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result in altered gene expression and receptor activation in 
Pimephales promelas

Sarah A. Stinsona, Simone Hasenbeina, Richard E. Connona, Xin Dengb, Jordan S. Alejoc, 
Sharon P. Lawlerd, Erika B. Hollandc,*

aSchool of Veterinary Medicine, University of California Davis, CA, USA

bCalifornia Department of Pesticide Regulation, CA, USA

cDepartment of Biological Sciences, California State University Long Beach, CA, USA

dDepartment of Entomology and Nematology, University of California Davis, CA, USA

Abstract

The toxicity of single pesticides is likely underestimated when considering complex pesticide 

mixtures found in agricultural runoff and this is especially true for newer pesticides with little 

toxicity data on non-target species. The goal of our study was to compare the toxicity of two newer 

pesticides, imidacloprid (IMI) and chlorantraniliprole (CHL), when an invertebrate and fish were 

exposed to single compounds, binary mixtures or surface water collected near agricultural fields. 

A secondary goal was to determine whether changes in select subcellular molecular pathways 

correspond to the insecticides’ mechanisms of activity in aquatic organisms. We conducted acute 

(96 h) exposures using a dilution series of field water and environmentally relevant concentrations 

of single and binary mixtures of IMI and CHL. We then evaluated survival, gene expression and 

the activity of IMI toward the n-acetylcholine receptor (nAChR) and CHL activity toward the 

ryanodine receptor (RyR). Both IMI and CHL were detected at all sampling locations for May 

2019 and September 2019 sampling dates and exposure to field water led to high invertebrate but 

not fish mortality. Fish exposed to field collected water had significant changes in the relative 

expression of genes involved with detoxification and neuromuscular function. Exposure of fish to 

single compounds or binary mixtures of IMI and CHL led to increased relative gene expression of 
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Erika.Holland@csulb.edu (E.B. Holland). 
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RyR in fish. Furthermore, we found that IMI targets the nAChR in aquatic invertebrates and that 

CHL can cause overactivation of the RyR in invertebrates and fish. Overall, our finding suggests 

that IMI and CHL may impact neuromuscular health in fish. Expanding monitoring efforts to 

include sublethal and molecular assays would allow the detection subcellular level effects due to 

complex mixtures present in surface water near agricultural areas.

GRAPHICAL ABSTRACT

Keywords

Neonicotinoid; Anthranilic diamide; N-acetylcholine receptor; Ryanodine receptor; Mixture 
toxicity

1. Introduction

The diversity and quantity of pesticides being applied globally are increasing at a rapid 

pace (Bernhardt et al., 2017; Pisa et al., 2021; Stehle and Schulz, 2015). As the variety 

of pesticides being applied increases, so does the complexity of the resulting mixtures. 

Runoff enters waterways from agricultural and urban areas, resulting in complex chemical 

mixtures that have the potential to cause rapid changes in water quality. These dynamic 

mixtures often include chemicals of concern that are known to have adverse biological 

effects in single chemical laboratory exposures. In fact, a recent meta-analysis reported that 

pesticides exceeded aquatic life benchmarks in 63.5% of agricultural stream sites surveyed 

across the U.S. (Wolfram et al., 2018). Evaluating the survival of sensitive model species 

after an acute exposure is a common benchmark for assessing toxicity of surface waters 

(Goh et al., 2019); however, this may not represent ecologically relevant impacts seen in 

runoff-impacted waterways (Connon et al., 2019; Spurgeon et al., 2010). Studies of multiple 

stressors demonstrate complex, nonlinear and often synergistic effects (Spurgeon et al., 

2010; Todgham and Stillman, 2013), suggesting that the effects of multiple stressors are 

often worse than that predicted from results obtained from single stressor studies (Crain 

et al., 2008; Yang et al., 2007). Therefore, using single stressor data to infer physiological 

effects occurring in the natural environment may underestimate toxicity.

Pesticide resistance will continue to drive the discovery of new insecticides, and 

concurrently drive the environmental impacts of overuse (Bass et al., 2015; Weston et 

Stinson et al. Page 2

Sci Total Environ. Author manuscript; available in PMC 2022 March 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



al., 2013; Wolfram et al., 2018; Zhang, 2018). Recent shifts in the use trends for various 

classes of insecticides include phasing out first-generation insecticides in favor of new 

cost-efficient, effective chemicals. There is a clear global trend showing an increase in 

the use of neonicotinoids, as well as chemicals with novel mechanisms of action like 

anthranilic diamides (Bentley et al., 2010; Wolfram et al., 2018). Two such chemicals of 

emerging concern are imidacloprid (IMI) and chlorantraniliprole (CHL). Imidacloprid is a 

neonicotinoid pesticide with a mechanism of action on postsynaptic nicotinic acetylcholine 

receptors (nAChR), impacting the nervous system (Duke et al., 1993). Neonicotinoids 

display lower nAChR activity in vertebrates as compared to invertebrates (Liu and Casida, 

1993) but have been suggested to cause neurotoxicity in zebrafish as evidenced by changes 

in expression of the key neurotoxic genes c-fos and Brain Derived Neurotrophic Factor 

(BDNF; Özdemir et al., 2018). Additionally, neonicotinoids have been suggested to cause 

neurotoxicity in mammals, which may be due to neonicotinoid metabolites (see review by 

Zhao et al., 2020). Chlorantraniliprole is an anthranilic diamide insecticide that increases 

the activity of the ryanodine receptor (RyR) impacting muscle contraction (Bentley et al., 

2010; Cordova et al., 2007). Diamide insecticides were developed to display high affinity for 

invertebrate species with significantly reduced affinity in vertebrates species (Cordova et al., 

2007; Lahm et al., 2007; Qi and Casida, 2013). However, more recent research suggests that 

CHL may also target the RyR in mammals (Truong and Pessah, 2019) supporting potential 

impacts in vertebrates. Taken together the mechanisms of action of IMI and CHL suggest 

that they would exert toxicity on sensitive aquatic invertebrate and potentially on vertebrate 

species.

Both IMI and CHL are now being utilized across the globe (Teixeira and Andaloro, 2013; 

Bakker et al., 2020). One such example is the Central Coast region of California, which 

contains some of the most intensively farmed agricultural land in the United States (Hunt et 

al., 2003). Recent data from the CA Department of Pesticide (CDPR) Pesticide Use Report 

(PUR) database (https://calpip.cdpr.ca.gov/main.cfm) show that approximately 97,026 and 

20,620 pounds of IMI and CHL were applied in the Central Coast region (Monterey and 

San Luis Obispo counties) between 2017 and 2019, respectively. This has led to increased 

detections of these pesticides in waterways that surround agricultural areas in the Central 

Coast, namely, the Salinas River, its tributaries, and other associated waterbodies. These 

waterways transect the Central Coast receiving runoff from nearby agricultural fields and 

urbanized areas. The detection of pesticides in these waterways leads to potentially harmful 

impacts on water quality where chemicals of concern, including IMI and CHL (Table S1), 

are frequently detected in the region at levels that may be toxic to sensitive organisms 

(Anderson et al., 2003; Goh et al., 2019; Hunt et al., 2003; Kuivila et al., 2012). As a result, 

the Salinas River was placed on the U.S.A. Federal Clean Water Act 303(d) list of impaired 

water bodies (Hunt et al., 2003).

