, I. O., French, B. W., Clark, T. L., Dashiell, K. E. & Hibbard, B. E. Prairie grasses as hosts of the northern corn rootworm 

(Coleoptera: Chrysomelidae). Environ. Entomol. 37, 247–254 (2008).
 18. Haber, A. I. et al. Spotted cucumber beetle/southern corn rootworm: Profile of a polyphagous native pest. J. Integr. Pest Manag. 

14, pmad016 (2023).
 19. Strnad, S. & Bergman, M. Distribution and orientation of western corn rootworm (Coleoptera: Chrysomelidae) larvae in corn 

roots. Environ. Entomol. 16, 1193–1198 (1987).
 20. Strnad, S. & Dunn, P. Host search behaviour of neonate western corn rootworm (Diabrotica virgifera virgifera). J. Insect Physiol. 

36, 201–205 (1990).
 21. Bell, W. J. Searching behavior patterns in insects. Annu. Rev. Entomol. 35, 447–467 (1990).
 22. Visser, J. Host-plant finding by insects: Orientation, sensory input and search patterns. J. Insect Physiol. 34, 259–268 (1988).
 23. Strnad, S., Bergman, M. & Fulton, W. First-instar western corn rootworm (Coleoptera: Chrysomelidae) response to carbon dioxide. 

Environ. Entomol. 15, 839–842 (1986).
 24. Hibbard, B. E. & Bjostad, L. B. Behavioral responses of western corn rootworm larvae to volatile semiochemicals from corn seed-

lings. J. Chem. Ecol. 14, 1523–1539 (1988).
 25. Bernklau, E. J. & Bjostad, L. B. Behavioral responses of first-Instar western corn root worm (Coleoptera: Chrysomelidae) to carbon 

dioxide in a glass bead bioassay. J. Econ. Entomol. 91, 444–456 (1998).
 26. Arce, C. C. et al. Plant-associated  CO2 mediates long-distance host location and foraging behaviour of a root herbivore. Elife 10, 

e65575 (2021).
 27. Robert, C. A. et al. Herbivore-induced plant volatiles mediate host selection by a root herbivore. New Phytol. 194, 1061–1069 

(2012).
 28. Hiltpold, I. & Hibbard, B. E. Neonate larvae of the specialist herbivore Diabrotica virgifera virgifera do not exploit the defensive 

volatile (E)-β-caryophyllene in locating maize roots. J. Pest Sci. 89, 853–858 (2016).
 29. Bjostad, L. B. & Hibbard, B. E. 6-Methoxy-2-benzoxazolinone: A semiochemical for host location by western corn rootworm 

larvae. J. Chem. Ecol. 18, 931–944 (1992).
 30. Robert, C. A. et al. A specialist root herbivore exploits defensive metabolites to locate nutritious tissues. Ecol. Lett. 15, 55–64 (2012).
 31. Hu, L. et al. Plant iron acquisition strategy exploited by an insect herbivore. Science 361, 694–697 (2018).
 32. Bernklau, E. J., Hibbard, B. E., Norton, A. P. & Bjostad, L. B. Methyl anthranilate as a repellent for western corn rootworm larvae 

(Coleoptera: Chrysomelidae). J. Econ. Entomol. 109, 1683–1690 (2016).
 33. Johnson, S. N. & Gregory, P. J. Chemically-mediated host-plant location and selection by root-feeding insects. Physiol. Entomol. 

31, 1–13 (2006).



9

Vol.:(0123456789)

Scientific Reports |        (2023) 13:17583  | https://doi.org/10.1038/s41598-023-44760-w

www.nature.com/scientificreports/

 34. Branson, T. F. & Ortman, E. E. Feeding behavior of larvae of the western corn rootworm: Normal larvae and larvae maxillectomized 
with laser radiation. Ann. Entomol. Soc. Am. 62, 808–812 (1969).

 35. Bernklau, E. J. & Bjostad, L. B. Identification of feeding stimulants in corn roots for western corn rootworm (Coleoptera: 
Chrysomelidae) larvae. J. Econ. Entomol. 101, 341–351 (2008).

 36. Bernklau, E. J., Hibbard, B. E., Dick, D. L., Rithner, C. D. & Bjostad, L. B. Monogalactosyldiacylglycerols as host recognition cues 
for western corn rootworm larvae (Coleoptera: Chrysomelidae). J. Econ. Entomol. 108, 539–548 (2015).

 37. Bernklau, E. J. et al. Localized search cues in corn roots for western corn rootworm (Coleoptera: Chrysomelidae) larvae. J. Econ. 
Entomol. 102, 558–562 (2009).

 38. Zukoff, S. N. & Zukoff, A. L. Host recognition responses of western (Family: Chrysomelidae) corn rootworm larvae to RNA 
interference and Bt corn. J. Insect Sci. 17, 59 (2017).

 39. Meinke, L. J., Gould, F. & Van Duyn, J. Soybean: A larval host for the southern corn rootworm (Coleoptera: Chrysomelidae). Fla. 
Entomol. 68, 496–498 (1985).

