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Abstract

We previously extracted and purified a chromene amide from Amyris texana and found this scaffold is mod-
erately insecticidal and thus, this study aimed to test the insecticidal properties of 13 synthetically derived 
chromene analogs to the fall armyworm (FAW, Spodoptera frugiperda). Microinjection of chromenes with 
alcohol or aldehydes substitutions at the meta position on the benzopyran moiety led to moderate toxicity 
that was approximately 2- to 3-fold less toxic when compared to permethrin, yet microinjection of differently 
substituted chromenes exhibited little to no toxicity. Similarly, chromenes with alcohol or aldehydes substitu-
tions at the meta position on the benzopyran moiety were among the most toxic chromenes studied through 
ingested exposure. In addition to acute toxicity, select chromenes significantly increased the percentage of de-
velopmental defects upon eclosion that prevented adult moths from being capable of flight, suggesting these 
compounds alter development. Interestingly, microinjection yielded differing signs of intoxication between 
alcohol and aldehyde substitutions where the alcohol resulted in flaccid paralysis and lethargy whereas alde-
hyde led to tonic contractions and hyperactivity. These contrasting signs of intoxication were also observed in 
electrophysiological assays where alcohol substitutions led to the depression of central neuron firing activity 
and aldehyde substitutions led to hyperexcitation of central neurons. In summary, the chromene amides led to 
acute lethality and/or altered developmental trajectories of FAW, yet the high doses required for acute mortality 
suggest these scaffolds hold relatively little promise for development into FAW-directed insecticides but may 
represent novel growth regulators for FAW.
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The fall armyworm (FAW), Spodoptera frugiperda (JE Smith, 
Lepidoptera: Noctuidae), is a polyphagous lepidopteran herbivore 
that has expanded its range from the Americas to nearly 100 coun-
tries and continues to threaten the global food supply (Cairns et al. 
2013, Goergen et al. 2016, Sharanabasappa et al. 2018, Wu et al. 
2019). Thus, FAW is recognized as one of the most damaging agri-
cultural pests of row crops with economic losses estimated to be at 
US$6 billion per year (Yu et al. 2003). FAW control programs rely 
on a combination of synthetic insecticides and Bacillus thuringiensis 
(Bt) expressing plants to maintain pest populations below the eco-
nomic damage threshold (Blanco et al. 2016, Brookes and Barfoot 
2016, Gutiérrez-Moreno et  al. 2019). Global resistance to Bt 
(Blanco et al. 2016, Santos-Amaya et al. 2017) and the majority of 

commercialized insecticidal classes (Jia et  al. 2009, Ríos-Díez and 
Saldamando-Benjumea 2011, Carvalho et  al. 2013, Okuma et  al. 
2018, Boaventura et al. 2020) has challenged current FAW control 
paradigms and emphasizes the need to develop new chemistries that 
augment the suite of products commercialized for FAW management. 
Natural products (NPs) have served as models or inspiration for the 
discovery and development of many commercialized agrochemicals 
(Sparks et al. 2017) that justify the toxicological analyses of plant 
secondary metabolites to develop novel insecticidal scaffolds and/or 
novel mechanisms of toxicity (Sparks et al. 2017).