Poor water quality threatens the vast number of species present in the Salinas region, 

including many species of economic and conservation concern. For example, the river and 

its tributaries have been designated by the National Marine Fisheries Service as critical 

habitat for southern steelhead trout (Oncorhynchus mykiss) serving as a migration corridor 

and spawning habitat (Anderson et al., 2003). Additionally, pink salmon (O. gorbuscha), a 

commercially harvested and abundant species in the North Pacific are considered imperiled 
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in California and spawn in the Salinas River (Skiles et al., 2013). Toxicity studies have 

also shown that water collected in the Salinas River and its tributaries causes high rates of 

mortality in sensitive invertebrate species (Anderson et al., 2006,2003; Hunt et al., 2003). 

Invertebrate community structure was also highly impacted downstream of monitoring sites 

that receive runoff from nearby agricultural fields (Anderson et al., 2006). Together these 

studies support the impact of agricultural runoff on nearby receiving water. While survival of 

model invertebrate or fish species is an established endpoint for ecotoxicology assessments, 

sublethal endpoints are more sensitive and have greater ecological relevance, revealing a 

more complete picture of site toxicity (Beggel et al., 2011; Hasenbein et al., 2019).

The goal of our study was to compare the toxicity of IMI and CHL single and binary 

exposures to that elicited by agricultural surface water collected from the Salinas, CA area 

in both a sensitive invertebrate and a model fish species. A secondary goal was to determine 

whether changes in select subcellular molecular pathways correspond to the insecticides’ 

mechanisms of activity in aquatic organisms. We collected water samples at monitoring 

stations near agricultural fields in Salinas waterways and tributaries, then screened them 

for pesticides and used standard toxicity assays to evaluate effects in Daphnia magna and 

the fathead minnow (Pimephales promelas). We confirmed the insecticides’ mechanism of 

action using radioligand binding in the fathead minnow and three invertebrates (Daphnia 
magna, Chironomus dilutus, Hyalella azteca). We then evaluated differential gene responses 

for specific pathways in fish to determine if organisms exposed to agricultural water display 

similar signs of disruption as those exposed to single or binary mixtures of pure IMI and 

CHL. This work addresses IMI and CHL toxicity in ecologically relevant aquatic organisms, 

helping to determine the impacts of their use near important waterways.

2. Materials and methods

2.1. Field water sampling

2.1.1. Study sites—Chemical monitoring sites have been established throughout the 

Salinas River, nearby tributaries and other waterbodies as previously described (Deng et 

al., 2019; Goh et al., 2019). Chemical detection data have been collected from these sites 

for over a decade (Deng et al., 2019; Goh et al., 2019). Long-term monitoring sites near 

Salinas, CA were initially chosen based on reported nearby pesticide use, detections from 

previous monitoring (often determined to be out-of-compliance with water quality levels), 

and proximity to ecologically sensitive areas (Luo et al., 2018). We sampled water from 

select, existing long-term monitoring sites (Table S2). The sampling sites for this study 

included six sites in or around Salinas, CA that included four sites that directly receive 

surface water runoff from adjacent agricultural fields: Quail Creek (Sal_Quail), Chualar 

Creek (Sal_Chualar), Alisal Creek (Sal_Hartnell), and a reclamation ditch (Sal_SanJon); the 

main channel of Tembladero Slough (Sal_Haro) and the Salinas River (Sal_Davis). These 

sites are located immediately downstream of high use agricultural areas, where there is an 

increased risk of contamination from agricultural runoff.

2.1.2. Water sampling—We collected water samples from six sites (listed above) on 

May 14th 2019 and from a subset of those sites (Quail Creek, Alisal Creek and the Salinas 
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River) on September 17th 2019, following standard sampling protocols (Jones, 1999). In 

brief, we collected samples from well-mixed, wadable waters using 1-liter amber glass 

bottles certified to meet current US EPA guidelines then sealed with Teflon-lined lids. 

Immediately after collection, we placed samples in coolers on wet ice for transportation, 

then refrigerated them at 4 °C upon arrival in the lab. We measured water quality parameters 

in situ using a YSI EXO1 multi-parameter water quality Sonde (Doo and He, 2008), where 

parameters recorded including ambient water pH, specific conductance, dissolved oxygen, 

temperature, total dissolved solids, salinity, and total suspended solids. Results of water 

quality parameters are shown in Table S3.

2.1.3. Geometric dilution series for field water treatments—Based on high 

invertebrate mortality from several previous, preliminary exposure studies from the same 

field sites (CDPR Technical Report Hasenbein et al., 2018, Grant # 16-C0084), we created 

a geometric dilution series to better capture sublethal effects. We mixed field water with 

standard US EPA control water for each test species (see Methods Section 2.4.1) to create 

the dilution series. For our exposures conducted in May, we included 100%, 60% and 35% 

field water, where dilutions were conducted using control water for a given species (see 

Methods Section 2.2). Based on the high levels of invertebrate mortality observed in our first 

exposure event, we added additional lower concentrations (20%, 12%) to the subsequent 

sampling event in September. Immediately before initiating the test, we thoroughly mixed 

each sample by agitation to homogenize and distribute any remaining sediment particles, 

then diluted it into control water to obtain the desired concentrations. Once aliquoted into 

beakers, we allowed the dilutions to reach the desired test temperature for each organism 

prior to loading organisms into beakers. We repeated this procedure on day 2 of the test 

to prepare each treatment for the 80% water change. Acute exposure test conditions were 

identical for both single/binary and field exposures (see Methods Section 2.4.2).

