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Abstract

The western corn rootworm, Diabrotica virgifera virgifera LeConte (Coleoptera: Chrysomelidae), is an important 
economic pest of maize (Zea mays L.) in North America and Europe. Previous efforts to formulate an artificial diet for 
western corn rootworm larvae highlighted an important role of corn root powder, which had a significant positive 
impact on several larval developmental traits. Unfortunately, this ingredient is not available for purchase. Toward 
the goal of developing an artificial diet for western corn rootworm larvae with all ingredients readily accessible, we 
conducted research to isolate essential growth factors for larval development from corn root powder to improve the 
performance of diet without corn root powder. For all experiments, multiple life history parameters (survival, weight, 
and molting) were recorded from 15-d diet bioassays. Corn roots may contain factors that assist in larval growth, 
but some of these factors were not fully extracted by methanol and remained in the extracted root. Methanolic 
extracts significantly increased molting to second instar, but did not significantly increase survival, dry weight, or 
molting to third instar, suggesting the primary corn root substituents affecting these factors cannot be extracted or 
other extraction methods may be required to extract the essential factors from corn roots. We showed that whole 
corn root powder was best when used in combination with all the other nutrient sources in the published western 
corn rootworm formulation. Corn root powder made from proprietary seed and Viking seed has similar value.
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The western corn rootworm, Diabrotica virgifera virgifera LeConte, is 
an important insect pest of maize (Zea mays L.) in North America and 
Europe, causing more than $1 billion in crop losses and control costs 
annually (Metcalf 1986, Gray et al. 2009). Larvae feeding on roots of 
maize are responsible for most of the damage associated to this species 
(Branson and Krysan 1981, Moeser and Vidal 2005), whereas adult 
western corn rootworm feeding on silks, pollen, kernels, and foliage 
of maize plants may cause yield reduction if present at high densities 
before anthesis (Culy et al. 1992). Management of these pests has been 
a challenge to industry and corn growers because of the evolution of 
resistance to management tactics including chemical insecticides (Ball 
and Weekman 1963; Meinke et al. 1998; Pereira et al. 2015, 2017), 
crop rotation (Levine et al. 2002), and transgenic maize hybrids ex-
pressing insecticidal crystalline toxins from Bacillus thuringiensis (Bt) 
(Gassmann et al. 2011, Zukoff et al. 2016, Ludwick et al. 2017).

Monitoring programs to detect differences in susceptibility at-
tributable to resistance development of western corn rootworm 
populations are mandated by the U.S. Environmental Protection 

Agency (EPA) (EPA 2016). Diet toxicity assays can be used as a tool 
for evaluating resistance. An artificial diet is a critical component of 
diet toxicity assays. An artificial diet capable of supporting larval 
growth and development that is similar to larvae reared on corn 
roots would be greatly beneficial for research programs and con-
tinuous rearing for western corn rootworm.

The first artificial diet for western corn rootworm larvae was 
developed by Pleau et  al. (2002) which was a modification of a 
diet for southern corn rootworm, Diabrotica undecimpunctata 
howardi Barber  (Coleoptera: Chrysomelidae). The southern corn 
rootworm formulation with wheat germ and casein as the major 
nutritional components was a modification of a diet developed for 
a lepidopteran species, pink bollworm, Pectinophora gossypiella 
(Saunders) (Lepidoptera: Gelechiidae) (Sutter et al. 1971, Rose and 
McCabe 1973, Marrone et al. 1985). The southern corn rootworm is 
a generalist feeding on over 100 different plants while western corn 
rootworm, from a practical standpoint, is nearly monophagous on 
corn roots, but can survive on a number of different grass species 
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(Oyediran et al. 2004). Pleau et al. (2002) developed an initial formu-
lation for western corn rootworm larvae by modifying the southern 
corn rootworm formulation to include corn root powder, removing 
formalin, and altering concentrations of several other ingredients 
including wheat germ, linseed oil, and potassium hydroxide. The ini-
tial western corn rootworm formulation doubled larval weight gain 
when compared to larvae reared on the southern corn rootworm 
formulation (Pleau et al. 2002).

