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Organophosphorus pesticides (OPs) are a chemically diverse class of
commonly used insecticides. Epidemiological studies suggest that low dose
chronic prenatal and infant exposures can lead to life-long neurological
damage and behavioral disorders. While inhibition of acetylcholinesterase
(AChE) is the shared mechanism of acute OP neurotoxicity, OP-induced
developmental neurotoxicity (DNT) can occur independently and/or in the
absence of significant AChE inhibition, implying that OPs affect alternative
targets. Moreover, different OPs can cause different adverse outcomes,
suggesting that different OPs act through different mechanisms. These
findings emphasize the importance of comparative studies of OP toxicity.
Freshwater planarians are an invertebrate system that uniquely allows for
automated, rapid and inexpensive testing of adult and developing organisms
in parallel to differentiate neurotoxicity from DNT. Effects found only in
regenerating planarians would be indicative of DNT, whereas shared effects
may represent neurotoxicity. We leverage this unique feature of planarians to
investigate potential differential effects of OPs on the adult and developing
brain by performing a comparative screen to test 7 OPs (acephate, chlorpyrifos,
dichlorvos, diazinon, malathion, parathion and profenofos) across
10 concentrations in quarter-log steps. Neurotoxicity was evaluated using a
wide range of quantitative morphological and behavioral readouts. AChE
activity was measured using an Ellman assay. The toxicological profiles of
the 7 OPs differed across the OPs and between adult and regenerating
planarians. Toxicological profiles were not correlated with levels of AChE
inhibition. Twenty-two “mechanistic control compounds” known to target
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pathways suggested in the literature to be affected by OPs (cholinergic
neurotransmission, serotonin neurotransmission, endocannabinoid system,
cytoskeleton, adenyl cyclase and oxidative stress) and 2 negative controls
were also screened. When compared with the mechanistic control
compounds, the phenotypic profiles of the different OPs separated into
distinct clusters. The phenotypic profiles of adult vs. regenerating planarians
exposed to the OPs clustered differently, suggesting some developmental-
specific mechanisms. These results further support findings in other systems
that OPs cause different adverse outcomes in the (developing) brain and build
the foundation for future comparative studies focused on delineating the

mechanisms of OP neurotoxicity in planarians.

KEYWORDS

planarian, Organophosphorus (OP) pesticides, developmental neurotoxicity, behavior,
new approach method, benchmark concentration

Introduction

Organophosphorus pesticides (OPs) are among the most
agriculturally important and common pesticides used today
(EUROSTAT, 2016; Atwood 2017),
especially in developing countries (Kaur and Singh, 2020).

and Paisley-Jones,

OPs kill pests by inhibiting the enzyme acetylcholinesterase
(AChE) (Russom et al, 2014; Costa, 2018; Taylor, 2018),
which is responsible for hydrolyzing the neurotransmitter
acetylcholine (ACh). AChE inhibition causes cholinergic
toxicity, ultimately manifesting as paralysis and death, in both
insects and humans. This mechanism makes OPs effective
pesticides, but because it acts the same way in humans as in
insects, it is necessary to avoid human exposure to acutely toxic
OP concentrations. This is of special concern in developing
countries, such as India (Kaur and Singh, 2020) and South
Africa (Razwiedani and Rautenbach, 2017), where accidental
OP poisoning is prevalent. Moreover, growing evidence
correlates chronic prenatal and infant exposure to subacute
levels of OPs with life-long neurological damage and
behavioral disorders (Rauh et al.,, 2011; Mufoz-Quezada et al.,
2013; Gonzalez-Alzaga et al., 2014; Shelton et al., 2014; Burke
et al, 2017; Sagiv et al., 2021). These epidemiological studies are
especially alarming given the environmental abundance of OPs.

Moreover, some OPs have been shown to affect secondary
targets independent of and/or in the absence of significant AChE
inhibition. OPs have been found to bind to human albumin
(Peeples et al., 2005), and to rodent muscarinic ACh receptors
(AChRs) (Howard and Pope, 2002; Lein and Fryer, 2005;
Proskocil et al, 2010), demonstrating that OPs can directly
interact with other proteins. OP-induced DNT in animals in
the absence of significant AChE inhibition has been linked to a
multitude of other secondary targets as well, depending on the
system, OP, and exposure protocol (Dam et al., 2000; Slotkin
et al., 2006b; Slotkin, 2006; Yang et al., 2008; Brown and Pearson,
2015; Mamczarz et al., 2016; Schmitt et al., 2019). Other
proposed secondary targets include nicotinic AChRs, other
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esterases, and non-esterase, non-cholinergic targets such as
serotonin receptors, cytoskeletal proteins, mitochondria, and
glial cells (Pope, 1999; Guizzetti et al., 2005; Pope et al., 2005;
Slotkin et al., 2006b; Carr et al., 2014; Burke et al., 2017; Slotkin
et al., 2017). The impact of all of these effects remains unclear,
however, because it has been difficult to ascertain direct
connections between molecular/cellular endpoints and brain
function (behavioral) deficits.

Most mechanistic OP research has been focused on
(CPF). shown that
neurodevelopmental low-level exposure to CPF or its active

chlorpyrifos Animal studies have
metabolite, CPF-oxon (CPFO), can cause increased oxidative
stress, cell death, and structural and functional neuronal deficits
(Crumpton et al.,, 2000; Caughlan et al., 2004; Levin et al., 2004;
Slotkin, 2004; Slotkin, 2006; Yang et al., 2011). CPF has been
shown to bind to the microtubule associated motor protein
kinesin (Gearhart et al,, 2007) and CPFO to bind to tubulin
and affect polymerization (Prendergast et al., 2007; Grigoryan
et al,, 2008; Jiang et al., 2010), implying that observed defects in
axonal outgrowth and transport in animal studies may be a direct
consequence of these interactions. The effects of developmental
CPF exposure in animals have been found to be irreversible
(Slotkin et al., 2001). These studies support epidemiological
findings [e.g., (Rauh et al, 2011; Rauh et al,, 2012)] suggesting
a causal link between developmental CPF exposure and long-
term negative health effects. These data prompted the U.S. EPA
to ban all food uses of CPF by 2022. Now other, less studied OPs
are among the pesticides replacing CPF. Whether these OPs are
indeed safer alternatives or also cause adverse effects on
neurodevelopment is unclear. It is difficult to extrapolate the
low dose toxicity profiles of other OPs from data on CPF, because
OPs are structurally diverse with known pharmacokinetic (Pope,
1999; Jansen et al, 2009) and possible pharmacodynamic
differences (Pope, 1999; Pope et al, 2005 Terry, 2012).
Comparative studies in rats have shown that different OPs
damage the developing brain to varying extents, resulting in
different adverse outcomes (Moser, 1995; Pope, 1999; Slotkin
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et al., 2006a; Richendrfer and Creton, 2015; Voorhees et al., 2016)
and effects on developmental trajectories (Slotkin et al., 2006b),
reinforcing the need to thoroughly evaluate individual OPs to
better understand any potential compound-specific toxicity.
Thus far, however, studies have largely been limited to either
1-4 compounds at a time (Slotkin et al., 2006a; Slotkin et al,, ,
2007; Yen et al., 2011; Richendrfer and Creton, 2015; Schmitt
et al,, 2019) or to studying acute and short term effects (Moser,
1995; Cole et al., 2004; Koenig et al., 2020).

To fill this data gap, we utilized high-throughput
screening (HTS) in the asexual freshwater planarian
Dugesia japonica to compare the toxicity profiles of seven
OPs (acephate, CPF, dichlorvos, diazinon, malathion,
parathion, and profenofos). These OPs were chosen
because of their environmental abundance, differences in
chemical structures, and known potency in planarians from
our previous work quantifying the in vitro inhibition rates of
the respective oxons (Hagstrom et al., 2017). Some of these
OPs require metabolic activation by cytochromes P450 into
their oxon form to inhibit AChE (CPF, parathion, diazinon,
and malathion) and some can directly inhibit AChE
(dichlorvos, profenofos, acephate). We have previously
shown that exposure to diazinon, which does require
bioactivation, results in significant AChE inhibition in
both adult and regenerating planarians, suggesting that
planarians can bioactivate OPs at all life stages (Hagstrom
et al., 2018).

We have demonstrated that D. japonica is a unique and apt
system for developmental neurotoxicology (Hagstrom et al,
2015; Hagstrom et al., 2016; Zhang et al., 2019a; Zhang et al,,
2019b; Hagstrom et al, 2019; Ireland et al, 2020). Neuro-
regeneration is the sole form of neurodevelopment in this
asexual species and shares fundamental processes with
vertebrate neurodevelopment (Cebria, 2007; Hagstrom et al.,
2016; Ross et al, 2017). Thus, neurodevelopment can be
induced by amputation, wherein the tail piece will regenerate
a new brain within 12 days (Hagstrom et al., 2016). As intact and
decapitated planarians are of similar size, adult and regenerating
specimen can be tested in parallel with the same assays, providing
the unique opportunity to directly identify effects specific to
neurodevelopment. The planarian central nervous system, while
morphologically simple, has considerable cellular and functional
complexity (Cebria, 2007; Ross et al., 2017). Planarians and
mammals share key neurotransmitters (Ribeiro et al., 2005;
Pagén, 2014), including ACh, which has been shown to
regulate motor activity in D. japonica (Nishimura et al., 2010).
Moreover, we identified 2 putative genes responsible for
cholinesterase function in D. japonica, which were sensitive to
OP inhibition and whose knockdown recapitulated some
phenotypes of subacute OP exposure (Hagstrom et al., 2017;
Hagstrom et al, 2018). Lastly, planarians have a variety of
different quantifiable behaviors which can be assayed to assess
neuronal functions. Importantly, several of these behaviors have
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to be neuronal

subpopulations (Nishimura et al, 2010; Inoue et al., 2014;

been shown coordinated by distinct
Birkholz and Beane, 2017) allowing us to link functional
adverse outcomes with cellular effects.