2.2. Single/binary chemical treatments

We purchased chemicals (IMI and CHL; >97.5% purity) from AccuStandard (New Haven, 

CT, USA) and dissolved them in deionized water (IMI) or acetone (CHL). Pesticide-grade 

acetone (Fisher Chemical, USA) was used as a solvent carrier for the CHL treatments, and 

in solvent controls, to a final concentration of 0.01% in exposure water. Our stock solutions 

were then spiked into control water according to target concentrations, keeping acetone 

at 0.01%, and mixed thoroughly. Our exposure concentrations matched range-finding 

experiments and environmentally relevant concentrations (Table S1). In total, D. magna 
were exposed to six single concentrations (25, 50, 100, 500, 1000, 10,000 ng/L) of each 

pesticide and three mixture concentrations (25 × 25 ng/L, 500 × 500 ng/L, 10,000 × 10,000 

ng/L), a solvent control (for CHL exposures only), and a negative control (control water 

only). P. promelas were exposed to three single concentrations (25, 500, 10,000 ng/L) of 

each pesticide and three mixture concentrations (25 × 25 ng/L, 500 × 500 ng/L, 10,000 × 

10,000 ng/L), a solvent control, and a negative control. Acute exposure test conditions were 

identical for both single/binary and field exposures (see Methods Section 2.4.2).
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2.3. Chemical analyses

Chemical analysis was completed at the Center for Analytical Chemistry, California 

Department of Food and Agriculture (Sacramento, CA) using multi-residue liquid 

chromatography tandem mass spectrometry (LC-MS/MS) and gas chromatography–mass 

spectrometry (GC–MS/MS) methods. For field water, 47 pesticides were included for 

screening based on the procedures described in the Monitoring Prioritization Model (Luo 

et al., 2018). For single and binary chemical treatments, IMI and CHL concentrations 

were measured to confirm target exposure concentrations. Laboratory QA/QC followed 

CDPR guidelines provided in the Standard Operating Procedure CDPR SOP QAQC012.00 

(Teerlink and DaSilva, 2017). Extractions included laboratory blanks and matrix spikes 

(method detection limit and reporting limit for each analyte available upon request).

2.4. Toxicity testing

2.4.1. Test organisms—We obtained D. magna from Aquatic Research Organisms Inc. 

(Hampton, NH, USA), and cultured them in our laboratory at the University of California, 

Davis (USA). Groups of 20 individuals were maintained at 20 ± 2 °C and a 16-h light: 

8-h dark photoperiod in 2L beakers of reconstituted control water (USEPA, 2002), which 

was prepared by dissolving 23.04 g NaHCO3, 14.40 g CaSO·42H2O, 14.40 g MgSO4, and 

0.96 g KCl in 120 L of deionized water to achieve a hardness of 160–180 mg/L CaCO3 

and alkalinity of 110–120 mg/L CaCO3. We obtained P. promelas larvae from Aquatic 

Biosystems, Inc. (Ft. Collins, Colorado, USA) at 7 days post-hatch on the day of arrival. We 

habituated the fish to control water at a temperature of 25 °C over a period of 8 h. Control 

water consisted of deionized water, modified with salts to meet USEPA specifications 

(specific conductivity (EC): 265–293 μS/cm; hardness: 80–100 mg/L CaCO3; alkalinity: 

57–64 mg/L CaCO3 (USEPA, 2002). During the habituation period <1% mortality was 

observed, and the fish fed and swam normally. We conducted all studies in accordance 

with national and institutional guidelines for animal welfare and are described under the 

University of California Davis, Institutional Animal Care and Use Committee protocol 

#19690.

2.4.2. Acute exposure conditions—Organismal exposures followed acute toxicity 

procedures outlined by the US Environmental Protection Agency (USEPA, 2002). For 96 

h acute exposures we used third brood D. magna neonates (< 24 h-old) and P. promelas 
larvae (7 days post hatch; dph). Test exposure temperatures were maintained in separate 

environmental chambers under fluorescent light with a 16-h light: 8-h dark photoperiod, at 

20 °C and 25 °C for D. magna neonates and P. promelas larvae, respectively. For D. magna, 

we placed twenty individuals into each of the 250-mL replicate beakers containing 200 

mL of treatment water, with four replicates per treatment. For P. promelas-, each treatment 

consisted of four replicate 600 mL beakers containing 500 mL test solution and 10 fish 

larvae. At test initiation, we gently added organisms to each replicate beaker and treatment 

in a random order. Beaker locations were then randomized within the environmental 

chamber. We fed D. magna at test initiation and at water renewal, using a suspension 

of concentrated (i.e., 3 × 107 cells/mL) Raphidocelis subcapitata (obtained from Aquatic 

Research Organism Inc), and YCT (yeast, cerophyl, trout chow mixture, total solids > 1.9 
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g solids/L of final YCT mixture) (USEPA, 2002). We fed fish larvae ad libitum with newly 

hatched Artemia franciscana, twice daily.

We recorded mortality daily for all test species, and immediately removed any dead 

organisms from the test vessels. After 48 h, new treatment waters were prepared, and 

an 80% water change was performed. At the time of water renewal, we measured water 

quality parameters using a YSI EXO1 multi-parameter water quality Sonde (Doo and He, 

2008), where parameters recorded including pH, specific conductance, dissolved oxygen, 

temperature. Test vessels were randomly distributed after each water renewal. At test 

termination we euthanized surviving fish from each replicate beaker in an overdose of 

tricaine methanesulfonate (500 mg/L MS-222, buffered with 500 mg/L sodium bicarbonate). 

We then pooled remaining fish within each replicate beaker into 1.5 mL microcentrifuge 

tubes, and immediately froze them in liquid nitrogen for subsequent gene expression 

analysis (see Methods Section 2.6).

2.5. Confirmation of IMI and CHL mechanism of action in aquatic model species

2.5.1. Protein preparations—We obtained non-exposed invertebrates and larval fish 

(7-14 dph) used in in vitro assays from Aquatic Research Organisms Inc. (Hampton, NH, 

USA) and cultured or habituated as described previously. For each species separately, 

we pooled whole individuals (n > 50) into 15-mL conical tubes and immediately flash 

frozen in liquid nitrogen until use in molecular analyses. The pooled tissue was then used 

to create crude microsomal protein homogenates enriched in RyR or nAChR following 

previously published methods (Bass et al., 2011; Fritsch and Pessah, 2013; Qi and Casida, 

2013; Wiesner and Kayser, 2000). Briefly, we placed tissue into a homogenization buffer 

consisting of 300 mM Sucrose, 20 mM Hepes, leupeptin (2 μg/mL), phenylmethanesulfonyl 

fluoride (PMSF,1 mM), sodium orthovanadate (0.5 mM) NaF (10 mM), β-glycerol (2 mM) 

and NaP2O7 (5 mM) adjusted to a pH of 7.2. Tissue was then homogenized, on ice, utilizing 

a Polytron 1200 E (Kinematica, Bohemia, NY) for 2 bursts of 20 s with 2 min on ice 

between bursts. The homogenate underwent centrifugation at 8000 rpm for 10 min at 4 °C 

and we collected supernatant into an ultracentrifugation tube. We resuspended the pellet in 

5 mL of homogenization buffer and repeated the homogenization and centrifugation steps. 

Supernatants were combined and underwent ultracentrifugation at 100,000 g for 1 h at 4 °C. 

The microsomal pellet was then suspended in a 300 mM Sucrose 20 mM Hepes buffer (pH = 

7.2) and we it placed into 100 μL aliquots to avoid multiple freeze thaw cycles after storage 

at −80 °C. We determined protein concentrations in triplicate using a BCA assay (Pierce, 

Rockford, IL).

