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Abstract 32 

 33 

Stored grains used in artificial diets are often treated with insecticides to control infestation by 34 

pests. In recent years, insect growth regulators (IGRs) have become an increasingly popular form 35 

of insect pest control in agricultural settings. Most IGRs specifically target insects by either 36 

disrupting their endocrine system or their chitin synthesis. One type of IGRs comprises of 37 

chemical analogs of juvenile hormone (JH), a major hormone involved in growth and 38 

development of insects. Here we demonstrate that conventional wheat germ contains JH activity 39 

and impacts growth and development of the tobacco hornworm, Manduca sexta. Feeding diet 40 

containing conventional wheat germ delayed the timing of metamorphosis in wildtype larvae by 41 

extending the duration of the final instar. Diet with conventional wheat germ also inhibited 42 

melanization of the black mutant larvae and induced the expression of the JH response gene, 43 

Krüppel homolog 1. We demonstrate that the black mutant bioassay is a sensitive assay that can 44 

determine the amount of JH activity in stored grains and suggest that this assay may offer a quick 45 

and reliable assay to determine the amount of environmental juvenoids. Researchers are urged to 46 

use caution when purchasing stored grains for mass-rearing of research insects.  47 

 48 
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Introduction 50 

Stored grains are often treated with insecticides to control infestation by pests. Insect 51 

growth regulators (IGRs) have become a popular replacement for organophosphorus, pyrethroid 52 

and carbamate insecticides that often impact human health (Arthur, 1996; Wijayaratne et al., 53 

2018). The major benefit of using IGRs stems from their specificity to insects (Wijayaratne et al., 54 

2018). IGRs mainly target insects by interfering with their development, growth and chitin 55 

synthesis (Mondal and Parween, 2000; Wijayaratne et al., 2018). Many IGRs act as chemical 56 

analogs of two major insect hormones, the sesquiterpenoid juvenile hormone (JH) and the 57 

molting hormone, ecdysteroids (Mondal and Parween, 2000). Application of such hormonal 58 

IGRs can disrupt major developmental events, such as metamorphosis, molting and reproduction 59 

(Mondal and Parween, 2000).  60 

JH plays several major roles in insect development and growth. During the early larval 61 

instars, the presence of JH prevents larvae from molting into a pupa (Nijhout, 1998). Thus, high 62 

levels of JH ensures that a larva molts into another larva. In the final larval instar, JH titers drop 63 

dramatically, signaling the larvae to undergo metamorphosis. JH is also involved in regulating 64 

the growth of many insects. In the final instar of the tobacco hornworm, Manduca sexta, 65 

prothoracicotropic hormone (PTTH) stimulates the prothoracic glands (Gilbert et al., 2002), 66 

which in turn release ecdysteroids that cause the larva to cease feeding, clear its gut and initiate 67 

the wandering behavior in search of a pupation site (Truman and Riddiford, 1974). JH must be 68 

cleared for the brain to become competent to secrete PTTH (Nijhout and Williams, 1974). 69 

Topical application of JH in the final instar therefore prevents metamorphosis and allows larvae 70 

to continue feeding and grow to a larger size (Hatem et al., 2015; Nijhout et al., 2006).  71 
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Despite its importance, detection of JH is notoriously challenging due to its low titers and 72 

chemical structure. Although several different assays have been developed (e.g. Bergot et al., 73 

1981; Rivera-Perez et al., 2012), here we focus on two sensitive and relatively easy methods to 74 

assay JH levels: the determination of the expression of a JH response gene and the black mutant 75 

bioassay. JH binds to the JH receptor, a basic helix-loop-helix-Per-Arnt-Sim domain protein 76 

receptor called Methoprene-tolerant (Charles et al., 2011; Jindra et al., 2015). Once bound by JH, 77 

Methoprene-tolerant binds to the promoter of the JH-response gene encoding a transcription 78 

factor called Krüppel homolog 1 (Kr-h1) (Kayukawa et al., 2012). Kr-h1 mRNA expression has 79 

been used as a readout of JH titers in a number of species (Cheng et al., 2014; Kayukawa et al., 80 

2012; Konopova et al., 2011; Lozano and Belles, 2011; Minakuchi et al., 2009; Minakuchi et al., 81 