Natural products or naturally derived chemistry has been 
used for decades in the agrochemical industry for control of 
various arthropod pests and the relatively rapid pipeline to 
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commercialization of natural products has increased the interest 
in the identification of natural products and their analogs with 
insecticidal properties (Sparks et  al. 2017). The chromene 
(benzopyran) scaffold is a heterocyclic ring system consisting of a 
benzene ring fused to a pyran ring and include three primary struc-
tural skeletons, chromane, 2H-chromene, and 4H-chromene, that 
refer to the arrangement of the sp3 hybridized carbon associated 
with the ring oxygen (van Otterlo et al. 2005). Benzopyran is the 
general backbone of various natural molecules, such as alkaloids, 
tocopherols, flavonoids, and anthocyanins (Ren et al. 2011), and 
has a range of biological activities including antifungal (Thareja 
et al. 2010), anti-tumor (An et al. 2018), antioxidant (Mori et al. 
2006), and others (Cheng et al. 2003, Bhat et al. 2008). In add-
ition to these general biological activities, chromene derivatives 
have been implicated as candidates for agrochemical develop-
ment as they possess insecticidal (Tarrant et al. 1982, Meepagala 
et al. 2011, 2013, 2016; Pintong et al. 2020; Pavela et al. 2021) 
and antialgal activity (Meepagala et  al. 2010). Interestingly, a 
chromene amide, N-[2-(2,2-dimethyl-2H-chromen-6-yl)-ethyl]-
3,N-dimethylbutyramide, was extracted and purified from Amyris 
texana P. Wilson (Rutace (Texas Torchwood) and was shown to 
have termiticidal activity matching the activity observed from 
leaf extracts (Meepagala et  al. 2011). The insecticidal activity 
of the isolated chromene amide prompted us to generate a series 
of synthetic-derivatives that were found to have an insecticidal 
activity to mosquitoes (Meepagala et  al. 2013) and termites 
(Meepagala et  al. 2016), yet the toxicological profile of these 
chromenes to lepidopteran pests remained unknown. Thus, the 
objective of this study was to test the insecticidal profile of the 
synthetically derived chromene analogs on FAW to identify novel 
chemical scaffolds that can augment the current control programs.

Methods

Compounds and Compound Synthesis
Permethrin was purchased from Sigma–Aldrich Chemical Co. (St. 
Louis, MO). Compounds 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, and 12 
denote chromene analogs that were synthesized as previously de-
scribed (Meepagala et  al. 2013, 2016). Compound 13 was newly 
synthesized for this study using the methods previously described 
(Meepagala et  al. 2013, 2016) using 2-hydroxy-4-trifluoromethyl 
methylbenzoate as the starting phenol. Chemical structures 
used in this study are shown in Fig. 1. The solvent dimethyl sulf-
oxide (DMSO) was purchased from Sigma–Aldrich Chemical Co. 
Phosphate Buffered Saline 1X (PBS), pH 7.4 was purchased from 
GIBCO, Thermo Fisher Scientific (Waltham, MA). The chemicals 

used to produce the neurophysiological saline were all purchased 
from Sigma–Aldrich Chemical Co. (sodium chloride, potas-
sium chloride, calcium chloride), HEPES ((4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid), and D-(+)-Glucose).

Spodoptera frugiperda Stock and Rearing 
Conditions
The laboratory colony of FAW used in this study, referred to as LSU-
Lab-1 (McComic et al. 2020), was initially established in 2005 from 
cotton fields at the Macon Ridge Research Station in Winnsboro, 
Louisiana. LSU-Lab-1 was genetically confirmed as being the corn-
strain (Gordy et  al. 2015) and was maintained as previously de-
scribed (McComic et al. 2020). Larvae were reared on an artificial 
diet (Stonefly Heliothis Diet, Ward’s Natural Science, Rochester, NY) 
in 30-ml plastic cups. Eggs were deposited on the cheesecloth and 
20–30 neonates were placed in 8-cell trays (Bio-Serv, Frenchtown, 
NJ) as they emerged. Larvae for experiments were kept on diet for 
approximately 7–8 d until they exhibited signs of molting and were 
synchronized at head capsule slippage.

Neurophysiological Assays
Extracellular recordings of spontaneous neuronal activity from the 
FAW central nervous system (CNS) followed our previous publica-
tions (Swale et al. 2018, McComic et al. 2020). The central nervous 
system was dissected from 3rd-instar FAW, manually transected to 
disrupt the blood-brain barrier, and bathed in 200 μl physiological 
saline (Salgado et al. 1998) containing: 140 mM NaCl, 5 mM KCl, 
4 mM CaCl2, 5 mM HEPES, 28 mM D-glucose, pH: 7.4. Peripheral 
nerve trunks from the thoracic or abdominal ganglia were drawn 
into the suction electrodes and electrical descending nerve activity 
was amplified by an AC/DC amplifier (Model 1700, Systems, Inc., 
Carlsborg, WA), subjected to window amplitude discrimination, 
and converted on-line into a rate plot. Noise (60 Hz) was elimin-
ated using Hum Bug (A-M Systems, Sequim, WA). The firing rate 
was expressed in Hertz (Hz) using LabChart7 Pro (ADInstruments, 
Colorado Springs, CO). Neural firing rates were monitored and 
measured following our previously described methods. For the con-
struction of concentration–response curves, firing frequencies were 
measured for 3–5 min for each concentration before the addition 
of the next drug concentration. Individual concentrations were per-
formed on each preparation to ensure the effect to CNS firing was 
not due to sequential application of increasing drug concentrations. 
Mean (n = 5–10) spike discharge frequencies for each concentration 
were used to construct concentration–response curves to determine 
the concentration required to elicit 50% response (EC50) values. EC50 
values were calculated by fitting the Hill equation using variable 