2.5.2. Radioligand binding assays—To measure the activity of CHL at the RyR, 

we incubated microsomal preparations in the presence of varying concentrations of CHL 

together with tritiated ryanodine ([3H]Ry; Bass et al., 2011; Fritsch and Pessah, 2013; Qi 

and Casida, 2013). Here, 100 μg/mL microsomal preparation from a given species was 

incubated in a binding buffer consisting of 140 mM KCL, 20 mM Hepes, and 15 mM 

NaCl (pH = 7.1) with 10 nM [3H]Ry and 0.5% DMSO or 0.01-100 μM CHL in 0.5% 

DMSO. Non-specific binding was run under the same assay conditions but also included 10 

μM unlabeled ryanodine and 200 μM EGTA. We ran each treatment in 300 μL of buffer, 
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in triplicate, and incubated assays in a shaking water bath held at 25 °C for 16 h. After 

incubation, we filtered samples using Whatman GF/B filters and washed three times with 

5 mL ice cold buffer containing 140 mM KCl, 10 mM Hepes and 0.1 mM CaCl2 adjusted 

to pH = 7.3. The filters were exposed to 5 mL of a scintillation cocktail, stored overnight 

and radioactivity measured in a liquid scintillation counter. We tested assays for CHL RyR 

activity at least twice and ran them on two separate protein homogenates.

For the activity of IMI at the nAChR, we assessed the pesticide’s ability to displace tritiated 

IMI ([3H]IMI) in competitive binding assays following methods of Wiesner and Kayser 

(2000). Here, we incubated 100 μg/mL microsomal preparation from a given species in 

a binding buffer consisting of 20 mM Na2HPO4, 150 mM NaCl, 1 mM EDTA, 0.1 mM 

PMSF and 2 μg/mL (pH = 7.0) that contained 1 nM [3H]IMI and 0.5% DMSO or 0.01-100 

μM IMI in 0.5% DMSO. Non-specific binding was run under the same assay conditions 

but also included 10 μM unlabeled IMI. We ran assays in a total of 300 μL, in triplicate, 

and incubated them in a shaking water bath at 20 °C for 3 h. After incubation, we filtered 

samples using Whatman GF/B filters and washed them three times with 5 mL ice cold buffer 

containing 20 mM Na2HPO4, 150 mM NaCl, 1 mM EDTA adjusted to pH = 7.0. The filters 

were exposed to 5 mL of a scintillation cocktail, stored overnight and radioactivity measured 

in a liquid scintillation counter. We conducted assays for IMI at least twice on two separate 

protein homogenates. Due to our findings in D. magna and P. promelas (see Results Section 

3.4), we conducted additional studies to investigate the mechanism of action of CHL and 

IMI in other important aquatic model species H. azteca and C. dilutus. We conducted protein 

preparations, binding conditions and analysis as described for D. magna and P. promelas.

2.6. Evaluation of relative gene expression

We extracted total RNA from ten pooled fish larvae per replicate (n = 4) using a QIAcube 

system (Qiagen, Hilden, Germany) and QIAGEN RNeasy Plus Mini Kits according to 

manufacturer’s instructions. We confirmed RNA concentrations using a Qubit 4 fluorimeter/

broad range RNA assay kit (Invitrogen, Carlsbad, CA), then verified total RNA quality and 

integrity through nanodrop (Invitrogen, Carlsbad, CA) and electrophoresis on a 1% (wt/vol) 

agarose gel, respectively. We synthesized complementary DNA (cDNA) from 1 μg of total 

RNA using Superscript III Reverse Transcriptase, a 100 mM dNTP set, and random primers 

(Invitrogen, Carlsbad, CA) following manufacturer’s instructions. Next, we carried out a 

1:16 dilution with nuclease free water to generate sufficient template for qPCR analysis, 

following dilution series analysis during primer validation. We used primer pairs designed 

for a suite of target genes of interest and three reference genes (Table 1). This suite of target 

genes were selected because they are involved in detoxification, neurological function, or are 

related to the presumed mechanisms of action for IMI or CHL (Soderlund, 2012; Zanger and 

Schwab, 2013).

We obtained lyophilized primers from IDT (Integrated DNA Technologies, Inc., Germany) 

and rehydrated them to 100 μmol with RNase-free water. We performed all PCR reactions 

using QuantiTect SYBR® Green PCR Kit 2× concentration, (Bio-Rad, California, USA) 

per the manufacturer’s protocol, using 5 μL of cDNA in a final reaction volume of 12 

μL. Fluorescence was detected (ABI PRISM 7900 Sequence Detection System, Applied 
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Biosystems, Carlsbad, CA,) over 40 cycles, with cycling conditions of 15 min initial heat 

inactivation at 95 °C, 15 s denaturation at 94°C, 30 s at an annealing temperature of 55 

°C, and extension at 72 °C. Fluorescence of samples was measured every 7 s and signals 

were considered positive if fluorescence intensity exceeded 10 times the standard deviation 

of the baseline fluorescence (threshold cycle, CT). SDS 2.2.1 software (Applied Biosystems, 

Carlsbad, CA, USA) was used to quantify transcription. Using the computational algorithm 

geNorm (Vandesompele et al., 2002), we assessed the expression stability of each gene. 

Based on the standard curves, all primer pair efficiencies were within acceptable range, from 

92% (Cyp3a) to 101% (AChE). We examined melt curves for each sample to verify single 

product amplification and consistency among samples.

2.7. Statistical analysis

2.7.1. Mortality—For the dilution series of field water and IMI/CHL single/binary 

treatments, acute toxicity was defined as a statistically significant difference (P < 0.05) 

in mortality compared to the laboratory control water within 96 h of test initiation. We 

determined significance by Analysis of Variance (ANOVA) followed by Dunnett’s test 

for multiple comparisons using GraphPad Prism software (version 8.0). For single/binary 

exposures, we calculated the median lethal concentration (LC) toxicity thresholds (96 h 

LC50 values) with 95% confidence intervals (CI) for single/binary exposures using Probit 

Analysis in the ‘ecotox’ package of RStudio statistical software (version 1.3.1073, R Core 

Team, 2020). We also generated dose-response plots to display treatment effects using 

RStudio (R Core Team, 2020).

2.7.2. Radioligand binding—We calculated specific binding by subtracting the non-

specific binding from the total observed binding in a given assay. Specific binding due 

to chemical concentration, in disintegrations per minute (DPM), was then represented as 

percent binding relative to control binding. We then determined direct impacts of IMI or 

CHL on the RyR and nAChR using sigmoidal-dose response curves or a one-way ANOVA 

if necessary (GraphPad Prism version 8.0). For activity of CHL at the RyR, we calculated 

an effective concentration that would cause 50% of the maximum response (EC50; relative 

EC50 where maximum effects are not scaled to 100%). Due to the nature of the RyR binding 

assay (see Results and Discussion), we also calculated the CHL concentration needed to 

cause a 200% (2-fold change, EC2X; an absolute value) over activation at the RyR of a given 

species. For IMI activity at the nAChR we calculated an inhibition concentration to 50% of 

control binding (IC50).