To begin to delineate the molecular mechanisms underlying
OP toxicity, we compared the toxicological profiles of seven OPs to
chemicals with known modes of action (Table 1). These included
cholinergic activators, such as carbamate AChE inhibitors
(aldicarb and physostigmine) and nicotinic and muscarinic
AChRs  agonists  (nicotine/anatoxin-a muscarine/
bethanechol, respectively). By testing both AChE inhibitors and
the receptor agonists, we hoped to parse out effects specific to the

and

nicotinic or muscarinic systems, especially since some OPs have
been found to target the receptors directly (Howard and Pope,
2002; Smulders et al., 2004; Lein and Fryer, 2005; Proskocil et al.,
2010). We also tested compounds known to affect alternative
targets suggested in the literature to be affected by OPs. First, as
cytoskeletal proteins such as actin and tubulin have been suggested
to be direct targets of OPs (Jiang et al., 2010; Flaskos, 2012; Flaskos,
2014; Zarei et al,, 2015), we tested actin polymerization inhibitors,
cytochalasin D and latrunculin A, and anti-mitotic drugs
(microtubules), nocodazole and colchicine. Second, fatty acid
amide hydrolase (FAAH) has been shown to be inhibited by
CPF leading to accumulation of the endocannabinoid anandamide
and subsequent activation of the CB-1 receptor (Casida and
Quistad, 2004; Liu et al., 2013; Carr et al, 2014). Thus, we
characterized the toxicological effects of anandamide and the
CB-1 receptor agonist WIN 55 212-2, which has previously
been shown to affect planarian behavior (Buttarelli et al., 2002).
We used mianserin, sertraline, buspirone, and fluoxetine to study
potential disruption of the serotonergic system, which has been
found to be sensitive to OP exposure during development
(Aldridge et al., 2005; Slotkin et al., 2006b; Slotkin and Seidler,
2008), and LRE-1 and MDL-12,330A to study inhibition of adenyl
cyclase, another proposed developmental OP target (Song et al.,
1997; Slotkin and Seidler, 2008). Lastly, to test the effects of
oxidative stress, which has been linked to OP DNT (Crumpton
et al., 2000; Fortunato et al., 2006), we evaluated the effects of
rotenone and L-buthionine sulfoxime.

Using this comparative screening approach, we found
differences in neurotoxicity and DNT for the 7 OPs in adult
and regenerating planarians, respectively. Toxicological profiles
were not correlated with levels of AChE inhibition. Using
hierarchical clustering of the phenotypic profiles, we identified
6 clusters each in adult and regenerating planarians. The
endpoints affected by the OPs and hierarchical clustering of
OP phenotypes with those induced by the mechanistic control
compounds differed between adult and regenerating planarians,
suggesting that the planarian system can detect development-
specific toxicity. For both worm types, we found a cluster that was
indicative of cholinergic toxicity. However, certain OPs and
concentrations were also found in the other clusters, implying
effects on alternative targets. Together, our data show that
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Chemical name CAS DTXSID Class/mode of Concentration Supplier Purity
action range® (%)
Acephate 30560-19-1  DTXSID8023846 (@3 1.78-316 Sigma-Aldrich 98
Chlorpyrifos 2921-88-2 DTXSID4020458 op 0.178-31.6 Sigma-Aldrich 100
Diazinon 333-41-5 DTXSID9020407 op 0.0316-31.6 Sigma-Aldrich 98
Dichlorvos 62-73-7 DTXSID5020449 opP 0.00562-3.16 Sigma-Aldrich 98
Malathion 121-75-5 DTXSID4020791 op 0.316-56.2 MP 96
Biomedicals
Parathion 56-38-2 DTXSID7021100 op 0.178-31.6 Sigma-Aldrich 100
Profenofos 41198-08-7  DTXSID3032464 op 0.0562-10 Chem Service 97
Aldicarb 116-06-3 DTXSID0039223 Carbamate AChE inhibitor 3.16-316 Sigma-Aldrich 98
Physostigmine 57-47-6 DTXSID3023471 Carbamate AChE inhibitor 0.1-10 Sigma-Aldrich 99
Anatoxin-A 64285-06-9  DTXSID50867064 Nicotinic AChR agonist 1-100 Abcam 98
Nicotine 54-11-5 DTXSID1020930 Nicotinic AChR agonist 10-1000 Sigma-Aldrich 98
Muscarine chloride ~ 2936-25-6 DTXSID40861854 ~ Muscarinic AChR agonist 1-100 Sigma-Aldrich 98
Bethanechol 590-63-6 DTXSID2022676 Muscarinic AChR agonist 3.16-316 TCI America 98
chloride
Buspirone 33386-08-2 DTXSID1037193 Serotonin (5-HT) 1 receptor agonist 1-100 Sigma-Aldrich 99
hydrochloride
Mianserin 21535-47-7 ~ DTXSID30944145  Serotonin (5-HT) 1 receptor antagonist; 1-100 Sigma-Aldrich 98
hydrochloride Histamine H1-receptor agonist
Fluoxetine 56296-78-7  DTXSID7020635 Selective serotonin reuptake inhibitor 1-100 Sigma-Aldrich 98
hydrochloride
Sertraline 79559-97-0  DTXSID1040243 Selective serotonin reuptake inhibitor 1-100 Sigma-Aldrich 98
hydrochloride
MDL-12,330A 40297-09-4 DTXSID10432999  Adenyl cyclase inhibitor 1-100 Sigma-Aldrich 98
LRE-1 1252362- NA Adenyl cyclase inhibitor 1-100 Sigma-Aldrich 98
53-0
Colchicine 64-86-8 DTXSID5024845 Disrupts microtubule polymerization 3.16-316 Acros 97
Organics
Nocodazole 31430-18-9  DTXSID9031800 Disrupts microtubule polymerization 0.1-10 nM Sigma-Aldrich 98
Cytochalasin D 22144-77-0  DTXSID8037099 Disrupts actin polymerization 0.316-31.6 MP 99
Biomedicals
Latrunculin A 76343-93-6  DTXSID90893488 Disrupts actin polymerization 0.316-31.6 nM Sigma-Aldrich 95
Anandamide 94421-68-8  DTXSID301017453  Endocannabinoid 1-100 Sigma-Aldrich 97
WIN 55 212- 131543- DTXSID50424974  CB-1 receptor agonist 0.1-10 Sigma-Aldrich 98
2 mesylate 23-2
L-buthionine 83730-53-4  DTXSID70894150  Induces oxidative stress 0.1-10 mM Sigma-Aldrich 97
sulfoxime
Rotenone 83-79-4 DTXSID6021248 Induces oxidative stress 3.16-316 nM Sigma-Aldrich 100
L-ascorbic acid 50-81-7 DTXSID5020106 Negative control 1-100 Alfa Aesar 99
D-glucitol 50-70-4 DTXSID5023588 Negative control 1-100 Sigma-Aldrich 99

NA: not available.

“Unless otherwise stated, concentrations are in pM.

planarian HTS can recapitulate the diverse toxicity profiles of
OPs that have been observed in other systems and that these
differences cannot be explained by levels of AChE inhibition.
Cluster analysis suggests that OPs affect multiple targets in
planarians and that the adverse outcomes differ depending on
the developmental stage, emphasizing the need for more
comparative OP studies to better understand the mechanisms
by which OPs damage the nervous system.

Frontiers in Toxicology

Materials and methods
Test animals

Freshwater planarians of the species Dugesia japonica, originally
obtained from Shanghai University, China and cultivated in our lab

for >8 years, were used for all experiments. Planarians were stored in
1x Instant Ocean (IO, Blacksburg, VA, United States) in
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Tupperware containers and kept at 20°C in a Panasonic refrigerated
incubator in the dark. The animals were fed either organic freeze-
dried chicken liver (either Mama Dog’s or Brave Beagle, both from
Amazon, Seattle, WA, United States) or fresh organic chicken or
beef liver from a local butcher once a week. Their aquatic
environment was cleaned twice a week following standard
protocols (Dunkel et al, 2011). For all experiments, only fully
regenerated worms which had not been fed within 1 week and
which were found gliding normally in the container were used.
Planarians were manually selected to fall within a certain range of
sizes, with larger planarians used for amputation/regeneration
experiments, such that the final sizes of adult and regenerating
tails were similar. To induce development/regeneration, intact
planarians were amputated on day 1 by cutting posterior to the
auricles and anterior to the pharynx with an ethanol-sterilized razor
blade. Exposure began within 3 h of amputation.