We previously developed an improved artificial diet formulation 
for western corn rootworm larvae, hereafter referred to as ‘WCRMO-
1’ which was an optimization of the composition of ingredients in 
the initial western corn rootworm formulation (Huynh et al. 2017). 
Our improved diet was created by optimizing the key ingredients 
(corn root powder, wheat germ, and casein) in the initial western 
corn rootworm formulation based on integrated evaluation of mul-
tiple larval developmental traits (weight, survival, and molting). The 
WCRMO-1 formulation supported approximately 99% of larvae for 
both molting and survival, and further doubled the weight of larvae 
compared to larvae reared on the initial western corn rootworm for-
mulation after 11 d of feeding (Huynh et al. 2017).

Previous research in developing a diet for western corn rootworm 
larvae documented an important role of corn root powder as a key in-
gredient in the western corn rootworm diet. It had significant impact on 
overall larval performance (survival, weight, and molting) (Pleau et al. 
2002, Huynh et al. 2017). Currently, corn root powder is the only ingre-
dient that is not commercially available. Specialized equipment includ-
ing a mill such as the one we use (ZM200, Retsch, Haan, Germany) and 
lyophilizer such as the benchtop pro (Omnitronics, SP Scientific, Stone 
Ridge, NY) is needed to make the powder. This equipment is expensive, 
limiting the use of corn root powder-based artificial diets for western 
corn rootworm larvae, and rendering it practically unavailable to 
smaller companies, academics, and government researchers. Rootworm 
research would be expedited if all of the ingredients in the rootworm 
diet could be purchased. The corn root powder used in our original diet 
(Huynh et al. 2017) was provided by Monsanto Company (now Bayer 
Crop Science, St. Louis, MO). In this study, we verified that the milling 
process developed to produce corn root powder at the Biological Control 
of Insects Research Laboratory (BCIRL) (USDA-ARS, Columbia, MO) 
could be used with proprietary seed from Monsanto. Further we veri-
fied that Viking seed can be substituted for Monsanto proprietary seed 
milled either by Monsanto or BCIRL.

Corn roots not only contain feeding stimulants for western corn 
rootworm larvae, which are a combination of three sugars (glucose, 
fructose, and sucrose in specific ratios) plus one free fatty acid (oleic 
or linoleic acid) (Bernklau and Bjostad 2008), but also contain host 
recognition cues (Bernklau et  al. 2015) and repellents (Bernklau 
et al. 2016). In an artificial diet context, corn roots likely contain in-
gredients that serve as needed micronutrient sources, token stimuli, 
or cryptic nutrients making natural host plant-derived materials de-
sirable in a diet (Cohen 2015). Toward the goal of developing an 
accessible diet for western corn rootworm larvae, we tested the use 
of corn root powder in diet formulations for western corn rootworm 
larvae and attempted extracting bioactive factors from corn roots 
based on an integrated evaluation of three life history parameters 
(survival, weight, and molting).

Materials and Methods

Insects
Western corn rootworm eggs (a nondiapausing strain) were obtained 
from the USDA-ARS laboratories in Columbia, MO and Brooking, 