2.7.3. Relative gene expression—For gene expression analyses, we used the mean 

cycle threshold (Ct) of triplicate technical replicates to calculate relative quantification 

using the 2−ΔΔCt method (Livak and Schmittgen, 2001) relative to three reference genes 

and control samples for each treatment. For single and binary mixture treatments requiring 

acetone solvent controls, we calculated the mean ΔCt using the solvent treatment control 

group. We analyzed differential expression using one-way ANOVA followed by Dunnett’s 

multiple comparisons test. To test homogeneity of variances and normality, we used 

Levene’s test and the Shapiro-Wilk test, respectively. When data were not normally 

distributed, we applied a In-transformation to achieve normality. When a significant 
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interaction was detected, we used one-way ANOVA followed by Dunnett’s multiple 

comparisons test to determine significant differences between treatments and controls. All 

analyses were performed using the statistical software GraphPad Prism (version 8.0) with a 

significance level at α = 0.05.

3. Results

3.1. Chemical analysis of field collected water samples

Out of the 47 pesticides that were screened for, 17 were detected in the surface waters 

sampled in May 2019, with a minimum of 11 pesticides detected at each site (Table S4). 

IMI and CHL were detected at all six sites (Table 2). IMI ranged in concentration from 

0.019 μg/L to 1.19 μg/L. Concentrations of IMI exceeded the EPA benchmarks for acute 

invertebrate (0.385 μg/L) and/or chronic (0.01 μg/L) exposure in all six sites, with higher 

concentrations detected at Sal_Hartnell (1.01 μg/L), Sal_Chualar (1.19 μg/L) and Sal_Quail 

(0.759 μg/L). Additionally, several pyrethroids were detected in the May 2019 samples 

and were often found at levels at, or above, EPA benchmarks. This included permethrin, 

lambda cyhalothrin and bifenthrin, analytes of particular concern (Table S4). CHL ranged 

in concentration from trace detection to a max of 10.2 μg/L. The concentration of CHL 

detected at Sal_Hartnell (10.2 μg/L) exceeded both the LC50 for a sensitive invertebrate 

species, D. magna (7.1 μg/L), and the EPA benchmark for aquatic life (USEPA, 2020) for 

acute invertebrate exposure (5.8 μg/L) (Table S1).

Overall, 18 of the 47 analyzed pesticides were detected in the surface water samples 

collected in September 2019, 7 of which were detected at each sampling site (Table S5). 

IMI and CHL were detected at all sites (Table 2). IMI concentrations were above the EPA 

benchmark for chronic invertebrate exposure (0.01 μg/L), and above the acute invertebrate 

level (0.385 μg/L) at Sal_Hartnell (0.513 μg/L). CHL concentrations were below the acute 

lethality benchmarks for invertebrate species exposure (LC50 = 7.1 μg/L; EPA benchmark 

for acute, 5.8 μg/L, and chronic, 4.47 μg/L). Several other chemical detections exceeded 

threshold values. Notably, methomyl was detected at Sal_Quail (29.9 μg/L) at nearly three 

times the limit for chronic fish exposure (12 μg/L), and above the EPA benchmark for 

chronic invertebrate exposure (0.7 μg/L) at all sites. Thiamethoxam (neonicotinoid) was 

present in Sal_Quail (3.99 μg/L) and Sal_Hartnell (0.827 μg/L) at levels exceeding the 

EPA benchmark for chronic invertebrate exposure (0.74 μg/L) and was detected below EPA 

thresholds at Sal_Davis (0.064 μg/L). Additionally, several pyrethroids were detected in the 

September 2019 samples and were often found at levels at or above EPA benchmarks. This 

included permethrin, lambda cyhalothrin and bifenthrin, which are analytes of particular 

concern (Table S5).

3.2. Mortality of fish and invertebrates exposed to dilutions of field collected water 
samples

No significant mortality occurred for P. promelas for any samples. For D. magna May 

2019 exposures, significant mortality (p < 0.001) occurred for the [100] and [60] exposure 

dilutions. For D. magna no significant mortality occurred in any dilution for sites Sal_Haro, 

Sal_Chualar or Sal_Davis. For Sal_SanJon [100], 100% mortality of D. magna occurred at 
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96 h. For Sal_SanJon [60], 25% mortality occurred. For Sal_Quail [100], 97.5% mortality 

occurred, and 100% mortality occurred in [60] and 60% in [35]. For Sal_Hartnell, 100% 

mortality occurred at all dilutions of field water (Table S6).

Due to the high mortality of D. magna exposed to water samples collected at Salinas 

monitoring stations in May 2019, two additional dilutions ([20], [12]) were added to the 

September 2019 exposure study. Exposures targeted two previously toxic sites (Sal_Hartnell 

and Sal_Quail) and one non-toxic site located downstream in the main Salinas River 

(Sal_Davis) (Table S7). For Sal_Quail, all dilutions had significant (p < 0.001) levels of 

mortality: 100% was observed at all dilutions of field water except [12], which had 87.5% 

mortality. For Sal_Hartnell, all dilutions had significant (p < 0.001) levels of mortality, 

except the lowest dilution [12], with; 100% mortality was observed at [100] and [60], 62.5% 

mortality at [35], 28% at [20]. For Sal_Davis, no significant mortality was observed at any 

dilution (Table S7). All water quality parameters (pH, specific conductance (SC), dissolved 

oxygen (DO), temperature (T)) of renewal and wastewater for May and September acute 

exposures fell within acceptable ranges (USEPA, 2002).

3.3. Mortality of fish and invertebrates exposed to IMI and CHL

Single and binary exposures to IMI and CHL did not cause mortality of P. promelas for any 

treatment (Table S8). For D. magna, the highest treatment concentrations of CHL (10,000 

ng/L) resulted in significant mortality (p < 0.0001), with 100% mortality (Fig. S1, Table 

S9). No significant D. magna mortality was observed for IMI for any concentration tested. 

Mortality for the two highest binary mixture concentrations (500 ng/L and 10,000 ng/L 

IMI/CHL) was also significant (p = 0.0001, p < 0.0001, respectively). Analytical chemistry 

data of nominal test concentrations for IMI/CHL exposures are shown in Table S10.

3.4. IMI and CHL receptor binding in model aquatic species

The plant alkaloid ryanodine, for which the RyR is named, binds preferentially to the open 

state of the RyR (Meissner, 1986). Therefore, increased [3H]Ry binding in the presence of 

CHL would signify increased activity due to chemical perturbation. Here, we found that 

CHL activated the RyR present in the invertebrate model D. magna and the fish model P. 
promelas (Fig. 1) causing an approximate 500% maximal response in both species. The 

RyR in D. magna displayed a higher sensitivity to CHL experiencing a 200% overactivation 

(EC2X) at 0.48 μM compared to the EC2X seen in fish at 3.61 μM. We also saw that CHL 

activates the RyR in the important ecotoxicology species H. azteca and C. dilutus (Fig. S2). 