Fig. 1. Molecular structures of chromenes used in this study.
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slope, unconstrained, non-linear regression analyses using GraphPad 
Prism (GraphPad Software, San Diego, CA).

Microinjection Toxicity Bioassays
Toxicity of chromene analogs was assessed through two methods, 
microinjection, and ingestion. For microinjection, chromene 
analogs were dissolved in DMSO and solubilized in phosphate-
buffered saline (PBS) with CaCl2+ at pH 7.4. Microinjection of PBS 
+ CaCl2 was used as a control treatment. Glass pipettes for injec-
tion were generated from 1.14-mm glass capillary tubes (World 
Precision Instruments, Sarasota, FL) and were pulled with a P-1000 
Flaming/Brown micropipette puller (Sutter Instrument, Novato 
CA). To determine an average weight of individuals used for micro-
injection assays, we averaged the mass of 300 individuals from 
the rearing bin used for that particular replicate 1 µl of the chem-
ical solution was injected into the thorax using a SMARTTouch 
MICRO2T microinjector (World Precision Instruments, Sarasota, 
FL) at a rate of 120 nl/s. Dose-response curves were constructed 
using a total of 6 concentrations and the percent toxicity for each 
concentration was replicated on three different cohorts where each 
replicate consisted of 10 individual FAW. Mortality was assessed at 
48 hr postinjection. The injected dose required to elicit 50% mor-
tality (ID50) was calculated for each compound by fitting the Hill 
equation using variable slope, unconstrained, non-linear regression 
analyses using GraphPad Prism 9 (GraphPad Software, San Diego, 
CA). Three ID50 values were obtained and the mean ID50 value was 
used for statistical analysis. Mean ID50 values for each compound 
were compared by a one-way ANOVA followed by Tukey’s mul-
tiple comparison test using GraphPad InStat (GraphPad Software, 
San Diego, CA). For all toxicity assays, control mortality was cor-
rect for using Abbot’s Formula and the data were discarded and 
not included in the analysis if control mortality exceeded 10% in 
any replicate.

Ingestion Toxicity Assays
A diet incorporation assay was performed to assess larval mor-
tality via ingestion. Each chromene was mixed into 15-ml of arti-
ficial diet at a concentration of 10  µg/ml and one neonate was 
placed into each cup and reared on the chromene-infused diet until 
pupation. Mortality was assessed at each larval instar. The concen-
tration required to elicit 50% mortality (LC50) was calculated for 
each compound by fitting the Hill equation using variable slope, un-
constrained, non-linear regression analyses using GraphPad Prism 
9 (GraphPad Software, San Diego, CA). Three LC50 values were 
obtained and the mean LC50 value was used for statistical analysis. 
Mean LC50 values for each compound were compared by a one-
way ANOVA followed by Tukey’s multiple comparison test using 
GraphPad InStat (GraphPad Software, San Diego, CA). For all tox-
icity assays, control mortality was correct for using Abbot’s Formula 
and if control mortality exceeded 10% in any replicate, then the data 
were discarded and not included in the analysis.