SD. Egg plates (western corn rootworm eggs in Petri dishes with 70 
mesh sieved soil) were incubated in an incubator at 25°C in com-
plete darkness. Once the first hatch of eggs was initiated, the soil 
was removed by rinsing with water in a 60-mesh sieve (Hogentogler 
& Co. Inc., Columbia, MD). The eggs free of soil were poured 
into a beaker and surface-treated using a procedure described by 
Pleau et al. (2002). Briefly, the eggs were exposed to undiluted Lysol 
(Reckitt Benckiser, LLC, Parsippany, NJ) for 3 min, and then triple 
rinsed with distilled water after removing undiluted Lysol. Next, the 
eggs were treated with 10% formalin (HT501128, Sigma-Aldrich, 
St. Louis, MO) for 3 min, and then triple rinsed with distilled water 
after removing formalin. Finally, the eggs were distributed to a coffee 
filter paper (Pure Brew, Rockline Industries, Sheboygan, WI) using a 
1-ml disposable pipette (13-711-9a, Fisher Scientific, Pittsburg, PA). 
The coffee paper was dried for 2 min and then placed inside a 16-oz 
cup with a lid (LG8RB-0090 & DM16R-0090, Solo Cup Company, 
Lake Forest, IL). For ventilation, several holes were made in the lid 
using a number zero insect pin. The egg container was kept at 25°C 
in darkness. Neonates (within 24 h and hatching within 2 d) were 
used for insect bioassays.

Corn Root Extraction
Untreated, dry Viking seeds (Viking 60-01N, Albert Lea Seed, Albert 
Lea, MN) were soaked for 24 h in tap water, rinsed, and germinated 
on moist blotter paper (Steel Blue, Anchor Paper Company, St. Paul, 
MN). Germinating seeds were kept at 25°C in closed polyethylene 
containers (20 × 40 × 5 cm). Roots (6 g fresh weight) were harvested 
from 5-d-old germinating seeds, placed in a 150-ml Erlenmeyer flask, 
and 100  ml of methanol (HPLC grade, A452-1, Fisher Scientific) 
was added. After 1 h, the liquid was filtered (Whatman no. 1, 1004-
090, Springfield Mill, Maidstone, Kent, United Kingdom) into a 
500-ml round bottom flask and the extract was concentrated to 
approximately 1 ml using a rotary evaporator. The concentrated li-
quid was transferred to a clean glass vial (4 ml, 66011-041, VWR 
International, West Chester, PA), the flask was rinsed twice with 
1.5 ml methanol to collect remaining residue from the walls of the 
flask and the rinses were added to the concentrated solution. The 
extract was evaporated under a stream of nitrogen to remove the 
methanol (approximately 0.5 ml final volume). The extracted roots 
were air-dried overnight, weighed, and the extract concentration was 
adjusted (with methanol) to 0.1 g equivalents dry root per ml. Agar 
(5 g, A7002, Sigma-Aldrich) was placed in a glass container and the 
extract (2.5 ml total) was added 0.5 ml at a time, shaking well after 
each addition. The agar treated with extracted corn roots was spread 
out on a Teflon sheet and allowed to dry 48 h before being stored in 
an air-tight container.

Corn Root Powder
In order to evaluate both the milling process and the maize lines, 
corn root powder was produced by Monsanto and was also pro-
duced by the BCIRL (USDA-ARS). Each milling operation used both 
Monsanto proprietary seed and Viking seed to do so. Corn root 
powder provided by Monsanto from Viking seed and Monsanto 
seed was used 7 mo and 12 mo after receipt, respectively, whereas 
corn root powder made by BCIRL from Viking seed and Monsanto 
seed was used 3 mo and 1 mo, respectively, after being produced. 
All were stored at −20°C until use. Briefly, at BCIRL, corn seeds 
(500 g) were washed in 1,000 ml beaker via exposure to 6% NaClO 
(10% Clorox Regular Bleach, Clorox, Oakland, CA) solution plus 
0.01% Tween 20 (BP337, Fisher Scientific) for 15 min, triple rinsed 
with distilled water, and then incubated at 24°C for 24 h. The seeds 
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were placed in a straight line on top of germination paper (SD3815L, 
Anchor Paper Company) with 50 seeds per paper and the paper was 
folded over the seeds, rolled tightly, and secured with a rubber band 
below the seed line to make a ‘bundle’. The bundles were placed with 
the seed at the top in a 5-gallon bucket (40 bundles per bucket) con-
taining distilled water to encourage downward growth of root tissue. 
The bucket was kept in an incubator at 27°C with RH of 70% and 
watered every 2 d. After 7 d, corn roots were collected by cutting the 
bundles below the rubber band with a guillotine-type paper cutter. 
The corn roots were then cut into pieces less than 2 cm using a cutter 
(27K0020, American Metalcraft, Inc., Franklin Park, IL), placed in 
a tray, immediately frozen at −80°C, and then dried in a lyophilizer 
(benchtop pro with omnitronics, SP Scientific, Stone Ridge, NY) at 
−70°C for 7 d. After 7 d of lyophilizing, the dry roots were milled 
into powder using an ultra-centrifugal mill (ZM200, Retsch, Haan, 
Germany) at 14,500 rpm.

