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ABSTRACT: Nematodes, including the model Caenorhabditis
elegans, pose many advantages for high-throughput screening
(HTS) of chemical toxicity, such as ease of culture, short life
cycles, low maintenance costs, and a wide array of available strains
and mutants. Several HTS platforms have already been developed
to rapidly assess multiple endpoints, including behavior, growth,
and reproduction of C. elegans. Here, we summarize the available
methodologies for HTS in C. elegans and evaluate their strengths
and limitations for routine chemical screening. We also assess the
relationship between C. elegans HTS data and toxicity information
from other common surrogate species, including fish, invertebrates,
and algae, as well as data from other HTS assays. Notably, image-
based HTS data yielded strong concordance between toxicological
endpoints for C. elegans and established ecotoxicological surrogates
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. Finally, we make recommendations for how to improve existing

platforms and where collaboration and investment are needed to make nematodes an integral part of the battery of alternatives to

reduce vertebrate testing.
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Bl INTRODUCTION

Environmental toxicology is undergoing a major trans-
formation, driven by global efforts to reduce vertebrate animal
testing and improve animal welfare.' At the same time,
advances in molecular and computational toxicology are
expanding our ability to evaluate chemical impacts on humans
and ecosystems. One major area of progress is the use of high-
throughput screening (HTS) to rapidly assess toxicity.
Although emerging cell-based systems and organoids show
promise,2’3 HTS using whole organisms remains critical
because they integrate chemical stressors across developmen-
tal, physiological, and behavioral pathways in ways that isolated
cells cannot.”* In addition, certain toxicological phenomena
(e.g, toxic metabolites) can often only be detected in intact
organisms that have both the metabolically active tissue and
the molecular taréget present.” However, few species are used
for in vivo HTS,”” especially with the intention to be used
within a regulatory chemical risk assessment framework.
Moreover, most current HTS models are aquatic, raising
concerns about missing toxicological impacts on terrestrial
species. Here, we evaluate nematodes as a model system for
HTS in environmental toxicology with a particular focus on
Caenorhabditis elegans.

Nematodes offer multiple advantages for toxicity testing and
environmental risk assessment.” They are relatively easy to
culture in the lab, requiring minimal space and resources, and
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are supported by an extensive research community. Nematodes
can also be cryopreserved and stored indefinitely, facilitating
long-term studies and experimental reproducibility. Many of
the latest advances in molecular biology have been established
in C. elegans, including RNAi,° CRISPR-Cas9 genome
editing,'’ and several published genomes are available for
both C. elegans and other nematodes.'™'® Thousands of wild
strains and mutants exist for testing specific mechanistic
hypotheses related to chemical toxicity and modes of action.'”

The established role of C. elegans as a model for
developmental biology makes it potentially useful for
investigating toxicity mechanisms and effects relevant to
human, animal, and environmental health. Most core
developmental signaling pathways are conserved between C.
elegans and humans,'*~*° and the disruptive effects of
mammalian developmental toxicants on C. elegans are well
established.”' = Moreover, C. elegans neurobiology is excep-
tionally characterized, and both its neurotransmitter systems
and neuronal cell fate specification pathways are largely
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conserved with mammals.”**” These parallels in neurobiology
likely contribute to the high concordance between neuroactive
toxicants in C. elegans and mammals.”® For example, C. elegans
recapitulates key mammalian features of metal-induced neuro-
toxicity, including oxidative stress, dopaminergic neurodegen-
eration, and motor deficits.”” Nematodes, such as C. elegans,
also play vital roles in terrestrial ecosystem functioning,””*
including decomposing plant material,>" and shaping microbial
diversity.”” Far fewer standardized toxicity testing guidelines
exist for terrestrial organisms compared to their aquatic
counterparts.”® Taken together, the molecular and devel-
opmental strengths of C. elegans, along with its ecological
relevance, make it well suited to assess potential human and
ecological impacts of chemicals under a One Health framework
that aims to integrate the health of people, animals, and
ecosystems.‘)’4

Many reviews have already explored the advantages of C.
elegans as a model for basic and applied toxicology, including
its genetic tractability, use in mechanistic studies, alignment
with key toxicological pathways, and use to assess environ-
mental contaminants within a regulatory context.'®**™* These
publications have also catalogued the broad range of
applications and toxicological endpoints available in C. elegans,
from growth and reproduction to neurotoxicity and oxidative
stress, and have outlined its potential for both biomedical and
environmental applications. Rather than reiterating these
general advantages, we focus here on the diverse HTS
platforms developed for C. elegans, which are critical to its
future role in predictive toxicology and risk assessment.