Chemical preparation

Table 1 lists the chemicals used in this study. Two presumed
negative control chemicals, D-glucitol and L-ascorbic acid, previously
shown to not affect planarian behavior or morphology (Zhang et al,
2019a), were also screened. L-ascorbic acid was inactive in all
endpoints as expected. D-glucitol was active in one locomotion-
based outcome measure each in adult and regenerating planarians at
the highest tested concentration (100 tM). Both of these outcomes
were from new endpoints we had not previously evaluated. Thus,
D-glucitol at 100 uM may not be an appropriate negative control for
this system. Chemical stock solutions were prepared in 100%
dimethyl sulfoxide (DMSO, Sigma-Aldrich, Saint Louis, MO) or
milliQ water depending on solubility. All stock solutions were
stored at —20°C. Each OP was tested at 10 concentrations over
quarter-log steps. For all other chemicals, 5 concentrations were
tested using semi-log steps. The highest concentrations were
chosen, based on preliminary tests, to be at the threshold to cause
lethality or overt systemic toxicity so that we could focus on sublethal
behavioral effects. If lethality was not observed the highest soluble
concentration was used. Diazinon and dichlorvos were found to have
significant effects at the lowest tested concentrations in our
preliminary analysis and thus were rescreened at 3 and 2 lower
concentrations (quarter-log steps), respectively.

Chemical stock plates were prepared in 96-well plates
(Genesee Scientific, San Diego, CA) by adding 200X stock
solutions from the highest tested concentration to one well of
the plate. Serial dilutions were then made in DMSO or IO water.
The control well contained pure DMSO or IO water. In the final
screening plates, either 0.5% DMSO, which has no effects on D.
japonica morphology or behavior (Hagstrom et al., 2015; Treland
et al., 2020), or IO water were used as solvent controls. Note that
while studies with other planarian species and methodologies
(Pagan et al., 2006; Yuan et al., 2012; Stevens et al., 2014) have
found effects at this DMSO concentration, we have consistently
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found no statistically significant effects using 0.5% DMSO with
D. japonica planarians and the endpoints used here. Stock plates
were sealed and stored at -20°C for up to 3 months. For the OPs,
the screening data comes from two separate screens due to a
laboratory relocation. For all other chemicals, all concentrations
were screened together in one of the two screens, with the
chemicals split between the two locations. Colchicine was
screened in duplicate to evaluate consistency of results
between the two screens. The results between the two screens
were consistent at low to medium concentrations, but we
obtained a few hits (body shape at day 7 and day 12 and
scrunching) at the highest concentration in one of the screens.
These small differences in sensitivity may be due to changes in
food source and availability, as previously discussed (Zhang et al.,
2019a).

Screening plate setup

Each 48-well screening plate (Genesee Scientific) assayed 8
planarians in the solvent control (0.5% DMSO or IO water), and
8 planarians each per concentration of chemical (5 test
concentrations per plate). Experiments were performed in at
least triplicate (independent experiments performed on different
days). Some chemical conditions and specific assays were
repeated due to poor health in the control population or
technical malfunction. The orientation of the concentrations
in the plate was shifted down 2 rows in each replicate to
control for edge effects (Zhang et al, 2019a). For each
chemical and experiment, 1 plate containing adult (intact)
planarians and 1 plate containing regenerating tails (2 plates
total) were assayed. For the OPs, 2 plates of each worm type were
screened to cover the 10 test concentrations.

Screening plates were prepared as described in (Zhang et al.,
2019a) with 1 adult planarian or tail piece in each well of a 48-
well plate containing 200 pL of the nominal concentration of test
solution and sealed with ThermalSeal RTS seals (Excel Scientific,
Victorville, CA). The plates were stored, without their lids, in
stacks in the dark at room temperature when not being screened.
Since we previously found that worms that underwent asexual
reproduction (fission) produced challenges in our automated
data analysis pipeline (Zhang et al., 2019b) and because planarian
fission is suppressed when disturbed (Malinowski et al., 2017),
the plates were gently agitated by hand once every 1-2 days when
not being screened to discourage fission. Prepared plates were
only moved to the screening platform when screened at day 7 and
day 12.

Screening platform

Screening was performed on an expanded version of the
planarian screening platform described in (Zhang et al., 2019a;
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Ireland et al, 2020). Briefly, this platform consists of a
commercial robotic microplate handler (Hudson Robotics,
Springfield Township, NJ) and multiple cameras and assay
stations, which are computer controlled. Outcomes measures
were obtained from studying planarian behavior on the assay
stations  (phototaxis/locomotion/morphology, stickiness,
heat We

modified phototaxis from the assay described in (Zhang et al,

thermotaxis, and noxious sensing/scrunching).
2019a; Ireland et al., 2020) to measure the planarians’ response to
different wavelength (red, green, blue) light using RGB lights
(DAYBETTER, Shenzhen, China). Planarians are insensitive to
red, detect green with their eyes, and blue with their skin pigment
and eyes (Brown et al., 1968; Paskin et al., 2014; Birkholz and
Beane, 2017; Shettigar et al., 2017). Therefore, using green and
blue light stimuli allows us to discern between effects specific to
the photoreceptors (green light) versus effects on extraocular
perception through the skin. The phototaxis assay was performed
as follows: First, to lower the variability of the animals’
background activity, planarians were allowed to acclimate for
3 min. After this acclimation period, the plate was imaged for
5 min: 1-min red light (1st dark cycle), 1-min green light (light
cycle), 2-min red light (2" dark cycle), 1-min blue light (light
cycle). The temporal reaction of the planarians to the different
light periods was quantified by calculating the average speed in
every 30 s interval using center of mass tracking. Morphology
data was collected by either imaging planarians using four
cameras as described in (Zhang et al, 2019a) or by imaging
with a single high resolution camera (Basler acA5472, Basler,
Germany), with both imaging methods yielding the same
resolution and number of frames per well. Identification of
lethality and different abnormal body shape categories
(Ireland et al,, 2020) was performed manually by a reviewer
who was blind to the chemical identities. Stickiness was
conducted as described in (Ireland et al.,, 2020), and measures
the number of worms that are stuck/unstuck when the plate is
shaken at a fixed rotation per minute (RPM). Thermotaxis and
scrunching were conducted as described in (Zhang et al., 2019a;
Ireland et al., 2020), measuring the planarians’ response to low
temperature gradients and noxious heat, respectively.

We have also added additional endpoints to quantify wall
preference and locomotor bursts (Supplementary Figure S1).
Wall preference was measured during the second dark phase
of the phototaxis assay and calculated as time spent at well
boundary/total time tracked. Higher wall preference scores
represent less exploration as planarians prefer gliding along
the container wall (Akiyama et al, 2015). We defined
locomotor bursts as instances when a planarian accelerated
from resting (speed <0.2 mm/s) to moving (speed >0.2 mm/s)
and calculated the total cumulative number of locomotor bursts
and the ratio of locomotor bursts in the blue period compared to
the second dark period during phototaxis. Only blue light was
used because planarians are most sensitive to short wavelengths
(blue/ultraviolet) (Paskin et al., 2014; Shettigar et al., 2017) and
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thus their behavior changes are more robust in blue versus green
light. These new endpoints were assayed on both day 7 and day
12. Data was primarily analyzed using MATLAB (MathWorks,
Natick, MA). Data analysis was performed blinded with no
chemical information provided. Chord diagrams were created
using the circlize package (Gu et al,, 2014) in R (R Core Team,
2016).

Benchmark concentrations

Benchmark concentrations (BMCs) were calculated for every
outcome measure and chemical to quantify potency using the
Rcurvep R package (Hsich et al., 2019). Data for the different
worm types (adult and regenerating) and for each day were
treated independently. First, the outcome measures were
into amenable format to allow for
of

responses. For all binary endpoints (lethality, body shape,

transformed an

determination directional,  concentration-dependent
stickiness, scrunching and eye regeneration), the incidence
rates (number of planarians affected and total number of
planarians) from the combined data from all replicates (n >
24) was used (Table 2). Normalizing by the vehicle control
response was not necessary for lethality, body shape and eye
regeneration as the control response rate was generally 0
(Supplementary Figure S2). For stickiness and scrunching,
which had a more variable control response (Supplementary
Figure S2), the experimental response was normalized by the
incidence number of the respective in-plate vehicle controls. In
some cases, this normalization led to negative incidence rates in
the experimental responses. Because the Rcurvep package cannot
handle negative incidence rates and these values are within the
variability of the control populations, we only considered
increases in abnormal activity. Thus, these negative incidence
rates were set to 0. For continuous endpoints, the raw response of
each individual planarian was normalized either by dividing by
or subtracting by the median of vehicle control values for that
plate (Table 3). Histograms of the normalized control responses
for all continuous endpoints are shown in Supplementary Figures
S3, S4. As appropriate, the normalized outcome measures were
multiplied by 100 to represent the percent change from the
control populations and to provide an appropriate range to
perform the BMC analysis. This was done for all endpoints,
except for the locomotor bursts endpoints, where no scaling
factor was used. The normalized data were used as input for the
Rcurvep package, which can calculate an appropriate threshold
level-benchmark response (BMR)—at which to define a
significant deviation from noise levels (Hsich et al.,, 2019). For
all endpoints except the locomotor burst endpoints, the BMR was
calculated by testing thresholds from 5 to 95 in steps of five and
by bootstrapping n = 100 samples. Because of the smaller
response range in the locomotor bursts endpoints, the
thresholds were tested in steps of 1 and 0.5 for the total and
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TABLE 2 Binary endpoints. The standard deviation (SD) of the vehicle controls and benchmark response (BMR) are compared for each endpoint on day
7 (d7) and day 12 (d12), except for eye regeneration and scrunching which were only evaluated on d7 and d12, respectively.