Developmental Abnormalities After Ingestion of 
Chromenes
To test the effect of chromenes on larval development, each com-
pound was incorporated into the diet as described for the ingestion 
toxicity bioassays. We measured changes in larval weight gain at 
each instar, adults that attempted eclosion, and the percentage of 
eclosion abnormalities. Larval weight gain was determined by aver-
aging the total mass of 25 individual larvae from each life stage 
on an XPR analytical balance (Mettler Toledo, Columbus, OH) to 

calculate increased mass from the previous lifestage. The average 
mass of each replicate was compared to the previous life stage of the 
same individual to determine a fold change in mass. A total of three 
replicates were performed and the average was statistically com-
pared across compounds using an unpaired t-test compared to with 
significance at P < 0.05. In addition to larval development, we as-
sessed pupal survivorship and the percentage of adult abnormalities 
after ecolosion. Pupal survivorship was determined by quantifying 
the number of moths that attempted emergence from the pupal 
casing. A total of three replicates were performed with each repli-
cate consisting of 30–50 individuals and the average survivorship 
was statistically compared using a one-way ANOVA with Tukey’s 
posttest. Adult abnormalities were determined by quantifying the 
number of emerged adults that could fly after being prodded with 
a needle and an inability to fly was considered an abnormal adult. 
These data were measured using the individuals from the pupal sur-
vivorship assay and thus, the average adult abnormality was deter-
mined from three replicates and each replicate consisted of 30–50 
individuals. The average abnormalities were statistically compared 
across compounds using a one-way ANOVA with Tukey’s posttest 
with significance at P < 0.05.

Results

Toxicity of Chromenes After Microinjection and 
Ingestion
Microinjection of permethrin resulted in an ID50 of 50 ng/mg in-
sect (Table 1; 95% CI: 22–72 ng/mg of insect, Hill slope: −1.2, r2: 
0.85). Compounds 1 and 2 were the most toxic chromenes tested 
with ID50 values of 101 ng/mg (Table 1; 95% CI: 50–211 ng/mg  
of insect, Hill slope: −1.4, r2: 0.82) and 138 ng/mg insect (Table 1; 
95% CI: 52–155 ng/mg of insect, Hill slope: −1.1, r2: 0.87), respect-
ively. Compound 6 was found to be two-fold less toxic than 1 and 2 
with an ID50 of 255 ng/mg insect (Table 1; 95% CI: 171–294 ng/mg  

Table 1. Toxicity of chromenes to third instar fall armyworm after 
ingestion and microinjection. Lowercase letters represent statis-
tical significance at P < 0.05 across compounds within toxicity bio-
assay type. Significance was determined by one-way analysis of 
variance with Tukeys multiple comparison test

Compound

Ingested Toxicity Injected Toxicity

Injected Tox + 
PBOc

LC50; μg/ml (95% 
CI)a

ID50; ng/mg of 
insect (95% CI)b

Permethrin 0.8 (0.4–1.3) a 50 (22–72) a 18 (2–40)
1 15 (6–21) b 138 (50–211) b 105 (45–172)
2 15 (6–21) b 101 (52–155) b 112 (66–175)
3 >100 c >300 c >300
4 >100 c >300 c >300
5 90 (72–135) d >300 c > 300
6 >100 c 255 (171–294) b 241 (145–312)
7 >100 c >300 c >300
8 >100 c >300 c >300
9 >50 d >300 c >300
10 >100 c >300 c >300
11 14 (5-22) b >300 c >300
12 35 (12-61) b >300 c >300
13 >70 c >300 c >300

aLC50: lethal concentration that elicits 50% mortality.
bID50: Injected dose that elicits 50% mortality.
cPBO: piperonyl butoxide.
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of insect, Hill slope: −0.99, r2: 0.81). Alternatively substituted 
alcohols or aldehydes did not result in appreciable mortality at 
doses up to 300 ng/mg insect (Table 1). The cytochrome P450 in-
hibitor piperonyl butoxide (PBO) was coinjected with chromenes 
or permethrin at 1 µg per insect to test if inhibition of cytochrome 
P450’s would increase the toxicity of chromenes. The synergized 
ID50 of permethrin was increased by approximately 3-fold when 
compared to unsynergized toxicity values, but no significant in-
crease in toxicity was observed with any chromene studied.