Several HTS platforms have already been optimized for C.
elegans, providing a strong foundation for future testing
frameworks. Microfluidic technologies employ intricate on-
chip control layers and chamber arrays, significantly augment-
ing experimental control and enabling more refined analysis in
genetic and chemical screens.””*" Other HTS systems capture
behavioral phenotypes in multiwell formats, enabling analysis
of neurotoxic or sublethal effects at previously unprecedented
scale.”™** HTS platforms based on large-particle flow-based
(LPFB) systems have been optimized to rapidly quantify the
size of individual nematodes across different developmental
stages, providing a measure of érowth for animals exposed to
environmental toxicants.”**~>* Finally, microscopy-based
imaging platforms have been used to measure growth by
conducting chemical exposures in multiwell plates and then
using analytical software to measure chemical effects at the
individual level.>*~

Despite their promise, the regulatory relevance of nematode
HTS systems for hazard and risk assessment remains poorly
defined. It is especially unclear how C. elegans or other
nematodes could represent, or even predict, chemical effects
observed in other standard in vivo and in vitro surrogate testing
systems. Critically, the concept of using cross-species
comparisons to inform ecological and human risk assessment
is established and broadly accepted within the context of
evolutionary toxicology.ss_6I An important outgrowth of this
field is the adverse outcome pathway (AOP) framework, which
provides a structured way to link molecular initiating events
and key biological processes associated with chemical
susceptibility across taxa.’’ By capturing mechanistic steps
that are often functionally conserved among species, the AOP
framework offers a basis for predicting when toxicant effects in
models such as C. elegans could translate to other organisms.*’
Accordingly, when the key biological events within relevant
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AOQOPs are conserved, species that share these pathways are
expected to show similar patterns of sensitivity across
chemicals. A previous review described the use of the C.
elegans model for predictive toxicology, but at the time, most
available studies tested a small number of compounds.”® One
study included in the review did show comparable rank
ordering of toxicity between C. elegans LPFB data and zebrafish
embryo tests for hundreds of compounds,”” but a systematic
assessment of the suitability of nematodes for representing a
broader range of taxa in the context of chemical assessment has
yet to be performed.

Here, we attempt to fill this critical knowledge gap and
outline a strategic plan to advance nematode-based HTS for
environmental risk assessment. We first compared method-
ologies across the major HTS platforms. We then summarize
available data on toxicity variation among C. elegans strains
within HTS frameworks. Next, we compare C. elegans HTS
data to other ecological and human health surrogates,
including rodents, fish, aquatic invertebrates, and algae. Finally,
we discuss key knowledge gaps and propose future research
directions for expanding and improving nematode HTS
systems. Our aim is to pinpoint the strengths and limitations
of HTS screening in nematodes and identify where further
investment is needed. By systematically comparing C. elegans
HTS data with those of other established in vivo and in vitro
models, we aim to better assess the relevance of nematode
testing within the broader spectrum of toxicological research.
All data and code required to reproduce our analyses are
available in the associated GitHub repository (https://github.
com/Crombie-Lab/nematode-hts-toxicology), and the
harmonized cross-species HTS data are provided in the
Supporting Information.

B COMPARISON OF HTS PLATFORMS

Over the last several decades, four major HTS systems have
emerged to quantify toxicologically relevant phenotypes in C.
elegans and related species. Each platform represents a unique
balance of experimental control, scalability, phenotypic
resolution, and cost (Table 1).