Endpoint Description

Lethality % dead

Body shape % individuals with any abnormal body shape
Stickiness % stuck individuals

Eye regeneration % individuals with abnormally regenerated eyes

Scrunching % non-scrunching planarians

ratio endpoints, respectively. For endpoints with large variability
(resting, speed), the maximum tested threshold was increased to
150 to ensure a stabilized response. We found that using n =
100 provided similar results to the recommended n = 1,000
(Supplementary Figure S5) but generated results in a much
shorter amount of time. The recommended BMR was then
used to calculate the BMC for each endpoint, which was
performed using n = 1,000 bootstrapped samples. For day
7 lethality in regenerating planarians, the variance was already
minimized at the starting test threshold of 5, thus we manually set
the BMR to 10. This threshold level corresponds to the level at
which significant effects could be detected by a Fisher exact test.
The BMR could not be appropriately calculated for stickiness
because of issues with control variability and because some
chemicals had increased stickiness at all test concentrations.
Thus, we used 2.5 SD to manually set the BMR to 50. We
also found that for CPF and dichlorvos, partial lethality at the
highest test concentration caused a non-monotonic response that
disagreed with the rest of the curve. For these chemicals, the
highest concentration was masked in the BMC calculation for
stickiness. If necessary, data from a replicate run that was
inconsistent with the remaining replicates was excluded. For
all outcome measures, we report the median BMCs calculated
from these bootstrapped results. The lower and upper limits (5"
and 95" percentiles, respectively) of the BMC for each endpoint
are listed in Supplementary File S1. Some endpoints can be
affected in both directions (e.g., increases or decreases in
speed). For these endpoints, BMRs and BMCs were calculated
for each direction (Table 3).

Hierarchical clustering

To compare the phenotypic signatures of the OPs to those of
the mechanistic control compounds, a “phenotypic barcode” was

created for each chemical concentration. These barcodes
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Adult Regenerating

SD (%) BMR (%) SD (%) BMR (%)
d7: 1 d7: 10 dz: 0 d7: 10

di2: 3 di12: 20 di12: 2 di2: 15

d7: 2 d7: 20 d7: 6 d7: 30

di2: 6 di12: 25 diz: 6 di12: 25

d7: 26 d7: 50 d7: 18 d7: 50

d12: 22 d12: 50 d12: 20 d12: 50

---- d7: 12 d7: 55

di2: 11 di2: 25 d12: 13 d12: 50

consisted of a binarized score for every outcome measure

indicating whether the median compiled score for a
concentration was active (beyond the BMR for that outcome
measure) or inactive. Note that because this analysis does not
consider concentration-response, this binarization is not meant
as definitive hit identification on the individual outcome level,
but rather provided a means to compare phenotypic patterns.
Outcome measures with two possible directions were separated
into the positive or negative direction, resulting in 70 and
71 outcome measures for adult and regenerating planarians,
respectively. The data were then filtered to only keep chemical
concentrations with at least one active outcome measure and
outcome measures that had at least one active hit across all
chemicals. Concentrations with 100% lethality were also
the sublethal

Hierarchical clustering was performed using binary distance

removed to focus analysis on effects.
and Ward’s method of clustering (ward.D2) using pheatmap
in R (R Core Team, 2016). The chemicals were separated into
6 clusters which appeared to have similar phenotypic patterns

within each cluster when manually inspected.

Ellman assays

Thirty-six adult planarians were exposed to either 0.5%
DMSO or the respective OPs for 12 days (Table 4).
Concentrations were chosen to span the breadth of AChE
inhibition, from no inhibition to complete inhibition, when
possible.

Planarians were kept in 12-well plates, with 6 planarians per
well and a total volume of 1.2 ml of the test solution to keep the
ratio of chemical/planarian consistent with the screening set-up.
Any fission events or planarians from wells with death were
excluded from the assay. After exposure, the planarians were
washed 3X with IO water and then homogenized in 1% TritonX-
100 in PBS as described in (Hagstrom et al., 2017; Hagstrom et al.,
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TABLE 3 Continuous endpoints. The standard deviation (SD) of the normalized response in the vehicle controls and benchmark response (BMR) are
compared for each endpoint on day 7 (d7) and day 12 (d12). Some endpoints can have effects in both the positive and negative directions. In these
cases, the BMRs for each direction (increasing (+) or decreasing (-)) are shown.

Endpoint Description Normalization Adult Regenerating
SD BMR SD BMR
Speed (darkl-1) Mean speed (mm/s) in 1st 30 s of 1st dark cycle (Response hemical- d7: 58  d7: 90/ d7: 37 d7: 60/
Responseyepice) *100 35 (+/-) 35 (+/-)
di2: d12: 85/ di2: di12: 90/
51 45 (+/-) 51 60 (+/-)
Speed (dark1-2) Mean speed (mm/s) in 2nd 30 s of 1st dark cycle (Response chemical- d7: 62 d7: 110/ d7:37  d7: 60/
Responseyenicie) ¥100 90 (+/-) 40 (+/-)
di2: d12: 90/ di2: d12: 100/
54 45 (+/-) 54 60 (+/-)
Speed (greenl) Mean speed (mm/s) in 1st first 30 s of green cycle (Response hemical- d7: 60  d7: 70/ d7: 34 d7: 50/
Responseyepice) *100 65 (+/-) 30 (+/-)
di2: d12: 85/ di2: d12: 85/
49 45 (+/-) 51 60 (+/-)
Speed (green2) Mean speed (mm/s) in 2nd 30 s of green cycle (Response chemical- d7: 64  d7: 60/ d7:37  d7: 60/
Responseyepice) *100 95 (+/-) 115 (+/-)
di2: d12: 95/ di2: di12: 115/
57 60 (+/-) 55 65 (+/-)
Speed (dark2-1) Mean speed (mm/s) in 1st 30 s of 2nd dark cycle (Response chemical~ d7: 52 d7: 50/ d7:26  d7: 35/
Responseyepice) *100 70 (+/-) 30 (+/-)
di2: d12: 60/ di2: d12: 55/
47 30 (+/-) 46 50 (+/-)
Speed (dark2-2) Mean speed (mm/s) in 2nd 30 s of 2nd dark cycle (Response chemical- d7:57  d7: 60/ d7:29  d7: 40/
Responseyepice) *100 90 (+/-) 30 (+/-)
di2: d12: 50/ di2: d12: 100/
53 55 (+/-) 48 45 (+/-)
Speed (dark2-3) Mean speed (mm/s) in 3rd 30 s of 2nd dark cycle (Response chemical~ d7: 57 d7: 65/ d7: 32 d7: 40/
Responseyepice) *100 75 (+/-) 30 (+/-)
di2: d12: 65/ di2: d12: 90/
53 35 (+/-) 48 45(+/-)
Speed (dark2-4) Mean speed (mm/s) in 4th 30 s of 2nd dark cycle (Response chemical- d7:57  d7: 65/ d7:33  d7: 45/
Responseyepice) *100 90 (+/-) 30 (+/-)
di2: d12: 80/ di2: d12: 95/
53 45 (+/-) 48 60 (+/-)
Speed (bluel) Mean speed (mm/s) in 1st 30 s of blue cycle (Response hemical- d7: 49 d7: 45/ d7: 27 d7: 45/
Responseyenice) *100 60 (+/-) 20 (+/-)
di2: d12: 65/ di2: di12: 70/
49 55 (+/-) 47 45 (+/-)
Speed (blue2) Mean speed (mm/s) in 2nd 30 s of blue cycle (Response hemical d7: 47  d7: 65/ d7:33  d7: 50/
Responseyepice) *100 75 (+/-) 45 (+/-)
di2: d12: 60/ di2: d12: 80/
49 70 (+/-) 49 55 (+/-)
Resting Fraction of time spent resting in 2nd dark cycle (Response chemical” d7: 40  d7: 65/ d7:31  d7: 35/
Responseyepice) *100 40 (+/-) 60 (+/-)
di2: d12: 45/ di2: d12: 50/
42 70 (+/-) 38 55 (+/-)
Phototaxis Average speed in blue cycle -2nd minute of 2nd dark  (Responsechemical- d7:27 d7:35/ d7:19  d7: 30/
cycle Responseyenice) *100 45 (+/-) 20 (+/-)
di2: di12: 30/ d12: di12: 35/
23 40 (+/-) 26 35 (+/-)
Wall preference Fraction of time spent in outer region of well (Response emical/ Responseyehicie) d7: 23 d7:35 (-) d7:32  d7:40 (-)
*100-100 d12: d12:25()  d120 d12:35 ()
32 32
(Continued on following page)
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TABLE 3 (Continued) Continuous endpoints. The standard deviation (SD) of the normalized response in the vehicle controls and benchmark response
(BMR) are compared for each endpoint on day 7 (d7) and day 12 (d12). Some endpoints can have effects in both the positive and negative directions. In
these cases, the BMRs for each direction (increasing (+) or decreasing (-)) are shown.