2008), including M. sexta (Xu et al., 2020). Thus, levels of JH in an insect can be assessed by 82 

examining the expression of Kr-h1. 83 

In addition to examining the Kr-h1 expression, a useful bioassay to quantify hemolymph 84 

JH levels was developed over 40 years ago using the black mutant Manduca sexta larvae (Fain 85 

and Riddiford, 1975). The black mutant appears black due to excess deposition of melanin on its 86 

cuticle (Hori et al., 1984). This happens because melanin synthesis enzyme, dopa decarboxylase, 87 

is inhibited by JH (Hiruma and Riddiford, 1985), and the black mutant has a mutation that 88 

prevents production of typical amounts of JH (Safranek and Riddiford, 1975). Since topical 89 

application of JH causes larvae to turn green, the color change of black mutant larvae can be 90 

used as a bioassay to determine the amount of JH in isolated hemolymph (Fain and Riddiford, 91 

1975). Another potential application of the black mutant assay might be to determine the amount 92 

of JH-like activity (juvenoid activity) in the environment or food.  93 
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In the United States, methoprene, a JH mimic has been used commercially under the 94 

trademark name Diacon. Methoprene treatment of grains has been shown to effectively control 95 

several species of insect pests (Arthur, 2004; Arthur, 2016; Mian and Mulla, 1982; Oberlander et 96 

al., 1997). Although studies have demonstrated the efficacy of IGR treatment on pest control, the 97 

extent to which commercially available conventional grains can impact the growth and 98 

development of laboratory insects has not been conducted.  99 

In this study, we compared the growth of wildtype larvae, coloration of black mutant 100 

larvae and gene expression differences between larvae fed an artificial diet containing 101 

conventional wheat germ and one containing organic wheat germ. We also demonstrated the use 102 

of the black mutant larvae to determine the relative amount of juvenoid activity in conventional 103 

wheat germ. We found that conventional wheat germ extended the final larval instar. Moreover, 104 

we found that conventional wheat germ causes black mutant larvae to turn green with 105 

concomitant increases in the expression of the JH response gene, Kr-h1. 106 

 107 

Methods 108 

M. sexta strains 109 

 110 

Wildtype M. sexta were purchased from Carolina Biological Supply. The black mutant larvae 111 

arose spontaneously in a colony of wildtype M. sexta in the early 1970s and have been 112 

maintained by several labs. All larvae were raised on a long day photoperiod (16h light: 8h dark) 113 

at 26.5° C. 114 

 115 

Artificial diets used 116 
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 117 

Approximately 100 M. sexta were raised individually on four different diets, with approximately 118 

25 larvae on each diet. The ingredients and their proportions were kept constant for each diet 119 

except for the type of wheat germ used. Two conventional brands of wheat germ were sourced 120 

from two animal diet companies, Frontier (Conventional wheat germ A) and BioServ 121 

(Conventional wheat germ B). Organic wheat germ (Lekithos), and a cornmeal (Palmetto Farms) 122 

and soy flour (NutriSoy) mix were also used as controls. The diet ingredients are listed in 123 

Supplemental Table 1. 124 

 125 

Growth trajectory and black mutant color assay 126 

 127 

To assess the growth trajectory of larvae, wildtype larvae were weighed daily after they reached 128 

the third instar. Measurements were terminated once they initiated the wandering stage. The 129 

wandering stage is identified by weight loss from gut purge and dorsal vessel exposure. Once gut 130 

purge initiates, larvae stop feeding and clear their guts which results in weight loss. Dorsal vessel 131 

exposure is visible as a pulsating dark line appears along the dorsal side. Larval growth rates 132 

were compared amongst the different diets. The black mutant larvae were reared on different 133 

diets. For controls, artificial diet containing organic wheat germ was supplemented with 134 

methoprene diluted in DMSO. All diets contained 1% DMSO. One day after the molt to the fifth 135 

instar, the color of the larvae was scored as this is the time when the larvae are darkest in color. 136 

A color scoring system (Suzuki and Nijhout, 2006) was used for this purpose (Fig. 3A). JMP 137 

(SAS Institute) was used to perform one-way ANOVA and Tukey HSD post-hoc tests.  138 

 139 
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Determination of Kr-h1 expression 140 