Diet Preparation
The diet was poured as described by Huynh et al. (2017). All dry 
ingredients, i.e., casein (1100, Bio-Serv, Flemington, NJ), choles-
terol (C8503, Sigma-Aldrich), cellulose (3425, Bio-Serv), corn root 
powder (BCIRL and Monsanto), methyl paraben (H5501, Sigma-
Aldrich), salt mix (F8680, Bio-Serv), sorbic acid (S1626, Sigma-
Aldrich), sucrose (04821721, MP Biomedicals, Santa Ana, CA), 
vitamin mix (V1007, Sigma-Aldrich), and wheat germ (1661, Bio-
Serv), were weighed and put in a plastic bag, except for agar (A7002, 
Sigma-Aldrich). Agar solution (agar plus distilled water) in a 600-ml 
beaker was boiled in a microwave for 2 min, and then poured into a 
blender (Hamilton Beach, Inc., Model 51101BZ) in a biosafety cab-
inet (Nuaire, Plymouth, MN). The dry ingredients were added into 
the blender and mixed thoroughly for 30 s. Next, liquid components, 
i.e., linseed oil (430021, Sigma-Aldrich), wheat germ oil (W1000, 
Sigma-Aldrich), streptomycin (612240500, Across, Morris Plains, 
NJ), chlortetracycline (C4881, Sigma-Aldrich), and green food col-
oring (Bulter, Lancaster, PA), were added into the blender and mixed 
thoroughly for 30 s. The pH of the diet was titrated to pH of 9 by an 
addition of KOH 10% (w/v) (P250, Fisher Scientific) and monitored 
using indicator strips (Whatman). The diet mixture was then poured 
into a low-sided 700-ml beaker placed on a hot plate (Cimarec, 
Thermo Scientific) at 65°C and mixed using a stir bar. The mixture 
was dispensed into a 96-well plate (3370, Corning Inc., Corning, 
NY) using a repeater pipette (200 µl per well) (Eppendorf repeater 
plus). The diet plate was kept in a biological cabinet for 10 min to 
allow excess moisture to evaporate, then stored in a refrigerator at 
4°C and used for assays within a week. Bio-Serv has sold their insect 
diets to Frontier Agricultural Sciences and all Bio-Serv ingredients 
can be found at http://www.insectrearing.com/products/indiets.html.

Larval Artificial Diet Bioassays
Bioassays were conducted as described in Huynh et al. (2017). All 
materials used in larval handling were sterilized via exposure to UV 
light for 10 min in a biological cabinet. One neonate larva (<24 h 
after hatching) was infested to each well using a fine paintbrush (size 
#00). A sealing film (TSS-RTQ-100, Excel Scientific, Inc., Victorville, 
CA) was used to cover the plate and one hole per well for exchange 
air ventilation was made using an insect pin (size #0). The plates 
were kept at 25°C in darkness for 15 d.  Larval weight, survival, 
and evidence of diet contamination were recorded at 15 d. For dry 
weight, surviving larvae were collected and pooled per replicate into 
95% ethanol, and then dried at 50°C for 2 d in an oven (602752, 
Blue M Therm Dry Bacteriological Incubator). Dry larvae for each 

replicate were weighed using a micro balance (MSU6.6S-000-DM, 
Sartorius Lab Instruments GmbH & Co. KG, Goettingen, Germany). 
To determine differences in larval molting to second instar and 
third instar, larval molting to second instar was recorded at 10 d 
and larval molting to third instar, and larval incomplete molting to 
second instar (defined as an inability to complete removal of larval 
skin) were recorded at 15 d.