Microfluidic Systems

Microfluidics technology offers multiple advantages for
nematode HTS by facilitating precise environmental control
and efficient nematode handling and enabling experiments that
are challenging or impossible with traditional methods. This
technology leverages fluid flows at the micron scale to create
predictable and controllable conditions such as accurate flow
rates, concentration gradients, and shear rates, with the added
benefit of requiring minimal sample volumes.®***> Microfluidic
devices are primarily fabricated from polydimethylsiloxane
(PDMS), a flexible, optically transparent, and biocompatible
material, using soft lithography techniques, makin$ device
production accessible, rapid, and cost-effective.”’ These
devices have significantly advanced research areas like
behavioral analysis, high-resolution imaging, and optogenetics
by allowing precise manipulation and observation of C. elegans
in diverse experimental s.etups.éé_70

The benefits of microfluidics in C. elegans research include
the ability to measure toxicant effects where high-resolution
microscopy is required.”" This advance is made possible by the
technology’s capability to immobilize animals without
anesthesia, monitor their behavior in response to various
stimuli, and perform detailed imaging at cellular or subcellular
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levels.”>”* The imaging capabilities of microfluidic devices can
be augmented with acoustofluidics, which enable fine rota-
tional control of C. elegans within the device, improving
visualization of internal structures.”* Microfluidic platforms
have also been developed to assess chemical effects on embryo
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Figure 1. Caenorhabditis elegans imaging-based system and workflow to study the quantitative effects of toxicants on larval development.

throughput of behavioral HTS platforms require a significant
amount of computational effort to extract phenotypes from
large numbers of chemicals, including significant data handling
and storage costs.

Large-Particle Flow-Based (LPFB) Systems

The Complex Object Parametric Analyzer and Sorter
FlowPilot (COPAS FP) system is a large-particle flow analysis
platform designed to rapidly measure and sort nematodes
based on length, optical density, and fluorescence.”” This
platform enables researchers to quantify growth patterns and
assess overall health indicators in animals exposed to various
chemicals. Laser-based detection captures individual nematode
characteristics in real time as they pass through a precisely
calibrated flow cell, providing insights into size variation,
optical density shifts, and fluorescence intensity changes. These
parameters together offer a detailed profile of nematode
physiology under the experimental conditions. The system’s
high-throughput capacity allows for the rapid analysis of large
chemical libraries, accelerating data acquisition and improving
statistical power to support robust toxicological conclu-
sions. 214791

In toxicology studies, the COPAS FP system enables
investigations of how chemical exposures affect nematode
health by quantifying growth dynamics, reproductive fitness,
and stress response markers.”* #7927 g versatility
allows adaptation to diverse experimental paradigms, from
assessing environmental pollutants to testing drug candidates
or exploring fundamental biological processes. Notably, several
groups have developed chemical screening workflows that are
useful for toxicological research. For example, one group used
the COPAS FP system to measure developmental delays in
response to a large panel of environmental toxicants tested
across a range of seven or more doses.*””® Using a similar
assay paradigm, massively scaled chemical screening strategies
were used to assess toxicant exposures across genetically
diverse strains.*****>°? More recently, a multigenerational
platform was developed using a nonreplicative food source,
composed of nonliving E. coli bacterial ghosts' to minimize
microbial metabolism and improve assessments of toxicological
endpoints over multiple generations.”> Overall, the COPAS FP
system represents a valuable tool for nematode-based research,
offering efficient, precise, and adaptable methods to evaluate
chemical effects and advance toxicology, drug discovery, and

basic biology.
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Image-Based Systems

Image-based HT'S platforms represent a major advancement in
nematode toxicological research, particularly for studies
involving C. elegans and related nematode species. These
systems measure many of the same chemical response
endpoints as LPFB systems but offer several advantages: they
are cheaper and simpler as they do not require precision fluidic
components used in LPFB systems, the throughput is an order
of magnitude higher than LPFB systems, they provide visual
confirmation of results, and they generate image data sets that
can be reanalyzed to extract additional morphological or
fluorescence-derived phenotypes. However, a primary limi-
tation of image-based systems is that segmenting animals from
images backgrounds and extracting phenotypes is difficult to
automate and prone to error.'’’ To address this difficulty,
several software tools have been developed, including
CellProfiler WormToolbox,''%* WormSizer,"”> WormS-
can,'* QuantWorrn,105 and WorMachine.'®® More recently,
tools that extend and enhance the functionality of these
platforms have emerged, such as wrmXpress'”” and easyX-
press,55 which facilitate more robust and reproducible
downstream analyses.