Ingestion after incorporation of chromenes into the larval diet 
showed 1, 2, and 11 were equitoxic and were the three most toxic 
chromenes studied with 1 and 2 having an LC50 value of 15 µg/ml 
(95% CI: 6–21 µg/ml, Hill slope: −1.5, r2: 0.88) and 11 having an 
LC50 value of 14 µg/ml (95% CI: 5–22 µg/ml, Hill slope: −1.1, r2:  
0.91) (Table 1). Although not toxic after microinjection, 12 was 
toxic by ingestion with an LC50 value of 35  µg/ml (95% CI: 
12–61 µg/ml, Hill slope: −1.3, r2: 0.85; Table 1). No statistical sig-
nificance was found between LC50 values of 1, 2, 11, and 12. All 
other chromenes studied were found to elicit less than 50% mor-
tality at solubility limits.

Signs of Intoxication
The alcohol and aldehyde substitutions on the benzene ring of the 
benzopyran moiety resulted in contrasting behavior after microinjec-
tion. The alcohol substitution at the C1 position (1) resulted in leth-
argy and flaccid paralysis, yet the aldehyde substitution at the C1 
position (2) resulted in hyperactivity and tonic contraction of the 
larval body wall (Fig. 2). The pattern of alcohol substitution yielding 
flaccid paralysis and aldehyde substation yielding tonic contraction 
was also observed with substitutions at C2 position albeit with re-
duced strength (Fig. 2). Interestingly, substitutions of CH2OH or al-
dehyde at the C3 position did not induce an observable change in 
behavior or phenotype (Fig. 2).

Neurophysiological Spontaneous Nerve Firing 
Reactions to Chromenes
To test the effect of chromenes on FAW neural function, 1 and 2 were 
studied through neurophysiological assays to determine whether 
these compounds altered the central neural firing rates. Compounds 
1 and 2 resulted in neural inhibition and neuroexcitation 3), respect-
ively, which mirrored the contrasting signs of intoxication observed 
after larval exposure to these molecules. Compound 1 was found to 
inhibit FAW CNS spike discharge frequency with an IC50 value of 
340 μM (95% CI: 172–510 μM; Hill slope: −1.6; r2: 0.98) whereas 
2 was found to increase firing rates with an EC50 value of 87 μM 
(95% CI: 44–131 μM; Hill slope: −0.9; r2: 0.97) (Fig. 3). Additional 
chromenes were studied in the neurophysiological assay but did not 
elicit a significant change in neural activity.

Effect of Chromenes on Larval Development
The time of larval development was measured from neonate to pu-
pation and the average control larval development period was found 
to be 19.45 d. No statistically significant differences in larval devel-
opment period were observed with 1–13. To measure the influence 
of chromenes on larval weight gain during each instar, chromenes 
were incorporated into the larval diet and measured weight gain 
over each instar. Chromenes were not found to influence larval 
weight gain from the L1 to L2 life stage when compared to solvent 
control treated larvae (Fig. 4A). From the L2 to L3 life stage, only 
4 was found to significantly (P  <  0.05) reduce larval weight gain 
with a 1.3-fold reduction when compared to control groups (Fig. 
4B). Interestingly, 3, 4, 10, and 12, were all found to significantly 
(P < 0.05) reduce weight gain during the L3–L4 life stage by up to 
1.8-fold when compared to control groups (Fig. 4C). These same 
compounds as well as 9 were shown to significantly (P < 0.05) re-
duce weight gain across the L4–L5 life stage by up to 2.2-fold when 
compared to control groups (Fig. 4D).

Fig. 2. Signs of intoxication after microinjection of chromenes. Phenotypic responses of larvae after injection of 1 (A), 2 (B), 3 (C), 4 (D), 5 (E), 6 (F). Images were 
taken 1 hr post injection.
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Effect of Chromenes on Pupal Survivorship and 
Adult Developmental Abnormalities
To measure the sub-lethal effect of chromenes to FAW, the develop-
mental effect of each chromene analog was tested to the emergence 

percentage and the functional capacity of emerged adults. No stat-
istical difference was observed between the percent pupae that at-
tempted to emerge to an adult for any chromene studied (Fig. 5A), 
yet 4, 9, and 13 significantly increased the percent of the emerged 

Fig. 3. Potency determinations for 1 and 2 to fall armyworm central nervous system firing rates. Representative traces and concentration–response curves and 
representative recordings for 1 (A) and 2 (B). Data points represent means from replicated recordings (n = 5–12 preparations per curve, with each concentration 
replicated a minimum of four times). Data points represent mean percentage increase of baseline firing rate and error bars represent SEM.