Endpoint Description Normalization Adult Regenerating
SD BMR SD BMR
Locomotor bursts Sum of locomotor bursts in phototaxis assay Response hemical-Responseyenicie d7: 19 d7:11/7 (+/-) d7:23  d7:18/
(total) 11 (+/-)
di2: d12: 11/ di2: d12: 9/6 (+/-)
21 6 (+/-) 22
Locomotor bursts # locomotor bursts in blue cycle/# locomotor bursts in  Responsechemicai-Responseyenicie d7:2.5 d7:5.5/ d7: 3 d7: 5.5/4 (+/-)
(ratio) 2nd dark cycle 3.5 (+/-)
d12: 3 d12: 5.5/ d12: 3 di12: 45/
3.5 (+/-) 3.5 (+/-)
Thermotaxis Fraction of time in cold zone (Response hemical/ Responseyen;cie) di2: d12: 45(-) di2: d12: 40 (-)
*100-100 22 23
Noxious stimuli (rate) ~ Rate of change in displacement in response to heat (Response chemical~ d12: d12: 35/ d12: d12: 35/
(Ireland et al., 2020) Responseyehice) ¥100 17 25 (+/-) 20 30 (+/-)
Noxious stimuli Median displacement at end of noxious heat (Ireland  (Response pemical/ReSponseyenicie) di2: d12: 50/ di2: d12: 50/
(strength) et al., 2020) *100-100 45 65 (+/-) 48 65 (+/-)
TABLE 4 OP concentrations tested in Ellman assays. Resu lts

Chemical name Concentrations tested (uM)

Acephate 0.0316, 0.316, 3.16, 31.6, 316

Chlorpyrifos 0.00316, 0.0316, 0.1, 0.316, 3.16, 10
Diazinon 0.0001, 0.001, 0.01, 0.0316, 0.178, 0.316, 3.16
Dichlorvos 0.0001, 0.001, 0.01, 0.0316, 0.1, 0.316, 3.16
Malathion 0.0316, 0.316, 3.16, 10, 56.2, 100

Parathion 0.000316, 0.00316, 0.0316, 0.1, 0.316, 3.16
Profenofos 0.000316, 0.00316, 0.01, 0.0316, 0.316, 1.78

2018). An Ellman assay (Ellman et al., 1961) was then performed
using an Acetylcholinesterase activity assay kit (Sigma-Aldrich).
Absorbance was read at 412 nm every minute for 10 min using a
VersaMax (Molecular Devices, San Jose, CA, United States)
spectrophotometer. AChE activity was calculated as the rate of
change of absorbance per minute during the linear portion of the
reaction. AChE activity was normalized by protein concentration
as determined by a Coomassie (Bradford) protein assay kit
(Thermo Scientific, Waltham, MA, United States)
compared to 0.5% DMSO exposed samples (set at 100%
activity). Activity measurements were performed with at least

and

3 technical replicates per condition and at least 2 independent
experiments (biological replicates). The inhibition dose response
curves were fit to a log-logistic equation (setting the lower limit to
0, the upper limit to 100, and using the ICs, as a parameter) using
the drc R package (Ritz et al,, 2015). The function ED was then
used to obtain the concentration that caused 80% inhibition
(ICs0)-
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Exposure to the seven OPs elicits different
types of NT/DNT

Adult and regenerating planarians were exposed for 12 days
to 10 concentrations each of the 7 OPs (acephate, chlorpyrifos,
diazinon, dichlorvos, malathion, parathion, and profenofos)
(Figure 1). To focus on sublethal effects, the highest test
concentrations were chosen to be at or just below lethal
concentrations based on previous data (Zhang et al., 2019a) or
preliminary studies (not shown). No lethality was observed in
acephate up to the highest soluble concentration (316 uM), thus
this was set as the highest concentration.

The toxicity of the different OPs manifested in different ways
(Figure 1). Acephate was the least toxic and caused increased speed
(hyperactivity) only at the highest test concentration (316 uM) in
adult and regenerating planarians. More speed measures were
affected in adults compared to in regenerating planarians.
Parathion also caused few hits. In regenerating planarians, effects
were only seen at lethal concentrations. Only a defect in scrunching
was seen at sublethal concentrations of parathion in adult
planarians. In contrast, the remaining 5 OPs showed selective
effects in adult and regenerating planarians with morphological
and/or behavioral effects in the absence of lethality.

As shown in Figure 2, the endpoints most often affected by OP
exposure (at any concentration) were abnormal body shapes,
stickiness, scrunching, and speed in the blue light period. These
endpoints were largely shared by all the OPs, except for parathion
and acephate, in both adult and regenerating planarians. These
endpoints were also the most sensitive to detect OP toxicity.
Increased stickiness (on day 7) was the most sensitive BMC for 4
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FIGURE 1

Comparison of OP toxicity. Heatmaps comparing the benchmark concentrations (BMCs) for the OPs in adult (A) and regenerating (B)
planarians. The first row shows the highest tested concentration. For outcome measures that can have effects in both directions, the BMCs are
separated by either the positive (+) or negative (-) direction. For readability, speed endpoints that were inactive in both adult and regenerating

planarians are not shown. LB: locomotor bursts; NS: noxious stimuli.

OPs (CPF, diazinon, dichlorvos, and profenofos) in both adult and
regenerating planarians. Abnormal body shapes on day 12 were the
most sensitive BMC for malathion in adult planarians, while
decreased speed in the blue light period was the most sensitive
endpoint for regenerating planarians. Scrunching was the most
sensitive endpoint for adult planarians exposed to parathion.
Comparing the most sensitive BMC, the potency ranking of
the OPs was similar between adult and regenerating planarians
(Supplementary Table S1), except that the ranking of diazinon
and CPF were swapped in the adult and regenerating planarians.
Adults were more sensitive to diazinon than CPF, while
regenerating planarians were relatively more sensitive to CPF
than diazinon. This change was due to diazinon having a much
higher BMC (lower potency) in regenerating planarians
compared to adult planarians, since the potency of CPF was
the same in the two worm types. Notably, even though no
differential overall sensitivity was observed with CPF or
dichlorvos between the two worm types, CPF and dichlorvos
both affected more/different categories of endpoints in
regenerating versus adult planarians (Figure 2). In contrast,
adult planarians were more sensitive to diazinon, malathion,

and profenofos in terms of overall potency and number of
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affected
planarians (Supplementary Table S1, Figure 2).

endpoint  categories compared to regenerating

Focusing on sublethal concentrations only, in adult
planarians, 5 OPs (CPF, dichlorvos, malathion, profenofos,
and diazinon) caused abnormal body shapes, but only 3 of
them (diazinon, dichlorvos, and malathion) also caused
abnormal body shapes in regenerating planarians. Contraction
was the primary body shape associated with OP exposure
(Figure 3). In addition, adult and regenerating planarians
exposed to dichlorvos exhibited a mixture of contraction,
c-shapes and pharynx extrusion on day 7 and contraction and
c-shapes on day 12 (Figure 3). Worms that exhibited pharynx
extrusion on day 7 were dead by day 12, suggesting that pharynx

extrusion was an early indicator of systemic toxicity.

AChE inhibition alone cannot explain OP
toxicity profiles

Because acetylcholinesterase is a shared target of these OPs, we

investigated whether the observed phenotypic differences in adult
planarians could be explained by differences in AChE inhibition.
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FIGURE 2

Connections between individual OPs and classes of

endpoints. Interaction of the seven OPs with the different endpoint
classes for (A) adult and (B) regenerating planarians. Connections
were made if the OP caused a hit at either day 7 or 12 at any
tested concentration. Effects on speed in the dark period, resting,
or locomotor bursts were combined into the "Motility” category.
Speed(B): speed in the blue period, Speed(G): speed in the green
period, PT: Phototaxis, NS: noxious stimuli. For endpoints that had
effects in both directions, the BMCs are separated by either the
positive (+) or negative (-) direction.

Ellman assays were performed on adult planarians exposed for
12 days to different concentrations of the OPs to determine the ICg,
(Figure 4, Supplementary Figure S6). We calculated the ICg, because
significant cholinergic toxicity is seen in mammals when AChE
inhibition reaches about 80% (Lionetto et al., 2013; Russom et al.,
2014; Voorhees et al., 2017). Comparisons were made to the most
sensitive BMC in adult planarians (BMC,qy,). Significant inhibition
was not observed in up to 316 uM acephate. For malathion,
significant lethality was observed before 80% inhibition could be
reached and the extrapolated ICg, was significantly higher than the
lowest BMC, gy (Figure 4). For dichlorvos, the ICg, was also higher
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than the most sensitive BMC, 4y For the remaining 4 OPs, the ICg,
values were all lower (CPF, profenofos, parathion) or close to
(diazinon) the most sensitive BMC,4,. Diazinon and dichlorvos
had very similar inhibition profiles but very different toxicity
profiles. Given the differences in observed phenotypic outcomes,
this suggests that AChE inhibition alone cannot explain the
manifestation of toxic outcomes (Figure 4). Similarly, no
correlation  was  observed between OP toxicity and
hydrophobicity (logP, Figure 4A). Acephate is the only
hydrophilic OP and neither showed significant behavioral effects
nor AChE inhibition.

To compare results across the OPs, the potency of the 7 OPs
was ranked using either the BMC,4y or the ICgq (Figure 4B).
Overall trends were similar when comparing rankings across the
two measures (Spearman’s correlation coefficient: 0.82; p-value:
0.03), with diazinon, dichlorvos, and profenofos being the most
potent OPs and acephate and malathion the least potent in both
measures. Profenofos, however, was the most potent OP using
AChE inhibition whereas dichlorvos was the most potent when
looking at the most sensitive BMC,q,. CPF and dichlorvos
showed higher relative potency rankings when measured by
the most sensitive BMC,q,; compared to the ICgy The
potency ranking found here for day 12 adult ICg was similar
to ranking comparing inhibition rates of planarian homogenates
using the oxons of a subset of the OPs tested here (CPFO,
diazoxon, dichlorvos, paraoxon and malaoxon) (Hagstrom
et al.,, 2017).