We observed insignificant binding of [3H]IMI at the nAChR in D. magna and P. promelas 
where total binding was equal to radioligand binding under non-specific binding conditions 

(data not shown). This was observed under a wide array of assay conditions including 

those experiments run with protein preparations created under different homogenization 

techniques and with varying binding assay conditions including altered buffers, temperature, 

and incubation periods. Interestingly, despite the lack of binding in D. magna and P. 
promelas we did find that [3H]IMI displays a high affinity for the nicotinic receptor found in 

H. azteca and C. dilutus (Fig. 2), with IC50 values of 8.86 nM and 8.04 nM, respectively.
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3.5. Relative gene expression of fish exposed to IMI and CHL

Differential expression of target genes involved in detoxification response and 

neuromuscular signaling pathways, comparing treated to non-treated control fish after 96 

h exposures to single and binary mixtures of IMI and CHL is shown in Fig. 3. Gene 

expression was determined after 96 h exposure to low (25 ng/L), medium (500 ng/L), and 

high (10,000 ng/L) concentrations of IMI and CHL individually and as binary mixtures. 

Acetylcholinesterase (AChE) was upregulated in fish exposed to IMI, CHL, and binary 

mixtures at the lowest concentration, although changes did were not significantly from 

controls. Aspartoacylase (ASPA) was significantly upregulated in CHL exposed fish for 

all concentrations, and for the highest concentration of the binary mixture. Cytochrome 
P4501A (Cyp1a) and Cytochrome P4503A126 (Cyp3a) displayed a non-monotonic change 

in expression in fish exposed to CHL and the binary CHL/IMI mixtures and a log-linear 

dose response in IMI exposed fish. Ryanodine receptor 1 (RyR1) and Ryanodine receptor 
2 (RyR2) were upregulated at the low and mid concentrations for both CHL and binary 

mixtures, although this was only significant for RyR2 at the CHL medium concentration 

(500 ng/L) and at lowest mixture concentration (25 ng/L). Sarco(endo)plasmic reticulum 1 
(SERCA1) showed minor changes in expression in CHL, IMI and CHL/IMI exposed fish but 

these changes were not significantly different from the controls.

3.6. Relative gene expression of fish exposed to field collected water samples

Differential expression for target genes (detoxification and neuromuscular pathways) in fish 

after 96 h exposures to a geometric dilution of field water collected in May 2019 are 

shown in Fig. 4. Relative to controls, expression of Cyp1a was upregulated for Sal_Quail, 

Sal_Hartnell and Sal_Davis in a log-linear dose-response, increasing with increasing 

concentration of field water. Cyp1a was significantly upregulated for all sites at [100], 

Sal_Quail and Sal_Hartnell at [60], and for Sal_Quail at [35]. Expression of Cyp3a also 

followed a log-linear dose-response curve, increasing with increasing concentration of field 

water for each site. Cyp3a was significantly upregulated for Sal_Quail and Sal_Hartnell at 

all concentrations but was not significant for Sal_Davis at any concentration. Interestingly, 

in fish exposed to water collected in the field, Cyp1a and Cyp3a were upregulated in the 

two field sites that demonstrated high invertebrate mortality. We also observed significant 

upregulation of Cyp1a in the highest concentration of water from Sal_Davis in May 2019, 

which is considered a non-toxic site based on repeated assessments (CDPR Technical Report 

Hasenbein et al., 2018, Grant #16-C0084) and the mortality data from this study.

Differential expression for target genes (detoxification and neuromuscular pathways) of fish 

after 96 h exposures to a geometric dilution of field water collected in September 2019 

are shown in Fig. 5. Cyp1a was upregulated at all sites but differential expression was 

not statistically significant relative to the control. Cyp3a was significantly upregulated for 

Sal_Quail at [100]. SERCA1 was strongly downregulated for Sal_Hartnell and Sal_Davis at 

all concentrations and downregulated for Sal_Quail at [60]. Fish exposed to water collected 

in Sept. 2019 displayed a significantl downregulation of SERCA1 relative gene expression, 

especially at the Sal_Hartnell and Sal_Davis locations.
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4. Discussion

We compared the effects of the insecticides IMI and CHL in single and binary mixtures 

and as components in field water exposures, on D. magna and P. promelas, two commonly 

used aquatic toxicology model species. Exposure to surface water collected near high use 

agricultural areas resulted in high invertebrate mortality even at the most diluted field waters. 

We did not observe any changes to survival of P. promelas exposed to surface water and 

single or binary mixtures containing the insecticides IMI and/or CHL, which suggests low 

acute toxicity to the model fish. However, exposed fish had significant changes in the 

relative expression of genes involved in detoxification and neuromuscular function, showing 

potential sublethal impacts. We also investigated the activity of IMI and CHL at the nAChR 

and RyR, respectively. Taken together, the survival, gene expression and binding activity 

data suggest that CHL and mixtures containing CHL have biologically important effects in 

both invertebrates and fish.

Chemical analyses of field water samples show repeated detections of IMI and CHL. 

Imidacloprid had the highest detection frequency among all the pesticides monitored 

between 2007 and 2016, making it a main pesticide of concern in Salinas and throughout 

California (Deng et al., 2019). Imidacloprid along with other neonicotinoids are used 

ubiquitously in over 120 countries worldwide and have been detected in the environment 

since their introduction (Jeschke et al., 2011). Chlorantraniliprole is an emerging chemical 

of concern that has proven to be extremely effective against many insect pests, and has 

subsequently experienced a rapid increase in use around the world (Teixeira and Andaloro, 

2013). In many of the evaluated samples, both pesticides were present at concentrations that 

would be expected to affect sensitive species, where September 2019 chemistry data had 

lower concentrations of IMI and CHL than those seen in May 2019. Additionally, several 

other pesticides of concern exceeded benchmark levels and/or LC50s for sensitive species 

likely contributing to invertebrate mortality and sublethal effects in fish. Notably, methomyl 

a carbamate pesticide, was detected at concentrations many times the level expected to 

impact fish and is likely contributing to the toxicity for these samples (Van Scoy et al., 

2013).