Diet Bioassays With Corn Root Extracts
To determine if essential nutrients in corn roots could be extracted, the 
WCRMO-1 diet (Huynh et al. 2017) was modified. The WCRMO-1 
diet includes 17 diet ingredients (e.g., casein, cellulose, wheat germ, 
vitamin mix, salt mix, oil components, and preservatives) plus corn 
root powder. In formulations with dry corn root, extracted corn roots, 
and corn root powder, these ingredients were added to WCRMO-1 
diet without corn root powder at the level of 1.5% (w/w), the same 
proportion of corn root powder in the WCRMO-1 diet. Other in-
gredients were the same as in the WCRMO-1 formulation (Huynh 
et al. 2017). In a formulation with agar treated with extracts from 
corn roots, the treated agar containing methanolic root extract was 
added at the level of 1.5% (w/w) to the WCRMO-1 diet without corn 
root powder and agar. Other ingredients of this formulation were 
the same as in the WCRMO-1 formulation, except for an increase in 
proportion of water by 1.5% (w/w). The original diet containing corn 
root powder was used as a control and all treatments were tested 
for their effect on larval performance (survival, weight, and molting).

Diet Bioassays With Corn Root Powder as a Major 
Nutritional Source
Corn root powder was previously demonstrated as the key ingre-
dient that was used in combination with major nutritional compo-
nents (e.g., wheat germ, casein, sucrose, linseed oils) (Pleau et  al. 
2002, Huynh et  al. 2017). To determine if changing corn root 
powder alone while eliminating other macronutrient sources could 
be used for western corn rootworm larval growth, we varied corn 
root powder at varying concentrations namely, 0, 1, 1.5, 3, 6, and 
10% w/w and added vitamin mix, diet preservatives, food coloring, 
agar, and water. Other nutritional components (wheat germ, ca-
sein, sucrose, and lipid components) were excluded. The maximum 
concentration of corn root powder in these agar-based diets was 
10% w/w. The amount of other ingredients were the same in the 
WCRMO-1 diet (Huynh et al. 2017), except for the proportions of 
water that were changed to accommodate changes in the propor-
tions of corn root powder (Table 1).

Diet Bioassays With Corn Root Powder From 
Different Seeds and Suppliers
To verify the milling process producing corn root powder between 
Monsanto and BCIRL and the substitution of Viking seed for 
Monsanto proprietary seed, four diets were made incorporating dif-
ferent seed sources and seed varieties. Both Monsanto and BCIRL 
made root powder from both Monsanto proprietary seed and Viking 
seed. The four sources of root powder were compared for their sup-
port of larval performance (survival, weight, and molting). The pro-
portions of corn root powder and remaining ingredients were the 
same as in WCRMO-1 diet (Huynh et al. 2017).

Statistical Analysis
The experiments were designed as a randomized complete block de-
sign. Each formulation tested (treatment) was randomly assigned in 
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a 12-well row of the 96-well plate and replicated at least four times 
in different diet plates. Each group of 12 larvae (replication) was 
randomly assigned a different row within each 96-well plate (1 larva 
per well). The plates were randomly assigned a different portion of 
a growth chamber. The block (the plate) was considered as a specific 
portion of the growth chamber. Each group of 12 larvae per plate 
was used to calculate percentages of survival and molting for that 
block or replication. Live larvae per each block were pooled and 
were averaged to calculate larval weight for that block. Larval per-
formance (larval survival, weight, molt to second instar, incomplete 
molt to second instar, and molt to third instar) was analyzed as a 
randomized complete block design using PROC MIXED in SAS.