Comparison of OP toxicity with known
effectors of mechanistic pathways

To delineate whether certain OPs affect other targets besides
AChE, we also screened “mechanistic control chemicals” known
to target pathways that have been implicated in OP DNT. These
chemicals were screened in 5 concentrations each in adult and
regenerating planarians and the BMCs were calculated
(Supplementary Figure S7).

To determine whether any phenotypic patterns could be
discerned in the data, we generated phenotypic barcodes for each
chemical concentration consisting of a binary score (active or
inactive) for each outcome measure. Hierarchical clustering was
performed on the binarized phenotypic barcodes to see
whether  different shared
phenotypic patterns. We chose to look at individual

chemical  concentrations
concentrations because different toxicities may emerge
depending on the concentration. In both adult (Figure 5)
and regenerating (Figure 6) planarians, we identified 6
main clusters based on their phenotypic patterns. Using the
mechanistic control compounds, we then tried to anchor the
phenotypic clusters to potential underlying mechanisms.

In adult planarians (Figure 5), several mid-to high range
concentrations of diazinon, malathion, parathion, and CPF were
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FIGURE 3

Abnormal body shapes induced by OP exposure. (A) Examples images of normal and abnormal body shapes observed in the OP-treated
planarians. The normal planarian is from the vehicle controls. The contracted planarian was treated with 316 pM malathion. The remaining images are
of dichlorvos-treated planarians. Scale bar: 1 mm. Inset shows magnified image of the planarian with the arrow pointing to the pharynx which is
extruded from the body. (B) Stacked bar plot showing the percentage of planarians exhibiting the different body shape categories as a function

of dichlorvos concentration in uM. Concentrations which are above the BMC for the outcome measure are marked with *. X indicates 100% lethality

at 3.16 pM dichlorvos in adult planarians on day 12.

found in cluster 1, indicating locomotion defects. Only high
concentrations of latrunculin A and nocodazole were also found
in this cluster. Low to mid-range concentrations of CPF, diazinon,
dichlorvos, malathion, and profenofos were found in cluster 2,
which was characterized by effects in day 7 stickiness. The
carbamate AChE inhibitors physostigmine and aldicarb as well
as the nicotinic AChR agonist nicotine were also associated with this
cluster. Single concentrations of various chemicals, including a
concentration of parathion, were found in cluster 3, with specific
effects in scrunching only. Cluster 4 affected miscellaneous outcome
measures and contained concentrations of the negative control
D-glucitol, 3 concentrations of acephate, and single random
concentrations of CPF, muscarine, malathion, and dichlorvos.
Small subclusters appear to emerge within this cluster. For
example, 1 of the concentrations of acephate (7) is associated
(increased speed) along with 1
concentration each of nicotine and cytochalasin D. High
concentrations of dichlorvos and malathion were associated with

with hyperactive effects

cluster 5, which was characterized by effects on scrunching and
body shape, often with the addition of various other outcome
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measures. This cluster also contained the higher concentrations
of several cholinergic compounds (aldicarb, physostigmine,
anatoxin-A and nicotine), serotonergic compounds (buspirone,
mianserin, sertraline) and cytoskeletal disrupting compounds
latrunculin ~ A),
phenotypes may represent convergence of several pathways.
Cluster 6 was indicative of lethality and contained high
concentrations of various compounds, including OPs.

(colchicine, suggesting this collection of

We observed different clusters of the OPs in regenerating
planarians (Figure 6) than in adults (Figure 5). In regenerating
planarians (Figure 6), low-to mid-range concentrations of CPF,
diazinon, dichlorvos and profenofos were associated with cluster
1, which also contained low concentrations of anatoxin-A and
was characterized by increased stickiness. Effects on day
12 speed(bluel) and day 12 resting were also associated with
this cluster. Mid-range concentrations of diazinon and malathion
were associated with cluster 2, which was characterized by
abnormal body shapes on day 7. Low-range concentrations of
dichlorvos and profenofos and higher concentrations of CPF,
and diazinon were associated with cluster 3 and displayed
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Profenofos 0.039 (0.011) 1 0.29 3
FIGURE 4

Levels of AChE inhibition is not correlated with phenotypic
effects. (A) Comparison of OP potency (measured by the most
sensitive BMC,qui) to AChE inhibition (ICgq, blue) and
hydrophobicity (logP, orange). Raw data and fitted curves

from the Ellman assays are shown in Supplementary Figure S6. For
acephate, the ICgg was set to the highest test concentration since
no inhibition was observed. The dashed line is provided as a visual
tool to show when the ICgg equals the lowest BMC, 4. Blue points
above this line (malathion and dichlorvos) indicate the BMC was
more sensitive than the |Cgg. (B) A comparison of the ranking of the
potency of the 7 OPs using the planarian AChE ICgq and most
sensitive BMC gyt

miscellaneous hits in a handful of various outcome measures. A
single concentration of acephate was also found in this cluster.
High concentrations of malathion and diazinon were associated
with cluster 5, which was characterized by effects on body shape
and scrunching. This cluster also contained the higher
concentrations of several cholinergic compounds (aldicarb,
physostigmine, anatoxin-A), the serotonin receptor agonist
mianserin, and the oxidative stress inducer rotenone. Lastly,
cluster 6 was associated with lethality and contained the
highest concentrations of CPF and dichlorvos. None of the
OPs were associated with cluster 4.

Discussion

OPs cause distinct toxicity profiles in adult
and regenerating planarians

Previous studies have used freshwater planarians to study the
effects of OP exposure on survival, behavior, and regeneration
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(Levy and Miller, 1978; Villar et al., 1993; Feldhaus et al., 1998;
Zhang et al., 2013; Poirier et al., 2017; Hagstrom et al., 2018).
However, these studies have focused only on a few endpoints
and/or compounds and have been largely qualitative. This study
investigated the effect of 7 OPs on adult and regenerating
planarians in parallel using multiple quantitative phenotypic
readouts to assay sublethal effects of continuous OP exposure.
We found that these 7 OPs had distinct toxicity profiles in
planarians that differed across the OPs and between adult and
regenerating individuals, recapitulating findings in mammalian
systems showing that OPs cause a variety of toxic outcomes
[reviewed in (Moser, 1995; Pope, 1999; Voorhees et al., 2017)].

In terms of potency, regenerating planarians were overall less
sensitive to the OPs. At the tested concentrations, lethality was only
observed for 2 OPs (CPF and parathion) in regenerating planarians,
whereas 4 OPs (CPF, parathion, dichlorvos and profenofos) showed
significant lethality in adult planarians by day 12. This increased
lethality in adult versus regenerating planarians was also observed in
the mechanistic control compounds tested here and has been
observed for other chemicals (Hagstrom et al,, 2015; Zhang et al.,
2019a). Metabolic differences in the two developmental stages may
explain some of the differential sensitivity to chemical exposure.
Oxygen consumption and metabolism are slower in larger
planarians than in smaller ones (Hyman, 1919; Osuma et al,
2018). To ensure similar sizes after amputation of the
regenerating group to the adult group, we amputate larger
planarians to generate the regenerating group, thus regenerating
planarians may have slower metabolism. In addition, while it was
found that oxygen consumption is not different between resting
intact/adult and regenerating planarians of similar size (Osuma et al,,
2018), oxygen consumption depends on activity levels (Jenkins,
1959) and regenerating planarians are less mobile during the first 5-
7 days after exposure/amputation than adults (Zhang et al,, 2019a).
It is also possible that the pharmacokinetics differ between
regenerating and adult planarians, resulting in potentially lower
internal doses in regenerating planarians. These differences could be
chemical-specific. Future work characterizing the pharmacokinetics
in both developmental stages will be critical to contextualize results
in planarians and for dose comparisons with other species.

To prepare for this kind of system comparison of our results,
we used BMC analysis, in contrast to earlier studies that use
lowest-observed-effect levels (LOELs), and thus are dependent
on the exact test concentrations. Typically, point-of-departure/
BMC analysis has relied on the use of fixed threshold levels, e.g.,
2 or 3 SD, to determine effects. This approach is not always
appropriate for behavioral data that is often not normally
distributed. Thus, we utilized the Rcurvep package which
determines the appropriate threshold/BMR based on the
actual noise in the data, which had previously been used with
developing zebrafish morphological and behavioral data (Hsich
etal, 2019). A comparison of SD and BMR values is provided in
Tables 2, 3 and shows that for most endpoints the BMR is around
2-3 SDs. Of note, this approach assumes a monotonic
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concentration response, and thus is not as sensitive to non-
monotonic effects, potentially decreasing sensitivity for some
chemicals compared to our previous studies using LOELSs
(Zhang et al., 2019a). The hierarchical clustering in Figures 5,
6 does not take into consideration concentration-response;
therefore, non-monotonic hits are observed in these
phenotypic profiles that were not detected by the BMC
analysis and thus their biological significance is unclear.
Determination of the BMRs revealed a surprising level of
phenotypic diversity within the morphologies and behaviors
of both control and chemically-treated planarians evidenced
by a large SD/BMR of some endpoints. This variability
suggests that although asexual planarians are considered
clonal, there is differential sensitivity to physical and chemical
stimuli. Similar variability in the behavioral response of
individual D. japonica planarians has previously been reported
when planarians were simultaneously exposed to two stimuli (a
chemoattractant and bright light) (Inoue et al, 2015). This
phenotypic diversity may reflect the genetic diversity that has
been observed in genes involved in responses to external stimuli,
such as genes associated with “signal transduction” and “defense
mechanisms” in asexual D. japonica planarians (Nishimura et al.,
2015). In contrast to highly in-bred animal models, this genetic
diversity may be beneficial to more accurately reflect the large
amount of variability found in the diverse human population,
where the goal is to protect the most sensitive populations.