The expression of Kr-h1 in black mutants was assayed using quantitative real-time PCR. The 141 

epidermis of the first and second abdominal sections of larvae at the onset of a molt, just as the 142 

old cuticle of the head capsule begins to detach from the underlying new head capsule. This 143 

corresponds to the JH-sensitive period for black or green coloration (Nijhout, 1998). The 144 

epidermis was placed in Trizol (ThermoFisher), and mRNA was isolated using chloroform 145 

extraction. Subsequently, the sample was treated with DNAse (Promega) to remove any trace 146 

amount of genomic DNA. One µg of RNA was then converted to cDNA using the RevertAid 147 

First Strand cDNA Synthesis Kit (ThermoFisher). Real-time PCR was used to determine the 148 

amount of Kr-h1 with RpL17 serving as an internal control. For each gene, primers for each gene 149 

was mixed with SYBR Green Supermix (Bio-Rad). For Kr-h1, the following primers were used: 150 

5’-GCATCGTTCACAACCTACACC-3’ (forward primer) and 5’-151 

TCCGAGTGGAAAGCGTCAA-3’ (reverse primer) (Xu et al., 2020). For RpL17, the following 152 

primers were used: 5’-TCCGCATCTCACTGGGTCT-3’ (forward primer) and 5’-153 

CACGGCAATCACATACAGGTT-3’ (reverse primer) (Rewitz et al., 2006). A standard curve 154 

method was used to determine the relative expression of Kr-h1. Four biological replicates were 155 

used with three technical replicates each. JMP (SAS Institute) was used to perform one-way 156 

ANOVA and Tukey HSD post-hoc tests. 157 

 158 

Results 159 

Conventional wheat germ delays metamorphosis 160 

 161 
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Wildtype Manduca larvae were fed diets containing conventional wheat germ, organic 162 

wheat germ or cornmeal/soy flour in order to compare their growth trajectories. The 163 

cornmeal/soy flour diet serves as another control and was used to demonstrate its efficacy as a 164 

potential alternative to wheat germ. Larvae fed diets containing conventional wheat germ 165 

continued to grow past the period when the gut purge and wandering behavior normally begins 166 

in larvae fed organic and cornmeal diets (Fig. 1A). This resulted in an increase in peak mass 167 

when caterpillars were reared on conventional diets (Fig. 1B; One-way ANOVA: 168 

F(3,85)=17.403, p<0.0001). The extended growing period caused by conventional wheat germ 169 

occurred primarily during the fifth instar (Fig. 1C; One-way ANOVA: F(3,85)=111.297, 170 

p<0.0001), while the length of time from hatching to the fourth instar similar between diets 171 

(One-way ANOVA: F(3,85)=1.993, p=0.1212).  172 

 173 

Conventional wheat germ impacts melanic marks of wildtype and inhibits melanization in black 174 

mutant larvae.  175 

 176 

While rearing the wildtype larvae, we noticed that one of the diets containing 177 

conventional wheat germ (Conventional wheat germ A) inhibited the presence of the melanic 178 

marks on the dorsal side (Fig. 2). Because JH is known to inhibit melanization, we further 179 

characterized this effect by rearing black mutant larvae on different diets. As a control, we fed 180 

larvae on diets containing different amount of methoprene and the colors were scored (Fig. 3A). 181 

Control diet containing 0.1 ppm methoprene was sufficient to cause the black mutant larvae to 182 

turn green (Fig. 3B). In black mutant larvae fed the experimental diets, both diets containing the 183 

conventional wheat germ caused the larva to turn green whereas most of the larvae fed diets with 184 
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organic wheat germ or cornmeal remained black (Fig. 3C, D; One-way ANOVA: 185 

F(3,61)=132.019, p<0.0001). These results indicate that juvenoids are present in conventional 186 

wheat germ in quantities sufficient to suppress melanin deposition. 187 

 188 

Conventional wheat germ elevates Kr-h1 expression in black mutant larvae  189 

 190 

We next sought to molecularly characterize whether the change in coloration was due to 191 

the presence of juvenoids in the diet. The expression of the JH response gene, Kr-h1, was 192 

significantly higher in larvae fed conventional wheat germ A compared to larvae on diets 193 

containing organic wheat germ or cornmeal/soy flour (Fig. 4; One-way ANOVA: F(3,12)=7.219, 194 

p<0.005). Larvae fed conventional wheat germ B had intermediate expression of Kr-h1. Thus, 195 

the diets which caused delays in metamorphosis and inhibited melanization also led to increased 196 