Fig. 4. Effect of chromenes to larval development. Bars represent mean (n = 3) weight gain for each larval instar and error bars represent standard error from 
mean. Asterisks represent statistical significance at P < 0.05 as determined by unpaired t-test compared to control.
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adults that have developmental abnormalities (Fig. 5B). Control 
moths displayed abnormalities upon emergence at a rate of 8 ± 4%, 
with 4, 9, and 13 displaying abnormalities 29  ± 6%, 53  ± 14%, 
and 35  ± 6%, respectively, which are all significantly increased 
(P < 0.001) when compared to control (Fig. 5B). Representative im-
ages for abnormalities of 4, 9, and 13 are shown in Fig. 5C, D, and 
E, respectively.

Discussion

The identification of chemical scaffolds that can be used as a struc-
tural scaffold for the synthesis of novel insecticides to control FAW 
populations is of significant interest considering their rapid global 
expansion and the large economic losses resulting from FAW infest-
ations. Natural compounds have been of significant interest within 
the agrochemical industry due to their rapid rate of commercializa-
tion when compared to synthetic insecticides and because most com-
mercialized agrochemicals are related to natural products (Sparks 
et  al. 2017, 2019). The 2H-chromene scaffold has been shown to 
possess a wide range of biological activity in invertebrates and im-
portantly, multiple observations have identified insecticidal prop-
erties of various plant oils that contain chromenes. For instance, 
the resinous tarweed (Hemizonia fitchii) was shown to have five 
major constituents where four of the five were chromenes and ex-
hibited moderate toxicity against Culex pipiens (Linnaeus, Diptera: 
Culicidae) and Oncopeltus fasciatus (Dallas, Hemiptera: Lygaeidae) 
nymphs (Klocke et al. 1985). Similarly, Texas Torchwood (Amyris 
texana) and related plants have been used by folk medicine in 
various ways for protection from insect pests that suggest chemical 
constituents of the plants have insecticidal or repellent properties. 
Indeed, phytochemical studies on A. texana tissues have isolated sev-
eral 2,5-diaryloxazoles and nine chromene amides (de la Fuente et al. 
1991) that we have shown to have repellent and insecticidal activity 
(Meepagala et  al. 2011, 2013, 2016). Considering this, we aimed 
to determine the toxicological profile of naturally derived chromene 

analogs against the FAW to test if benzopyran is a tractable scaffold 
for the development of FAW directed insecticides.

Toxicity of chromenes was determined through ingestion and 
microinjection methods to test if the method of exposure altered the 
biological activity of the compounds. Microinjection of 1 and 2 led 
to moderate toxicity that was approximately 2- to 3-fold less toxic 
when compared to permethrin, yet microinjection of 3–13 exhib-
ited little to no toxicity. Although 3–13 did not lead to appreciable 
toxicity, signs of intoxication (Fig. 2) were observed that led us to 
hypothesize these molecules were being metabolized by cytochrome 
P450’s. Thus, we co-injected 1 µg of PBO, a known cytochrome P450 
inhibitor, to test if the lack of toxicity is due to P450-mediated me-
tabolism of the chromenes. Unfortunately, inhibition of P450s did 
not result in increase toxicity of any chromene studied but did in-
crease permethrin toxicity by approximately five-fold (Table 1). The 
lack of synergized toxicity with chromenes was surprising based on 
the presence of hydroxyl groups, unsaturated carbon–carbon bonds, 
and the known activity of P450’s to coumarins and herbal drugs 
(Wanwimolruk and Prachayasittikul 2014, Foroozesh et al. 2019).