Results

Diet Bioassays With Corn Root Extracts
Adding extracted roots, dry roots, or corn root powder to the base 
diet for western corn rootworm (Huynh et  al. 2017) significantly 
improved all measured developmental traits of larval performance 
compared to larvae reared on the diet with 0% root powder (Fig. 
1). This included survivorship (P  =  0.0022, F4, 28  =  5.46, Fig. 1a), 
dry weight (P < 0.0001, F4, 28 = 21.76, Fig. 1b), percent molting to 
second instar (P < 0.0001, F4, 28 = 22.31, Fig. 1c), reduced incom-
plete molting (P < 0.0001, F4, 28 = 13.91, Fig. 1d), and molting to 
the third instar (P < 0.0001, F4, 28 = 22.49, Fig. 1e). Methanolic root 
extracts did not have the same level of improvement as dry roots, 
root powder, or roots that had previously been extracted. Only for 
molting to the second instar and reduced incomplete molting were 
corn root extracts significantly better than diet alone (Figs. 1c and d). 
Root powder was significantly better than dry roots for dry weight 
(Fig. 1b), molting to second instar (Fig 1c), and molting to the third 
instar (Fig. 1e). Root extracts were significantly worse than dry roots 
and extracted roots for dry weight (Fig. 1b), incomplete molting (Fig. 
1d), and molting to the third instar (Fig. 1e).

Diet Bioassays With Corn Root Powder as the Major 
Nutritional Source
Survival
Diets containing 1.5% corn root powder in combination with other 
macronutrients (Fig. 1a) had close to 100% survivorship, which 
was higher than the larval survivorship on the diets containing only 
corn root powder as the major nutritional source (Fig. 2a). When 
corn root powder was utilized as the main nutrient source of diets, 

an increase in proportions of the powder resulted in a significant 
improvement in survival (P  <  0.0001, F5, 15  =  33.41, Fig. 2a). No 
larvae survived when reared on diets with corn root powder at 0 
and 1% while only 4.1% larvae survived on a diet with 1.5% corn 
root powder to 15 d. Diets with corn root powder at 6 and 10% had 
greater larval survival compared to the other diets tested (Fig. 2a).

Dry weight
Larval dry weight at 15 d exhibited a sigmoid response, which is typ-
ical of dose response, ranging from 0.001 mg per larva for the diet 
with 1.5% corn root powder up to 0.012 mg per larva for the diet 
with 6% corn root powder (Fig. 2b). This was a 12-fold increase, but 
still at least 43-fold lower when compared to larvae feeding on a diet 
with corn root powder combined with other macronutrient ingredi-
ents (e.g., wheat germ, casein, sucrose) (Fig. 1b). Diets with corn root 
powder at 6 and 10% had significantly higher larval weight than 
lower percent corn root powder (P < 0.0001, F5, 15 = 38.48). Larval 
weight for the diet with corn root powder at 3% was significantly 
higher than that for diets with corn root powder at 1.5%. No larvae 
molted to the second instar within 15 d.