One image-based system that is particularly well suited for
assessing toxicological endpoints at scale uses an inverted
epifluorescence microscope with an automated stage to acquire
images, which are then processed using CellProfiler and
easyXpress (Figure 1). This platform supports detailed
examination across formats such as multiwell plates and
microscope slides, enabling efficient genetic and chemical
screening. A key advantage of this image-based HTS is its
ability to automatically capture high-resolution data across
large sample sizes with minimal human input, an essential
feature for evaluating both morphological and developmental
endpoints. The platform’s flexibility to incorporate multiple
nematode strains in a single experiment also enables broad
comparative studies, making it ideal to investigate the genetic
underpinnings of chemical responses that vary among
individuals in a population.'®®

The integration of high-throughput imaging, precise
environmental control, and robust data analysis underscores
the system’s potential to transform nematode-based screening.
For example, in a recent study, researchers used this image-
based HTS platform to perform dose—response analyses on 23
toxicants using eight C. elegans strains at high replication.>” By

https://doi.org/10.1021/acs.est.5c12562
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exposing first larval stage animals to toxicants and modeling
strain-specific dose—response curves, they demonstrated that
natural genetic variation plays a key role in determining the
toxicant susceptibility. Leveraging standing natural genetic
variation in C. elegans represents a powerful strategy for high-
throughput risk assessments in translational toxicology.
Overall, the imaging-based HTS platforms offer scale and
flexibility that surpass all other available systems with only
small limitations in data processing and storage.

B TOXICITY VARIATION WITHIN NEMATODES AND
ACROSS OTHER TOXICOLOGY MODELS

Intraspecific Variation among C. elegans Strains and
Related Species

Before comparing C. elegans testing platforms to those of other
commonly tested species, it is essential to highlight the
importance of intraspecific variation within C. elegans.
Widmayer et al. (2022) analyzed dose—response relationships
for 23 environmental toxicants across eight C. elegans strains
representing intraspecific genomic diversity.””> They observed
substantial variation in toxicity estimates among strains,
demonstrating that genetic background is a key driver of
chemical sensitivity within species (Figure 2). Importantly, for
every toxicant tested, at least one wild C. elegans strain showed
significantly different sensitivities compared to the standard N2
laboratory strain. A similar study found chemical class-specific
and strain-dependent variation in anthelmintic drug re-
sponses.”* Further studies have explored strain-specific
responses to metals such as cadmium, nickel, and arsenic,
identifying genetic differences at the gene level as contributors
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to toxicity variation.”” "’ In a separate non-HTS study,

Heaton et al. (2022) found that wild strains were more
sensitive to copper than N2 and noted that N2’s sensitivity
declined over time with standard laboratory culturing.'"
These studies illustrate how intraspecific testing in C. elegans
can reveal the functional genetic variation underlying
mechanistic differences in chemical sensitivity, an essential
consideration for improving the utility of HTS systems for
predictive toxicology.

Beyond C. elegans strains, several studies have demonstrated
significant differences in chemical sensitivity among nematode
species within the Rhabditidae family. For example, Heaton et
al. (2021) and Boyd and Williams (2003) found that C. elegans
exhibited greater metal tolerance than Pristionchus pacificus, a
closely related nematode.''”""? These findings highlight the
value of comparative analyses across nematode species,
especially given that C. elegans, C. briggsae, C. tropicalis,
Oscheius tipulae, and P. pacificus can often be cultured and
tested under similar conditions. However, it is important to
recognize that these species have distinct temperature optima
and physiological requirements.''*~''® Rearing non-C. elegans
species under standardized Caenorhabditis elegans-like con-
ditions can introduce stress, potentially confounding toxico-
logical outcomes. Therefore, careful attention to species-
specific developmental rates, environmental preferences, and
stress responses is essential to ensure valid comparisons and
reliable interpretation of toxicity data across species.

Taken together, these studies highlight the importance of
careful strain and species selection and management in
nematode HTS. Prolonged laboratory culturing can result in
artificial selection or genetic drift, potentially leading to