AChE inhibition is not predictive of OP
toxicity in adult planarians

Comparison of the presence of adverse outcomes (most
sensitive BMC,qy;) with AChE inhibition (ICg)) demonstrated
that significant AChE inhibition on day 12 was not predictive of
phenotypic effects in adult planarians (Figure 4). The OPs showed
different relative ranking when comparing ICgys to the most
sensitive BMC,q,. While the ICg, for profenofos was ~3X lower
than that of dichlorvos, the BMC,q, for dichlorvos was 3X lower
than that of profenofos. Similarly, the ICq, for parathion was half of
that for CPF, but the most sensitive BMC, 4, for CPF was about 4X
lower than that of parathion. Dichlorvos, malathion and acephate
showed phenotypic effects at concentrations below their ICg
Diazinon had phenotypic effects emerge at approximately the
ICgo, whereas effects were only seen above the ICg, for CPF,
parathion, and profenofos. For the latter group, the ICgys were
4X (CPF) to 23X (profenofos) lower than the respective BMCs. This
means that although AChE is significantly inhibited at low
concentrations, morphological or behavioral effects were not
observed. In addition, OPs are susceptible to spontaneous
hydrolysis under our experimental conditions (aqueous solution,
room temperature, 12 days exposure), in addition to enzymatic
metabolism within the planarian. Thus, effects may also arise from
degradation/metabolic byproducts, in addition to the parent OPs,
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which may contribute to the lack of correlation between the
observed toxicity profiles and AChE inhibition.

In humans, 50-60% AChE inhibition produces mild
symptoms, 60-90% inhibition produces moderate symptoms,
and >90% inhibition causes death due to respiratory or heart
failure (Lionetto et al., 2013). Since planarians lack target organs
such as lungs and a heart, it is possible that even >90% inhibition
does not cause death as rapidly as in humans. Similar trends
showing no correlation between AChE inhibition and lethality
has also been shown in nematodes (Rajini et al., 2008). However,
some phenotypic effects would still be expected at these high
levels of inhibition. The fact that we were able to achieve
complete loss of AChE activity (within the detection limit of
our assay) with CPF, parathion and profenofos in the absence of
phenotypic effects suggests that 1) in the planarian system the
enzymatic activity of AChE is not a good biomarker for
measuring the adverse effects of OP exposure, 2) that some
effects due to high AChE inhibition only manifest after the day
12 screening, or 3) that planarians have compensatory
mechanisms that allow them to adjust to low dose OP
exposure over time. In support of this last idea, we found that
stickiness, which is a sensitive endpoint for cholinergic effects
(Hagstrom et al.,, 2018), was a shared and sensitive endpoint
affected by many of the OPs on day 7. However, stickiness on day
12 was not affected to the same extent and often had lower
sensitivity. We have previously shown that short term (5 days)
exposure to physostigmine and diazinon caused increased
stickiness which was not seen in day 12 regenerating
planarians, despite nearly complete inhibition of AChE
activity in both worm types (Hagstrom et al, 2018). In
support of this idea that compensatory mechanisms may
protect from cholinergic toxicity, it has been shown that
compensatory down-regulation of muscarinic and nicotinic
ACh receptors occurs with many OPs, including parathion.
This can lead to tolerance of long-term inhibition of AChE,
but tolerance can vary with different OPs (Bushnell et al., 1993;
Jett et al.,, 1993; Dvergsten and Meeker, 1994; Voorhees et al.,
2017; Slotkin et al, 2019). Similarly, compensatory down-
regulation of nicotinic AChRs and morphological remodeling
have been shown to occur in the AChE —/- knockout mouse,
which can surprisingly survive until adulthood despite complete
loss of AChE activity (Chatonnet et al., 2003; Adler et al., 2004).
Future mechanistic studies will need to evaluate regulation of
receptor gene expression to address these possibilities and link
phenotypes to molecular events.

Clustering with mechanistic control
chemicals contextualizes OP toxicity
profiles

Comparison of the phenotypic profiles of the different OPs
with those of the mechanistic control compounds was used to
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parse out effects on cholinergic and non-cholinergic targets. As
expected, some of the phenotypic outcomes were shared by many
of the OPs, reflecting their shared action on AChE. Four OPs
(profenofos, CPF, diazinon, and dichlorvos) caused increased
stickiness at day 7, which were also found with exposure to the
carbamates aldicarb and physostigmine (Figure 5 cluster 2,
Figure 6 cluster 1). None of the other control compounds
caused increased stickiness, together suggesting increased
stickiness may be a sensitive, specific cholinergic effect. We
have shown that increased stickiness is correlated with
increased mucus secretion (Malinowski et al., 2017). Increased
secretions (including bronchial, lacrimal, salivary, sweat, and
intestinal secretions) are a major hallmark of acute cholinergic
toxicity due to stimulation of muscarinic AChRs (Pope et al.,
2005; Peter et al., 2014; Taylor, 2018).

Defects in scrunching - a musculature-driven gait (Cochet-
Escartin et al., 2015) - may also be an indicator of cholinergic
toxicity, possibly through effects on nicotinic receptors which are
known to regulate motor functions. We previously found that
scrunching defects were correlated with AChE inhibition in
organophosphorus flame retardants (Zhang et al., 2019b). In
the current screen, we observed the inclusion of scrunching in
clusters 2 and 6 (adult) and 5 and 6 (regenerating) which
contained medium to high concentrations of dichlorvos,
profenofos, and malathion in adults and diazinon, CPF, and
malathion in regenerating planarians, as well as compounds such
as aldicarb, nicotine, physostigmine and anatoxin-A. Notably,
these clusters also contained chemicals targeting the serotonergic
pathway (mianserin, sertraline, fluoxetine). Modulation of
cholinergic signaling by serotonin has been supported by
1995), and CPF and
diazinon have been shown to directly target the serotonin
receptors in rodents (Slotkin et al., 2006b; Slotkin et al., 2019).
Uncovering whether and how these OPs modulate serotonergic

several studies (Cassel and Jeltsch,

signaling in planarians would be an interesting next step to
investigate.

Scrunching involves many steps from the initial noxious heat
sensation to the stereotypical muscle-driven periodic body length
oscillations. While our previous work has begun to delineate the
sensing mechanisms controlling scrunching in response to
diverse physical (e.g, amputation, ultraviolet light) and
chemical stimuli (e.g., allyl isothiocyanate, 1% ethanol)
(Cochet-Escartin et al., 2015, 2016; Sabry et al.,, 2019; Sabry
et al,, 2020), we do not yet know what controls scrunching in
response to noxious heat. Given that scrunching (in contrast to
the default planarian gliding gait which is ciliary driven
2013))
movement (Cochet-Escartin et al., 2015), it is conceivable that

(Rompolas et al, requires coordinated muscle
it depends on cholinergic signaling. Additionally, we have shown
that susceptibility to heat is affected in short-term exposure to
diazinon and physostigmine and when planarian cholinesterase
is knocked down via RNA interference (Hagstrom et al., 2018).

Thus, heat sensation could also be affected, with or without
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impairment of the scrunching motion. Adult AChE -/-
knockout mice exhibit decreased pain perception (Duysen
et al., 2002). Transient receptor potential (TRP) channels are
important for sensing many noxious and painful stimuli and we
have shown that several TRP channels are important for
inducing scrunching in response to specific stimuli (Sabry
et al,, 2019). Thus, we speculate that effects on noxious heat
sensation in planarians may be a result of downstream effects on
TRP channels, though which specific family are responsible
remains to be determined. To delineate whether OPs cause
defects in heat sensation and/or in scrunching execution, low-
throughput mechanistic studies using other scrunching inducers,
such as amputation (Cochet-Escartin et al, 2015) will be
necessary. Given the complexity of the scrunching pathway, it
is expected that not all scrunching defects are specific to
cholinergic toxicity. Indeed, cluster 3 (adults) and cluster 4
(regenerating) included various compounds that only affected
scrunching (with the exception of nicotine in regenerating
planarians in cluster 4), indicating that multiple pathways
converge to cause scrunching defects.

CPF, diazinon, dichlorvos, malathion and profenofos all
induced abnormal body shapes in adult planarians at
sublethal concentrations. Except for CPF and profenofos,
these OPs also induced sublethal abnormal body shapes in
regenerating planarians. The primary body shape observed
was contraction, with dichlorvos also exhibiting a mix of
The nicotinic AChR agonist
anatoxin-A also induced a severe contracted phenotype, while

contraction and c-shapes.

a mixture of contracted and c-shape phenotypes was observed in
adult and regenerating planarians exposed to aldicarb,
S8).

increased  C-shape

physostigmine and nicotine (Supplementary Figure

Previous  studies have observed
hyperkinesia in planarians after acute exposure to nicotine
(Rawls et al., 2011). Contraction and our joint classification of
contracted/c-shape are equivalent to the “walnut” and “bridge-
like” body shapes that have previously been shown to be induced
by nicotine and physostigmine, respectively, in the planarian
Dugesia gonocephala (Buttarelli et al., 2000). In D. japonica,
physostigmine-induced contraction was shown to be a result
of contraction of the body-wall muscles and that these
contractions were delayed by preincubation with the muscle
nicotinic AChR antagonist tubocurarine or the muscarinic
AChR antagonist atropine (Nishimura et al., 2010). Together,
these findings suggest that these contracted body shapes may be
indicative of cholinergic toxicity.