 40. Chapman, R. F. & Chapman, R. F. The Insects: Structure and Function (Cambridge University Press, Cambridge, 1998).
 41. Schoonhoven, L. M., Van Loon, B., van Loon, J. J. & Dicke, M. Insect-Plant Biology (Oxford University Press, Oxford, 2005).
 42. Bernays, E. A. & Chapman, R. F. Host-Plant Selection by Phytophagous Insects Vol. 2 (Springer, Berlin, 2007).
 43. Moeser, J. & Hibbard, B. in Western Corn Rootworm: Ecology and Management (eds S Vidal, U. Kuhlmann, & C.R. Edwards) 41–65 

(CAB International, 2005).
 44. LeConte, J. L. New Coleoptera Collected on the Survey for the Extension of the Union Pacific Railway, ED, from Kansas to Fort 

Craig, New Mexico. Trans. Amer. Entomol. Soc., 49–59 (1868).
 45. Goodman, M. M. & Galinat, W. C. The history and evolution of maize. Crit. Rev. Plant Sci. 7, 197–220 (1988).
 46. Weatherwax, P. Indian Corn in Old America 253 (Macmillan, New York, 1954).
 47. Wilson, T. A. & Hibbard, B. E. Host suitability of nonmaize agroecosystem grasses for the western corn rootworm (Coleoptera: 

Chrysomelidae). Environ. Entomol. 33, 1102–1108 (2004).
 48. Oyediran, I. O., Hibbard, B. E. & Clark, T. L. Western corn rootworm (Coleoptera: Chrysomelidae) beetle emergence from weedy 

Cry3Bb1 rootworm-resistant transgenic corn. J. Econ. Entomol. 98, 1679–1684 (2005).
 49. Hiltpold, I. et al. Carbon isotope ratios document that the elytra of western corn rootworm (Coleoptera: Chrysomelidae) reflects 

adult versus larval feeding and later instar larvae prefer Bt corn to alternate hosts. Environ. Entomol. 43, 840–848 (2014).
 50. Whittaker, R. H. & Feeny, P. P. Allelochemics: Chemical interactions between species: Chemical agents are of major significance 

in the adaptation of species and organization of communities. Science 171, 757–770 (1971).
 51. Fraenkel, G. S. The Raison d’Etre of secondary plant substances: These odd chemicals arose as a means of protecting plants from 

insects and now guide insects to food. Science 129, 1466–1470 (1959).
 52. Ehrlich, P. R. & Raven, P. H. Butterflies and plants: A study in coevolution. Evolution 18, 586–608 (1964).
 53. Huynh, M. P., Hibbard, B. E., Ho, K.-V. & Shelby, K. S. Toxicometabolomic profiling of resistant and susceptible western corn 

rootworm larvae feeding on Bt maize seedlings. Sci. Rep. 12, 1–13 (2022).
 54. Huynh, M. P. et al. Development of a nondiapausing strain of northern corn rootworm with rearing techniques for both diapausing 

and nondiapausing strains. Sci. Rep. 11, 17944 (2021).
 55. Meihls, L. N. et al. Comparison of six artificial diets for western corn rootworm bioassays and rearing. J. Econ. Entomol. toy268, 

2727–2733 (2018).
 56. Huynh, M. P. et al. Characterization of corn root factors to improve artificial diet for western corn rootworm (Coleoptera: 

Chrysomelidae) larvae. J. Insect Sci. 19, 20 (2019).
 57. Branson, T. & Jackson, J. An improved diet for adult Diabrotica virgifera virgifera (Coleoptera: Chrysomelidae). J. Kans. Entomol. 

Soc. 61, 353–355 (1988).
 58. Jackson, J. J. Methods for the Study of Pest Diabrotica 25–47 (Springer, Berlin, 1986).

Acknowledgements
The authors thank Julie Barry and Amanda Ernwall at the USDA-ARS Plant Genetics Research Unit (Columbia, 
Missouri), and Chad Nielson at the USDA-ARS North Central Agricultural Research Laboratory (NCARL, 
Brookings, SD) for technical assistance. We thank Dr. Adriano Pereira at the USDA-ARS PGRU for suggestions 
on the study. We would like to thank Dr. Sharon Schneider at the USDA-ARS NCARL for comments and sug-
gestions to improve the manuscript. Funding for this project was provided by USDA-ARS. MPH acknowledges 
support from the USDA-National Institute for Food and Agriculture (NIFA) (Grant Number 2023-67013-39906). 
This article reports the results of research only. Mention of trade names or commercial products is solely for the 
purpose of providing specific information and does not imply recommendation or endorsement by the USDA 
or the University of Missouri. USDA is an equal opportunity provider and employer.

Author contributions
M.P.H. wrote the first draft of the manuscript. B.E.H. conceptualized the study. R.W.G. performed the experi-
ments. M.P.H. performed the analyses and provided the visualization. D.C.L., A.J.P., and B.E.H. provided materi-
als required for the experiments. All authors edited and approved the final version of the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to M.P.H. or B.E.H.

Reprints and permissions information is available at www.nature.com/reprints.

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

www.nature.com/reprints


10

Vol:.(1234567890)

Scientific Reports |        (2023) 13:17583  | https://doi.org/10.1038/s41598-023-44760-w

www.nature.com/scientificreports/

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, 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/.

© The Author(s) 2023

http://creativecommons.org/licenses/by/4.0/

	Host search behaviors of specialist and generalist root feeding herbivores (Diabrotica spp.) on host and non-host plants
	Results
	Western corn rootworm
	Northern corn rootworm
	Mexican corn rootworm
	Southern corn rootworm

	Discussion
	Materials and methods
	Experimental approach
	Insects
	Plant materials
	Insect behavioral assays
	Data analysis
	Ethics approval and consent to participate

	References
	Acknowledgements