Diet bioassays with corn root powder from different 
seeds and suppliers
Larval survivorship to 15 d was high on all diets with corn root 
powder produced from different seeds or millers (Fig. 3a) and 
there were no significant differences in survivorship among all diets 
(P = 0.1884, F3, 21 = 1.75). For larval dry weight at 15 d, there were 
no significant differences among the diets with Viking seed milled 
by BCIRL or Monsanto and the diet with Monsanto seed milled 
by BCIRL. The diet with Monsanto seed milled by Monsanto had 
significantly lower larval weight (0.52  mg per larva) than other 
diets (P  =  0.0028, F3, 21  =  6.49), which ranged from 0.67  mg per 
larva to 0.78 mg per larva (Fig. 3b). Percentages of larvae molted to 
the second instar within 10 d on all diets were high, ranging from 
95.1 to 97.5%. There was no significant difference between diets 
(P = 0.7994, F3, 21 = 0.34) (Fig. 3c). The percentages of larvae molted 
to the third instar within 15 d were significantly different among 
diets (P = 0.0191, F3, 21 = 4.12). The diet with Monsanto seed milled 
by BCIRL produced significantly more third instar larvae compared 
to the diets with Monsanto and Viking seeds milled by Monsanto, 
whereas the percentage of the third instar larvae reared on the diet 
with Viking seed milled by BCIRL was significantly higher than 
that for the diet with Monsanto seed milled by Monsanto (Fig. 3d). 
Overall, the diets differing in corn root powder sources exhibited 
no significant difference in larval survivorship to 15 d and molting 
to the second instar. The differences were seen in larval weight and 
molting to the third instar after 15 d of feeding. Corn root powder 
made by BCIRL from Monsanto seed and Viking seed was used 1 
mo and 3 mo after being produced, respectively, while corn root 
powder provided by Monsanto from Monsanto seed and Viking 
seed was used at 12 mo and 7 mo after received, respectively (stored 
at −20°C).

Discussion

We demonstrated that factors from corn roots significantly increase 
survivorship, larval weight, and molting (Fig. 1). Adding corn root 
powder, dry corn roots, or even remnant roots after extraction to 
a base diet for western corn rootworm significantly improved all 
measured developmental traits of larval performance compared to 

Table 1. Components in diets used to rear western corn rootworm 
larvae in corn root powder experiment

Components Amount

Variable components
 1. Corn root powder 0–9 g 
 2. Distilled water 75–84 ml
Constant components
 3. Agar 1.5 g
 4. Chlortetracycline (10 mg/ml) 6.4 mg
 5. Food coloring 6.4 mg
 6. Methyl paraben 0.1 g
 7. Potassium hydroxide (10%) 3.5 ml
 8. Sorbic acid 6.4 mg
 9. Streptomycin (12.8 mg/ml) 6.4 mg
 10. Vanderzant vitamin mix 0.90 g
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larvae reared on the diet without corn roots (Fig. 1). Overall, dry 
roots and extracted roots were better than the methanolic extracts of 
these roots, although there was no significant difference between the 
extract and the same mass of the corn root tissue from which they 
were extracted when evaluating molting to the second instar (Fig. 
1c). Larval survivorship, weight, and molting to the third instar were 
better with extracted corn root remnants than with the methanolic 
extracts, indicating that the solvent did not extract all relevant nutri-
ents (Figs. 1a, b, and e). Corn root powder was better than the dried 
corn roots for most factors evaluated, but may or may not have been 
directly comparable because these samples were made from different 
drying methods.

Our results suggest it is not possible to quickly isolate and iden-
tify essential factors in corn roots that assist in growth and develop-
ment. Several insect species have been reared successfully on artificial 
diets by adding natural host material into a base diet consisting of 

major nutritional and textural features (e.g., soy flour, wheat germ, 
or casein) (Lindig and Malone 1973, Ito et al. 1975, Brun et al. 1993, 
Blossey et al. 2000). Corn roots contain host recognition cues and 
feeding stimulants, but also have a repellent compound for western 
corn rootworm larvae (Bernklau and Bjostad 2008; Bernklau et al. 
2015, 2016). Since corn root powder is the only ingredient in the 
western corn rootworm formulation that is not commercially avail-
able, the identification of the essential corn root factors could assist 
in formulation of an open access diet for which all of ingredients 
could be purchased.