There was considerable overlap in the pesticides detected during both sampling periods, with 

few exceptions. The neonicotinoid thiamethoxam, which has been shown to interactively 

increase toxicity of CHL and esfenvalerate (Jones et al., 2012), was only detected in 

the September sampling event. Previous studies on thiamethoxam have shown that acute 

exposure can alter locomotor activity in zebrafish larvae (Liu et al., 2018) and cause 

neurotoxicity in catfish (Baldissera et al., 2018), albeit at concentrations above those 

detected in our sampled sites. In September, there were also several pyrethroids present 

at higher levels, compared to that detected in May 2019, including lambda cyhalothrin, 

permethrin and malathion. This finding is consistent with a recent study examining the lag 

time between pesticide application during the growing season and subsequent detections in 

California surface water due to the pattern of dry summers followed by winter rain events 

typical of this region (DeMars et al., 2021). In addition to the 47 pesticides included in 

our analysis, it is possible that other, untargeted pesticides could be contributing to the 

observed toxicity. Pesticide use patterns in the area surrounding Salinas waterways and 
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tributaries have been shifting away from organophosphate pesticides toward pyrethroid and 

neonicotinoid pesticides (Anderson et al., 2003), emphasizing the importance of monitoring 

a wide variety of pesticides at regular intervals. Previous toxicity studies using field water 

from multiple sites in the Salinas waterways and tributaries have shown high rates of 

mortality in sensitive invertebrate species including D. magna (unpublished data; Anderson 

et al., 2006). In these studies, macroinvertebrate community structure was also highly 

impacted downstream of the sampling sites, suggesting that multitrophic assessments are 

crucial to understanding the ecological impacts of contaminants on a larger geographical 

scale (Anderson et al., 2006).

The current study is the first to address CHL activity at the RyR in model organisms 

commonly used in aquatic ecotoxicology. We show that CHL activates the RyR in the 

crustaceans H. azteca, and D. magna, insect C. dilutus and the vertebrate fish model P. 
promelas. The high CHL affinity for H. azteca and D. magna RyR was not observed in the 

other crustacean (Maine lobster; Homarus americanus) tested to date (Qi and Casida, 2013), 

suggesting differences in sensitivity in diverse crustacean species. Notably, we also observed 

significant activation of RyR found in the vertebrate fish model P. promelas suggesting CHL 

may impact neuromuscular health in fish. This is in line with more recent data regarding 

the impact of CHL, and related pesticides, on mice. Specifically, CHL caused a 200% over 

activation of RyR in P. promelas at 3.61 μM (current study) and was found to cause a ~ 

200% over activation of RyR in wildtype mice at 1 μM (Truong and Pessah, 2019) showing 

similar levels of vertebrate sensitivity. It should be noted, however, that the fish binding 

assays completed in the current study were run in crude microsomal preparations compared 

to the junctional sarcoplasmic reticulum preparations run in mice (Truong and Pessah, 

2019). We also observed high IMI affinity toward the nAChR in the aquatic toxicology 

model species H. azteca and C. dilutus at 8.86 nM and 8.04 nM, respectively, which is 

similar to that seen in other invertebrates such as the house fly (Musca domestica; 1.2 

nM; Liu and Casida, 1993). The lack of binding in D. magna was surprising, which may 

have been due to the binding conditions utilized in the current study. However, there are 

conflicting results of IMI affinity across closely related invertebrate species, where there 

are still many questions regarding the interaction of IMI and related compounds with the 

nAChR (Crosswaithe et al. 2017). For example, insects, mainly hemipteran species that are 

particularly sensitive to neonicotinoids, display numerous IMI binding sites on the nAChR 

including a very high affinity site sensitive to sub-nM concentrations of IMI. Other insect 

species may lack the very high affinity site, possibly explaining lower neonicotinoid whole 

organism toxicity (Crosswaithe et al. 2017). The lack of IMI binding toward the nAChR in 

P. promelas is consistent with the lack of binding seen in other vertebrate species including 

the electric eel electric organ and numerous mammalian species (Liu and Casida, 1993; 

Tomizawa et al. 2000). The current work is one of the few studies looking at the direct 

interaction of IMI with the nAChR in a fish species and future research with varying assay 

conditions and the inclusion of IMI metabolites may better explain neurotoxic effects in 

neonicotinoid exposed fish.

We also observed changes in the expression of genes involved in target pathways after 

acute exposure to agricultural surface water and environmentally relevant chemical mixtures 

of IMI and CHL. In both field and single/binary exposures, genes in the Cytochrome 
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P450 (Cyp450) family were differentially expressed, including Cyp1a and Cyp3a, which 

are involved in the metabolism of diverse chemicals as a first line of detoxification 

(De Montellano, 2005; Stegeman, 1994; Zanger and Schwab, 2013). In the single/binary 

exposures, Cyp1a and Cyp3a expression was consistent with responses of Cyp450 family 

proteins in other studies (Vandenberg et al., 2012). We did not observe changes in Cyp450 

genes in IMI exposed fish. IMI displays low acute toxicity to fish, although it has been 

shown to cause immune system suppression and neurobehavioral impairment in larval 

zebrafish exposed to mg/L concentrations (Crosby et al., 2015). Our exposure concentrations 

did not approach the mg/L scale and could have been too low in single compound exposures 

to observe differential expression for Cyp450 markers. Upregulation of Cyp family genes 

is well-documented after exposure to several pesticides present in our field samples. The 

Cyp450 family proteins can be induced by a wide variety of xenobiotics making them 

particularly useful indicators for mixtures containing multiple classes of pesticides (Crain et 

al., 2008).

A gene involved in neurologic function was differentially expressed in both field and 

single/binary exposures. ASPA specifically maintains myelin sheet integrity in nerve 

cells (Baslow, 2002). Differential expression of ASPA has been measured in delta smelt 

(Hypomesus transpacificus) and P. promelas after sub-lethal exposure to insecticides, and 

may be implicated in impairing neurological function (Beggel et al., 2011; Connon et al., 

2009). Physiological changes to the myelin-like structure (medullary sheath) of target pest 

invertebrates after exposure to CHL have also been observed (Ma et al., 2017). To our 

knowledge, no literature exists on the mechanism by which CHL may affect expression of 

ASPA.

Genes related to cellular Ca2+ homeostasis and signaling were altered in P. promelas 
exposed to water collected in the field and single/binary IMI and CHL exposures. 

Specifically, we investigated changes in relative gene expression in RyR1, RyR2 and 

SERCA1, an ATPase that pumps Ca2+ into the sarco(endo)plasmic reticulum (SR/ER) to 

restore SR/ER Ca2+ stores needed for muscle contraction and neuronal signaling. We saw 

changes in RyR2 gene expression when fish were exposed to CHL alone as would be 

suggested by CHL’s mechanism of action. We also found increased RyR2 in the IMI 

and CHL binary mixtures. IMI and its metabolites affect intracellular Ca2+ concentrations 

through their action at voltage-gated Ca2+ channels (VGCCs) (Jepson et al., 2006; Simon-

Delso et al., 2015), which are well-known signaling partners of RyR. The combination 

of CHL with IMI may have led to altered Ca2+ homeostasis contributing to changes in 

RyR2 expression. Interestingly, we saw a large decrease in SERCA1 gene expression 

in fish exposed to field waters from Sal_Hartnell and Sal_Davis collected in September 

2019. Pyrethroids have been documented to change Ca2+ homeostasis via interactions with 

VGCCs and a high affinity to the SERCA pump (Cao et al., 2011; Dusza et al., 2018). 