https://doi.org/10.1021/acs.est.5c12562
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Figure 3. Comparison of C. elegans toxicity data across platforms and taxonomic groups. All comparisons are based on orthogonal regression. In
each plot, the dashed black line represents unity, and the red solid line represents the orthogonal regression. Red points indicate the geometric
mean, and gray lines show the full range of individual observations. (A) C. elegans imaging-based EC,, (x-axis) vs LPFB ACq, (y-axis) (slope =
1.202, y-intercept = —0.076, R* = 0.55, n = 10 chemicals). Red points were included in the regression, and the gray point (carbaryl) was excluded as
an outlier. (B) C. elegans imaging-based EC,, (x-axis) vs 96 h acute fish LCs, (y-axis) (slope = 1.99, y-intercept = —1.82, R* = 0.75, n = 17
chemicals). (C) C. elegans imaging-based EC,, (x-axis) vs 48 h acute invertebrate LCs, for mortality (y-axis) (slope = 2.5, y-intercept = —2.96 R* =
0.82, n = 17 chemicals). (D) C. elegans imaging-based EC,, (x-axis) vs 48 h acute Daphnia magna LCs, for mortality (y-axis) (slope = 2.37, y-
intercept = —2.73, R? = 0.79, n = 16). EC,, values were used for C. elegans because more chemicals had EC,, values for growth compared to ECg,

values, allowing for a larger sample size.

reduced sensitivity or generalized chemical tolerance."" """ To
mitigate this issue, strains should be regularly refreshed from
cryopreserved stocks, a straightforward process in nematodes
that is not possible with most other model species. Addition-
ally, incorporating multiple strains or species, including wild
strains, into routine HTS protocols is essential for capturing
realistic intra- and interspecific variation in chemical sensitivity.

Comparison of C. elegans HTS Platforms

Given the general advantages of the C. elegans model for HTS
of chemicals and the different capabilities of image-based and
LPFB HTS systems, we sought to directly compare
toxicological endpoint values estimated by each system. Both
image-based and LPFB systems primarily report growth
measurements, but we identified only 11 overlapping chemicals
across published data sets.*”>> Within this small sample and
excluding carbaryl as an outlier, growth sensitivity estimates
were generally consistent across platforms (Figure 3a),
suggesting that both systems capture similar toxicity profiles
(R* = 0.55; n = 10). Differences in the HTS platforms could
reduce interplatform consistency. For example, the LPFB
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system infers growth from extinction values rather than direct
size measurements,’’ which could make it more sensitive to
toxicant-induced changes in internal opacity than image-based
systems. However, to evaluate cross-platform performance
more thoroughly, broader chemical testing, spanning diverse
classes and mechanisms of action, are needed. Future research
should focus on systematically expanding chemical overlap and
increasing the diversity of compounds tested to strengthen
platform comparability and confidence in C. elegans-based
HTS. Importantly, the image-based platforms offer practical
advantages over LPFB systems, including reduced cost, simpler
instrumentation, and access to rich morphological and
fluorescence-derived phenotypes. If future studies confirm
that image-based endpoints correlate better with ecological and
human health surrogates, such advantages could drive a
broader shift toward image-based HTS.

Comparing C. elegans HTS Data to Ecological Surrogates

Environmental toxicology studies consistently demonstrate
robust cross-species correlations in chemical sensitivity, even
among distantly related taxa.''® To evaluate the predictive

https://doi.org/10.1021/acs.est.5c12562
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Table 2. Regression Relationships between C. elegans HTS Platforms and Common Ecological or Human Health Surrogates”

species group 1
nematode (EC,,)
nematode (EC,,)
nematode (EC,g)
nematode (EC,,)
nematode (EC,,)
nematode (EC,,)
nematode (ACq)
nematode (ACj,)
nematode (ACq)
nematode (ACs,)
nematode (ACq,)

species group 2
nematode (ACg)
algae (ECgp)
fish (LCq)
invertebrate (ECg)
rat (LDs,)
zebrafish (ACy)
algae (ECgp)
fish (LCs)
invertebrate (ECg,)
rat (LDs,)
zebrafish (ACy,)

OR slope (95% CI)

4.82 (~16.5 to 26.14)
11.58 (—49.99 to 73.14)

1.99 (0.81 to 3.18)
2.5 (1.46 to 3.54)

5.01 (=56.52 to 66.53)

1.14 (=1.71 to 3.98)

2.25 (=5.68 to 10.18)

9 (=3.17 to 21.17)

11.49 (—3.14 to 26.12)

0.06 (—0.07 to 0.19)
0.91 (=02 to 2.01)

fish (LCq) algae (ECyp) 1.08 (0.61 to 1.54)
fish (LCs) invertebrate (ECg,) 1.13 (1.04 to 1.21)
fish (LCsp) rat (LDs,) 0.15 (0.08 to 0.22)
fish (LCq) zebrafish (ACs) 0.87 (0.67 to 1.08)

invertebrate (ECg)

algae (ECgp)