Diet incorporation of 1–13 resulted in a different toxicological 
profile when compared to microinjection. As with microinjection, 
1 and 2 were among the most toxic chromenes studied through 
ingested exposure, yet 1 and 2 were approximately 15-fold less 
toxic when compared to permethrin whereas microinjection led to 
approximately 2-fold reduction of toxicity. We also observed mod-
erate toxicity with 11 and 12, which were non-toxic after micro-
injection that may indicate these chromene scaffolds interact with 
the alkaline environment of the lepidopteran gut in an unknown 
manner to enhance toxicity. Further, 11 and 12 are slightly more 
lipophilic than 1, which may facilitate absorption of the molecule 
after microinjection but not ingestion to yield differential toxicity 
between the two methods. In addition to acute toxicity, we studied 
the developmental effects of diet incorporation of chromenes 
to FAW because exposure of Heliothis virescens (Fabricius, 
Lepidoptera: Noctuidae) to methoprene, a juvenile hormone (JH) 
analog, affected cell remodeling and larval-pupal metamorphosis 

Fig. 5. Developmental effects of chromenes to FAW. A) Bars represent mean (n = 30-50 individuals) percent pupal survivorship. B) Percentage of eclosion 
abnormalities observed from 4, 9, and 13. Bars not labeled by the same letter represent statistical significance at P < 0.05 as determined by a one-way ANOVA 
with multiple comparisons posttest. C–E) Representative images of adults affected by larval exposure to 4, 9, and 13.
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that resulted in developmental deformities (Parthasarathy and 
Palli 2007). This finding is similar to the effect of 4, 9, and 13 
that significantly increased the percentage of developmental de-
fects upon eclosion and prevented adult moths from being cap-
able of flight (Fig. 5B–E). Further, although 1-13 did not alter the 
larval developmental period, precocenes I and II are substituted 
2H-chromenes that inhibit JH biosynthesis to alter developmental 
trajectories of various insects (Tarrant et al. 1982, Amsalem et al. 
2014). Taken together, it is plausible that 1–13 modulate that ac-
tivity of JH to alter developmental processes of FAW but more 
directed studies are needed to verify this speculation.

An interesting observation from microinjection studies was the 
differing signs of intoxication between alcohol and aldehyde substi-
tutions (Fig. 2) where the alcohol (1) resulted in flaccid paralysis and 
lethargy whereas aldehyde (2) led to tonic contractions and hyper-
activity. Further, responses were decreased as the substitution was 
moved from C1 (1, 2) to C2 (3, 4) and responses to chromenes were 
nearly eliminated with substitutions on C3 (5, 6) of the Benzopyran 
backbone (Fig. 1). These signs of intoxication were reminiscent of 
neural poisoning and thus, we performed neurophysiological re-
cordings to test the influence of differentially substituted chromenes 
on FAW neural function. Alcohol substitution (1) was shown to de-
press FAW central neuron firing rates whereas aldehyde substitutions 
(2) increased firing rates by approximately 2.5-fold over baseline, 
which corresponded to the behavior observed after ingestion with 
these molecules. These data were surprising considering the rela-
tively small difference between alcohol and aldehyde substitutions 
and is reminiscent of the contrasting signs of intoxication and mech-
anism of action between type 1 and type 2 pyrethroids (Soderlund 
and Bloomquist 1989). These data suggest structure–activity rela-
tionships between chromenes and the target site exist, yet additional 
studies are needed to refine the molecular target of chromenes to 
enable biochemical or electrophysiological studies.

Overall, chromene natural products have proven to be ef-
ficient in their use as potential insecticides (Tarrant et  al. 1982, 
Amsalem et al. 2014, Pavela et al. 2021). The chromene analogs 
tested for toxicity against FAW do possess some potential qual-
ities that could be further analyzed into possible insecticides, yet 
the molecules studied resulted in relatively low toxicity and had 
poor in vitro potencies against the CNS nerve firing. The newly 
synthesized chromenes altered the developmental trajectory of 
FAW by significantly reducing the number of non-deformed adults 
upon eclosion and prolonging the larval lifestage, indicating the 
newly synthesized chromene analogs may alter endocrine path-
ways during metamorphosis in a manner like commercialized in-
sect growth regulators.
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