Looking at the OPs individually in more detail, we observed
that profenofos caused few additional effects at sublethal
concentrations, suggesting that cholinergic toxicity is the most
sensitive effect for profenofos in planarians, similar to findings in
other systems (Levy and Perron, 2016). In contrast, CPF,
dichlorvos and diazinon affected multiple different endpoints
in adult and regenerating planarians. We observed phenotypic

effects of CPF only at concentrations at which planarian AChE
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was also significantly inhibited. This may suggest that AChE
inhibition drives the toxicity profile of CPF in planarians.
However, while adult and regenerating worms had the same
lowest BMC, they exhibited different phenotypic profiles,
implying that CPF must affect additional different targets in
the 2 developmental stages concurrently with significant AChE
inhibition. Similarly, in developing zebrafish, it was found that
behavioral defects induced by CPFO were caused by issues with
axonal outgrowth and neuronal activity, but only at
concentrations of significant AChE inhibition (Yang et al,
2011). In a previous screen (Zhang et al., 2019a), we found
that the LOEL for CPF was lower in regenerating planarians
(10 pM) than in adults (100 pM). In the present screen, we do not
see that potency difference when considering all outcome
measures  collectively, as log;o(BMC,au/BMCregencrating) 18
zero. However, the previous screen did not evaluate stickiness,
which we found to be the most sensitive endpoint for CPF in both
worm types with a BMC of 1.7 uM. Furthermore, when looking
at an individual outcome-level, developmental selectivity was
observed, because certain outcomes (e.g., scrunching) were only
affected in regenerating but not adult planarians, consistent with
previous results (Zhang et al., 2019a).

A similar trend was observed for dichlorvos, where overall
sensitivity was the same in the 2 developmental stages, but a
greater breadth of endpoints was affected in regenerating
planarians. Dichlorvos was the most potent OP in adult and
regenerating planarians. In adults, phenotypic effects were
present at concentrations below the ICg,. Dichlorvos does not
require bioactivation to inhibit AChE and thus may be fast
acting. Nematodes have also been shown to be very sensitive
to dichlorvos (Cole et al., 2004) and dichlorvos is a useful
anthelminthic (Chavarria et al., 1969), suggesting that worms
may be especially sensitive to this OP. Dichlorvos was the only
OP that induced a multitude of different body shapes at higher
concentrations, including contraction, c-shapes, and pharynx
extrusion. Pharmacological studies in planarians have
suggested that the disruption of specific neurotransmitter
systems leads to stereotypical body shapes. For example, drugs
that activate cholinergic signalling induce fixed postures such as
contraction while drugs that activate dopamine signalling
produce screw-like hyperkinesia (Buttarelli et al, 2000;
Buttarelli et al, 2008). Thus, compounds that can target
multiple  neurotransmitter ~ systems may show mixed
phenotypes. Additionally, the manifestation of different body
shapes can progress with increasing concentrations. For example,
at lower concentrations dichlorvos primarily induced
contractions, similar to the other OPs, but at higher
concentrations, the body shapes also consisted of c-shapes,
mixed contraction/c-shapes akin to “bridge-like hypokinesia”
(Buttarelli et al., 2000) and pharynx extrusion. Since c-shapes
have also been observed after acute exposure to nicotine (Rawls
etal., 2011), to D2 dopamine receptors agonists (Venturini et al.,
1989), or to the biocide methylisothiazolinone (Van Huizen et al.,
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2017), it is unclear whether this progression of shapes represents
increased cholinergic toxicity or potentially effects on different
targets that only manifest at higher concentrations. Unlike the
distinct postures like contraction and c-shapes which seem to
represent disrupted neurotransmission and are often reversible
(Buttarelli et al., 2008), pharynx extrusion is a morphological
change that may be an early indicator of systemic toxicity. In
support of this idea, planarians that exhibited pharynx extrusion
on day 7 were dead by day 12. Thus, classification of abnormal
planarian body shapes and morphologies provides insight into
the types of toxicity observed. Further work is needed to connect
effects on specific neurotransmitter systems to specific
morphologies.

In contrast to CPF and dichlorvos, adult planarians were
much more sensitive to diazinon than regenerating planarians, as
the lowest BMC,qu; was 42X lower than the lowest
BMCregencrating: This difference was largely driven by effects
on day 7 stickiness in adults, which was over an order of
magnitude lower than the next most sensitive outcome
(02 uM compared to 4.8 uM). Moreover, in adult worms,
diazinon was associated with cholinergic toxicity and extreme
locomotor defects, which may be indicative of systemic toxicity.
Systemic toxicity was not found in diazinon-exposed
regenerating planarians at the tested concentrations. While the
effects in adult planarians were similar in CPF-exposed and
diazinon-exposed planarians, regenerating planarians were less
sensitive to diazinon than to CPF, both in terms of overall
potency and in the number of outcomes affected.
Regenerating planarians exposed to diazinon primarily only
showed effects on the cholinergic-related endpoints (stickiness,
body shape, and scrunching). It will be interesting to delineate in
future work why regenerating planarians are more resistant to
diazinon than adults.

For malathion, effects on body shape and scrunching were
among the most sensitive endpoints. Malathion was unable to
cause >75% inhibition of planarian AChE without lethality,
suggesting that malathion may affect alternative targets more
strongly than AChE in planarians. Unlike the previous OPs, we
also did not observe any effects on stickiness with malathion. In
embryos of Xenopus laevis frogs, malathion has been shown to
bind with high affinity to lysyl oxidase, causing post-translational
modification of collagen and developmental defects (Snawder
and Chambers, 1993). Malathion has also been reported to
inhibit lysyl hydroxylase in rat cell culture (Samimi and Last,
2001) and cause oxidative damage in rat brain regions (Fortunato
et al., 2006). Absence of significant AChE inhibition and
cholinergic toxicity when exposed to chronic low doses of
malathion has also been reported in rodents and behavioral
effects (e.g, memory impairment) have been attributed to
alternative effects, such as mitochondrial dysfunction
(Trevisan et al., 2008; dos Santos et al,, 2016). In regenerating
planarians, malathion was associated with cluster 5 which also
contained 2 concentrations of rotenone, a mitochondrial
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disruptor which leads to increased oxidative stress. Both
compounds induced abnormal body shapes and disrupted
scrunching.

The remaining 2 OPs - acephate and parathion - caused
strikingly different toxic outcomes. Acephate, a phosphoramide,
was the least toxic of all the OPs tested. We only observed
hyperactive behavior at the highest test concentration. Acephate
is highly water soluble (negative logP; Figure 4) and thus may not
easily pass through the planarian epithelium, potentially
explaining why it caused few effects. Interestingly, acephate
has also been reported to cause hyperactivity in developing
(Liu et 2018),
indicating that there may be a conserved mechanism.

zebrafish at 0.1 mg/L concentration al.,
Hyperactive effects were also observed in adult planarians
exposed to 316 uM nicotine, which closely clustered with
acephate (Figure 5, cluster 4). Low concentrations of nicotine
have previously been shown to induce hyperactivity and seizure-
like motion in planarians (Rawls et al., 2011; Pagan et al., 2015),
similar to effects observed in rodents (Zhu et al, 2012).
Moreover, acephate proved to be a weak planarian AChE
inhibitor as no significant AChE inhibition was observed
within the solubility limit of acephate. In humans, acephate
also shows weak toxicity, requiring high concentrations to
achieve significant AChE inhibition (Ando and Wakamatsu,
1982).

In contrast, we found that parathion was a potent
planarian AChE inhibitor and caused lethality in adult
and regenerating planarians in the absence of phenotypes
at sublethal concentrations, except for scrunching in adult
planarians. A similar toxicity profile for parathion (lethality
before neurotoxic effects could be detected) has been
observed in neonatal rats when treated subcutaneously
with parathion (Slotkin et al., 2006a).

In summary, this study shows that behavioral HTS in
freshwater planarians is a suitable platform to study OP
neurotoxicity and DNT. Bioactivation of OPs occurs at all
stages of development in planarians (Ireland et al., 2022a) and
our results recapitulate findings from mammalian studies
showing that different OPs cause different toxicity profiles
that cannot be explained by AChE inhibition alone. Adverse
outcomes differ between adult and developing organisms due
to the OPs’ effects on multiple targets. Thus, this work
emphasizes the need for more comparative studies across
developmental stages to better understand how different
OPs-alone life
applications-damage screen

or in combination, as in real

the nervous system. The
presented here is a first step in delineating the different
induced by OP

planarians. The phenotypic clusters that we identified can

neurotoxic outcomes exposure in
be used as a starting point for future mechanistic studies of OP
neurotoxicity in planarians. Using targeted chemical and
genetic (RNAIi) screening to manipulate the proposed

pathways connected to a specific OP or phenotype will
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allow for determination of whether this pathway mitigates
the observed effects. Such an approach has been successfully
used to show that activation of D1 but not D2 dopamine
receptors are involved in planarian screw-like hyperkinesia,
whereas D2 but not D1 receptors are involved in inducing
c-shapes (Venturini et al., 1989). Proteomics and/or RNA-seq
studies would be useful to complement targeted screens to
verify the targets and pathways affected by different OPs in
planarians. The unique strengths of planarian HTS - the
ability to directly compare the toxic outcomes of adult and
developing animals using the same assays and metrics - make
this type of mechanistic analysis particularly powerful, as it
would allow for direct connections to be made between
molecular targets and adverse outcomes across different
developmental stages.
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