0.65 (—0.09 to 1.4)

invertebrate (ECs,) rat (LDs,) 0.21 (0.14 to 0.28)
invertebrate (ECg) zebrafish (ACy) 0.32 (0.12 to 0.51)
algae (ECy) rat (LDs,) —0.05 (—0.16 to 0.06)

0.33 (—0.07 to 0.73)
7.8 (—12.62 to 28.22)

algae (ECy)
rat (LDs,)

zebrafish (ACy)
zebrafish (ACs,)

a«

OR intercept (95% CI) OR R* slope intercept n
—4.7 (—32.24 to 22.85) 0.495 0.361 0.583 11
—11.38 (—67.95 to 45.19) 0.526 0.187 -0.229 12
—1.82 (—3.25 to —0.39) 0.75 1.091 —-0.922 17
—2.96 (—4.36 to —1.56) 0.815 1.372 —1.834 17
—3.15 (=79.39 to 73.08) 0.292 0.153 2.46 12
—0.67 (—=3.77 to 2.44) 0.249 0.255 0.132 8
—2.67 (1391 to 8.56) 0.294 0.271 0.014 161
—11.38 (—27.97 to 5.2) 0.369 0.127 0.559 504
—15.07 (—35.06 to 4.91) 0.449 0.139 0.182 413
3.05 (2.86 to 3.24) 0.31 0.028 3.094 550
—0.9 (—2.47 to 0.67) 0.167 0.164 0.105 401
—0.13 (=0.5 to 0.23) 0.343 0.351 0.206 153
—0.36 (—0.48 to —0.23) 0.803 0.882 —0.212 384
2.94 (2.84 to 3.04) 0.615 0.115 2.966 385
0.39 (0.29 to 0.48) 0.595 0.545 0.34 253
0.2 (—0.21 to 0.6) 0.174 0.149 0.347 140
2.91 (2.82 to 3.01) 0.699 0.169 2.93 310
0.37 (0.25 to 0.5) 0.419 0.179 0.316 200
3.04 (2.93 to 3.15) 0.64S —0.036 3.036 123
0.25 (0.04 to 0.45) 0.278 0.135 0.267 91
—23.43 (—85.7 to 38.84) 0.278 0.096 —-0.017 241

Nematode (EC,)” values were derived from an image-based platform® measuring larval growth using microscopy and automated image analysis.

“Nematode (ACs,)” values came from a LPFB COPAS system®’ quantifying optical density and extinction as proxies for animal size after chemical
exposure. Aquatic species data, including fish (LCy,), invertebrate (ECs,) for immobility or mortality, and algae (ECs,) for cell counts, were taken
from the EnviroTox database.'' Rat (LDs,) values were obtained from the National Toxicology Program’s Integrated Chemical Environment
(ICE) database.'*' Zebrafish (ACj,) values refer to high-throughput embryo assays from ToxCast Phase I-IL.'** The columns “OR Slope”, “OR
Intercept”, and “OR R*” report orthogonal regression estimates. The “Slope” and “Intercept” columns report ordinary least squares regression

coefficients.

value of nematode HTS platforms within this broader context,
we compared C. elegans HTS data to toxicity data from a
diverse set of aquatic models, including fish, aquatic
invertebrates, and algae, which represent the three major
taxonomic groups commonly used in chemical safety testing
for aquatic risk assessment (Table 2).**