Kr-h1 expression, indicating that the effects are likely due to the presence of juvenoids in 197 

conventional wheat germ (Fig. 4).  198 

 199 

Discussion 200 

In this study, we compared the impact of conventional and organic wheat germ on the 201 

growth and development of M. sexta. We found that conventional wheat germ caused larvae to 202 

delay metamorphosis and exhibit minor developmental changes. Using the black mutant larvae, 203 

we demonstrated that the conventional wheat germ contains sufficient juvenoid activity to 204 

change the color and induce the expression of the JH response gene, Kr-h1. The amount of 205 

juvenoid activity differed between the two conventional batches of wheat germ. 206 
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The excess duration of growth seen in the wildtype M. sexta that were fed conventional 207 

wheat germ stems primarily from lengthened duration of the 5th instar. This is consistent with 208 

elevated JH signaling, which prevents the production of PTTH from the brain (Nijhout and 209 

Williams, 1974). The black mutant assay clearly demonstrates the presence of juvenoids in the 210 

conventional wheat germ. The black mutant bioassay has been used to determine hemolymph 211 

titers of JH (Fain and Riddiford, 1975; Rankin and Riddiford, 1978; Suzuki and Nijhout, 2006). 212 

In this study, we demonstrate the utility of this strain in determining the amount of 213 

environmental juvenoids. With the increasing use of IGRs, a sensitive indicator of environmental 214 

juvenoid activity will be increasingly important. The black mutant assay may be one such tool 215 

for assessing the amount of juvenoid activity in both food crops and other substrates.                                  216 

IGRs have been linked to potential declines in honeybees (Fine and Corby-Harris, 2021). 217 

Here, we showed that laboratory insects can also be negatively impacted by IGRs used in 218 

agricultural settings. We find that physiology and gene expression can both be altered by IGRs 219 

applied to stored grains. Our work highlights the need for careful monitoring of IGRs in the 220 

environment and in diet ingredients.  221 

 222 

Conclusions 223 

Our study demonstrates that the use of IGRs in agricultural settings can impact the 224 

development and physiology of insects in the laboratory. We urge researchers to take caution 225 

when using stored grains from animal feed companies for mass-rearing of insects. We also urge 226 

careful monitoring of IGR levels in nature and propose that bioassays may be an inexpensive and 227 

sensitive way to monitor environmental IGR levels.    228 

 229 
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Figure legends 325 

 326 

Figure 1. Diet containing conventional wheat germ prolongs the fifth instar duration of M. 327 

sexta. (A) Growth trajectories of larvae fed diets containing different grains. The time since the 328 

molt to the third instar is plotted. (B) Average peak mass of larvae fed diets containing different 329 

grains.(C) Number of days in the fifth instar from the first day in the fifth instar to the date of gut 330 

purge. Error bars represent standard error. Different letters represent statistically significant 331 

differences (p<0.05; One-way ANOVA with post hoc Tukey HSD test). 332 

 333 

Figure 2. Diet containing conventional wheat germ sourced from company A eliminates 334 

black markings on the wildtype M. sexta larvae. (Top row) Whole body phenotype of 335 

representative fifth instar larvae reared on different diets weighing approximately 6g. (Bottom 336 

row) Close-up of dorsal view of one of the segments. 337 

 338 

Figure 3. Diet containing conventional wheat germ causes black mutant larvae to turn 339 

green. (A) Scale used to score the larvae. (B) A dose response curve showing the average color 340 

of black mutants fed on diet containing organic wheat germ that has been treated with 341 

methoprene. Error bars represent standard error. (C) Average color of black mutants fed on 342 

different diets. Error bars represent standard error. Different letters represent statistically 343 

significant differences (p<0.05; One-way ANOVA with post hoc Tukey HSD test). (D) Typical 344 

black mutant larvae fed different diets. On the left is a dorsal view; on the right is a lateral view. 345 

 346 
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Figure 4. Kr-h1 expression is elevated in the epidermis of black mutant larvae fed on 347 

conventional diet. The epidermis was isolated at the onset of the molt to the fifth instar during 348 

the sensitive period for color determination (Nijhout, 1998). RpL17 was used as an internal 349 

control. Each bar represents an average of four biological replicates, each with three technical 350 

replicates. Error bars represent standard error. Different letters represent statistically significant 351 

differences (p<0.05; One-way ANOVA with post hoc Tukey HSD test). 352 

 353 
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