Pesticides that cause SERCA pump inhibition can further enhance the effect of compounds 

that cause an opening of the RyR by decreasing SR/ER Ca2+ stores (Dusza et al., 2018; 

Yao et al., 2011). CHL is more toxic when used in combination with some pyrethroids 

(Jones et al., 2012), and could have an increased contribution to site toxicity when present 

in combination with pyrethroids. Together, these findings support the conclusion that the 
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observed mixture toxicity exceeded predictions based on single chemical assessments, and 

that altered gene expression could potentially impact fish.

Acute single chemical exposure assessments have been an integral part of the regulatory 

framework but cannot predict organismal responses to environmentally relevant mixtures. 

Synergistic effects of complex chemical mixtures are well documented in previous 

studies (Crain et al., 2008; Todgham and Stillman, 2013). Furthermore, the interaction of 

contaminants in combination with other environmental stressors can result in synergistic, 

additive and/or antagonistic effects. This illustrates the limitations of extrapolating toxicity 

from single stressor studies for comparison to environmentally relevant mixtures. As the 

complexity of mixtures increases, non-targeted, effect-based evaluations become necessary 

for determining biological outcomes. This is especially relevant for mixtures that include 

new and emerging contaminants of concern, where data on their biological effects may 

be limited to acute exposures on target and model organisms. The development of 

gene expression assays for use as monitoring and diagnostic tools depend on a clear 

understanding of the mechanisms underlying a molecular response, and more research is 

needed particularly for chemicals of emerging concern and their specific mechanisms of 

activity.

Climate change is expected to influence pest dynamics and pesticide applications globally 

(Wolfram et al., 2018). There is a pressing need to expand monitoring efforts to include 

effects-based assays to determine the biological effects of complex mixtures (e.g., binding 

assays, gene expression, Connon et al., 2019, 2012; Mehinto et al., 2021; Schuijt et al., 

2021). Such efforts would allow the detection of subcellular level effects before they are 

apparent at higher levels of biological organization, particularly at low but environmentally 

relevant insecticide concentrations. Furthermore, additional endpoints such as development 

and behavior would provide for greater understanding of the consequences of pesticide 

exposure on invertebrate and fish populations (Ford et al., 2021; von Hellfeld et al., 2020; 

Wlodkowic and Campana, 2021).

5. Conclusions

In this study we targeted subcellular molecular pathways known to coincide with 

insecticides’ mechanisms of activity in aquatic organisms, then compared the relative degree 

of subcellular stress induced by IMI and CHL with responses to environmental mixtures. 

This combined approach helped evaluate species-specific responses and tolerance thresholds 

to IMI and CHL exposure. We demonstrated that CHL activates RyR in fathead minnow 

and in several model invertebrates commonly used in aquatic ecotoxicology. This finding is 

important for understanding how CHL may impact neuromuscular health in fish. Exposure 

to agricultural surface waters resulted in invertebrate toxicity that exceeded predictions 

based on single chemical assessments, and elicited detoxification responses and impacted 

neuromuscular function pathways in fish. In the absence of sublethal endpoints, our findings 

would have excluded important effects on fish. By conducting geometric dilution series and 

examining differential gene expression, we obtained a more comprehensive understanding 

of the sublethal effects of agricultural surface water on aquatic life. Pesticide contamination 

is a serious issue in agricultural and urban areas worldwide, and particularly in the central 
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coast region of California. The implications of the current study may serve to inform 

management efforts and highlight the importance of continued research on chemicals of 

emerging concern.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

• Novel pesticides in agricultural water have unknown effects on aquatic 

species.

• We exposed D. magna and P. promelas to imidacloprid, chlorantraniliprole 

and agricultural water.

• We assessed survival, gene expression and ryanodine receptor binding 

activity.

• Fish exposed to CHL or CHL/IMI mixture had altered Cyp3a and RyR2 gene 

expression.

• Chlorantraniliprole altered ryanodine receptor activity in fish and 

invertebrates.

• Imidacloprid activated the n-acetylcholine receptor in invertebrates.
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Fig. 1. 
Binding of [3H]Ry to D. magna and P. promelas ryanodine receptors in the presence of 

chlorantraniliprole. A) Binding curves with specific binding relative to DMSO control 

(100%); mean ± SEM, n = 3-6. B) Potency and efficacy of chlorantraniliprole observed by 

species. Abbreviations; EC50, Effect Concentration to 50% maximal; EC2X, concentration 

needed to cause 200% overactivation.

Stinson et al. Page 23

Sci Total Environ. Author manuscript; available in PMC 2022 March 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. 
[3H]IMI binding in H. azteca and C. dilutus protein preparations in the presence of 

competitive concentrations of non-labeled imidacloprid. A) Binding curves with specific 

binding relative to DMSO control (100%); mean ± SEM, n = 6-9. B) Inhibitory 

concentrations to 50% of maximal inhibition (IC50) observed by species.
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Fig. 3. 
Log2 Fold-change of gene expression in P. promelas after exposure to chlorantraniliprole 

(2A), imidacloprid (2B), and binary mixtures (2C) for genes of interest: 

Acetylcholinesterase (AChE), Aspartoacylase (ASPA), Cytochrome P4501A (Cyp1a), 

Cyp3A126 (Cyp3a), Ryanodine receptor 1 (RyR1), Ryanodine receptor 2 (RyR2) and Sarco/
Endoplasmic Reticulum ATPase (SERCA1). P-values are reported as * = P ≤ 0.05, ** = P ≤ 

0.01, *** = P ≤ 0.001.
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Fig. 4. 
Log2 Fold-change of gene expression in P. promelas after acute exposure to a geometric 

dilution series of agricultural surface water ([100], [60] and [35]) collected in May 

2019. Target genes of interest are: Acetylcholinesterase (AChE), Aspartoacylase (ASPA), 

Cytochrome P4501A (Cyp1a), Cyp3A126 (Cyp3a), Ryanodine receptor 1 (RyR1), 

Ryanodine receptor 2 (RyR2) and Sarco/Endoplasmic Reticulum ATPase (SERCA 1). Field 

sites shown: Sal_Quail (2A), Sal_Hartnell (2B) and Sal_Davis (2C). P-values are reported as 

* = P ≤ 0.05, ** = P ≤ 0.01, *** = P ≤ 0.001.
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Fig. 5. 
Log2 Fold change of gene expression in P. promelas after acute exposure to a geometric 

dilution series of agricultural surface water ([100], [60], [35] and [20]) collected in 

Sept.2019. Target genes of interest are: Acetylcholinesterase (AChE), Aspartoacylase 
(ASPA), Cytochrome P4501A (Cyp1a), Cyp3A126 (Cyp3a), Ryanodine receptor 1 (RyR1), 

Ryanodine receptor 2 (RyR2) and Sarco/Endoplasmic Reticulum ATPase (SERCA1). Field 
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sites shown: Sal_Quail (3A), Sal_Hartnell (3B) and Sal_Davis (3C). P-values are reported as 

* = P ≤ 0.05, ** = P ≤ 0.01, *** = P ≤ 0.001.
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