Corn root powder was previously optimized in combination with 
key diet components (wheat germ and casein) in the western corn 
rootworm formulation (Huynh et al. 2017). Our current results re-
vealed that corn root powder alone without the addition of other 
macronutrient sources (e.g., wheat germ, casein, sucrose, linseed oil, 
wheat germ oil) failed to develop a diet that supports larval growth 

Fig. 1. Survival (a), average dry weight (b), molt to second instar (c), incomplete molt to second instar (d), molt to third instar (e) of western corn rootworm larvae 
reared on WCRMO-1 diet (Huynh et al. 2017) containing different types of corn root preparations for 15 d. Tukey’s box plots with median (black line), the 25th 
and 75th percentiles (bottom and top of box, respectively), and the 5th and 95th percentiles (whiskers) are shown. Boxes with different letters are significantly 
different (P < 0.05).
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Fig. 2. Survival (a), and average dry weight (b) of western corn rootworm larvae reared on diet formulations containing corn root powder as the major 
macronutrient component for 15 d. Diets included corn root powder plus additions of other ingredients including vitamin mix, cholesterol, and diet preservatives 
(Table 1). Boxes with different letters are significantly different (P < 0.05).

successfully compared to a diet with these factors. The maximum 
amount of corn root powder that was able to add to agar-based corn 
root powder diets after eliminating several nutritional components 
(i.e., wheat germ, casein, sucrose, linseed oil, wheat germ oil, cellu-
lose, and salt mix) from the WCRMO-1 (Huynh et al. 2017) was 
10% w/w. Larvae survived without molting to 15 d when reared 
on the agar-based corn root powder diets containing 1.5–10% corn 
root powder, but performed best at 6% (Fig. 2). The poor perform-
ance of larvae fed the agar-based corn root powder diets is not cur-
rently understood. The drying process may affect nutritional factors 
such as proteins. Inadequate dietary protein can cause inhibition of 
larval molting due to insufficient production of ecdysteroid in the 
hemolymph of larvae in other species (Hamano et al. 1994).

All diets with differing corn root powder sources supported 
over 95% of larvae for survival and molting to the second instar 
to 10 d of feeding (Fig. 3). Data for larval weight at 10 d were 
not available because weight data were only recorded at the end 
of experiments (15 d). These results suggest the milling process to 
making corn root powder was not significantly different between 
Monsanto and BCIRL, and that Viking seed can be substituted for 
the industry proprietary seed. Interestingly, the differences in the 
third instar for weight and molting were seen from differing corn 
root powder. There was an inverse correlation between time of 
storage and larval performance. Corn root powder from Monsanto 
seed and Viking seed provided by Monsanto was used at 12 mo 

and 7 mo of receipt, respectively. The diets with these corn root 
powders exhibited lower support of larval performance compared 
to the diets with corn root powder used within 3 mo of storage 
(Fig. 3).

Diet assays for western corn rootworm larvae are typically 
limited to 10 d (Pleau et al. 2002, Siegfried et al. 2005, Ludwick 
et al. 2018). Here we extended the bioassay period to 15 d, which 
allowed the detection of differences in multiple larval develop-
ment stages. Data collection from the 5-d and 6-d diet bioassays 
for western corn rootworm initially included larval weight and 
survival while ignoring the information about molting (Pleau et al. 
2002, Siegfried et al. 2005). The limited bioassay duration was pos-
sibly due to contamination, which was reported as a major issue of 
diet bioassays (Pereira et al. 2016). By minimizing contamination 
through clean laboratory practices as described by Huynh et  al. 
(2017) and Ludwick et al. (2018), the length of diet bioassays for 
western corn rootworm testing was extended to 10 d (Ludwick 
et al. 2018) or 11 d (Huynh et al. 2017), which allowed the deter-
mination of differences in larval performance (weight, molt, and 
survival) to the second instar. In this study, we observed <1% con-
tamination during all experiments. Similarly, low contamination 
rates were reported in Huynh et al. (2017), Ludwick et al. (2018), 
and Meihls et al. (2018). The ability to conduct an extended bio-
assay would facilitate experiments that require longer periods (e.g., 
dsRNA) and would also allow for continuous rearing of western 
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corn rootworm which optimizes labor and other costs for rearing 
while avoiding possible physical damage and contamination due to 
larval manual transfers.
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