We first examined the LPFB COPAS data set from Boyd et
al,”” which includes ACs, values (the assay concentration at
which 50% of the maximal response is observed) for 959
chemicals from US EPA’s ToxCast Phase I and II libraries. We
compared these values to aquatic toxicity data from the
EnviroTox Database'"’ using orthogonal regression, which
accounts for uncertainty in both data sets."”® Specifically, we
compared LPFB COPAS AC,, data to fish 96 h LCy, data,
aquatic invertebrate 48 h ECy, data for immobility or
mortality, and algal 96 h ECy, data for cell counts. Because
only overlapping chemicals can be analyzed, sample sizes
varied by taxonomic group. We found relatively weak
relationships between C. elegans and aquatic surrogate species,
with R* values of 0.37 for fish (n = 504), 0.45 for aquatic
invertebrates (n = 413), and 0.29 for algae (n = 161). By
contrast, aquatic species exhibited strong intercorrelations with
one another, including an R* of 0.80 between fish and aquatic
invertebrates (n = 384), highlighting greater internal
consistency within aquatic models. The weaker relationships
with C. elegans might reflect limitations in the LPFB COPAS
assay design, such as fixed test concentrations and large spacing
factors, which increase the uncertainty in ACg, estimates.
Additionally, the data set encompassed a broad array of
chemical classes (eg, metals, pesticides, industrial com-
pounds), which could further obscure specific cross-species
trends.
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In contrast, the C. elegans image-based HTS data set from
Widmayer et al. (2022), which reported EC,, values for 23
environmental toxicants, showed stronger alignment with
established ecological surrogates. The relationships were
strongest for fish (R* = 0.75; n = 17; Figure 3B) and aquatic
invertebrates (R* = 0.82; n = 17; Figure 3C). The correlation
with algae was weaker (R* = 0.53; n = 12) but still higher than
the LPFB-to-algae comparison (R* = 0.29; n = 161). At the
species level, C. elegans image-based data aligned most closely
with the aquatic invertebrate model Daphnia magna (water
flea; R* = 0.79; Figure 3D) and with the fish models
Oncorhynchus mykiss (rainbow trout; R* = 0.78) and Pimephales
promelas (fathead minnow; R* = 0.75). Together, these results
suggest that experimental methods and assay design, not the
organism per se, govern cross-taxon concordance, with image-
based data tracking aquatic outcomes more closely than LPFB
outputs.

Preliminary range-finding experiments and increased repli-
cation (2-fold) likely contribute to the improved cross-species
predictivity of image-based HTS data relative to LPFB
data.*”® The range-finding experiments used for the image-
based assays made it possible to define complete dose—
response relationships for chemicals and avoid extrapolation of
endpoints. Moreover, the block design and greater replication
facilitated the removal of outliers and block effects using
regression analysis.”’ Importantly, greater replication is
possible with image-based systems without additional labor
because automated imaging decreases the time required to
process a single plate by an order of magnitude relative to
LPFB systems (~2 min vs ~20 min). LPFB systems are
necessarily slower because they must first aspirate samples
from wells then pass them through a flow cell to measure the

https://doi.org/10.1021/acs.est.5c12562
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well content.”” Moreover, LPFB systems often use fewer
treatments per plate because wash wells are included between
treatments. This approach can reduce the number of usable
wells relative to image-based systems by 20—25%, depending
on the experimental design used.”” Additional equipment such
as the COPAS LP sampler can be used to remove the need for
wash wells, but this increases the cost of the LPFB system and
does not significantly reduce sampling time.””

Comparisons of C. elegans HTS Data to Human Health
Surrogates

Given the concordance with aquatic models, we next asked
how well C. elegans HTS endpoints align with established
human health surrogates. Overall, concordance was lower than
that for the aquatic ecological surrogates (Table 2).
Correlations with rat acute oral toxicity sourced from the
National Toxicology Program’s Integrated Chemical Environ-
ment (ICE) database'”’ were modest (LDsy; R* = 0.29, n =
12), and so was concordance with a zebrafish embryo HTS
lethality/malformation endpoint'** (ACye; R* = 0.25; n = 8).
The LPFB COPAS data set also showed similarly weak
correlations but with much larger chemical overlaps (rats R* =
0.31, n = 550; zebrafish R? = 0.17, n = 401). We also attempted
to align image-based C. elegans results with US EPA ToxCast
HTS assays, but after filtering out assays with poor dose—
response fits or unbounded endpoints,'*’ the chemical overlap
was insufficient for a robust analysis. These findings underscore
a practical barrier: the lack of overlap across data sets. They
also highlight the need for coordinated testing to evaluate the
translational potential of the C. elegans HTS.

Given the sparse overlap among data sets, especially for
promising image-based data, we recommend assembling shared
reference panels of compounds for future C. elegans HTS.
Although defining a definitive list is beyond the scope of this
review, compounds within the panels should meet five criteria:
(1) characterized human and environmental effects, (2) known
physicochemical properties, (3) coverage of the relevant
chemical space (e.g, pesticides, pharmaceuticals, industrial
chemicals), (4) ready commercial availability and HTS
compatibility, and (S) a balanced set of chemicals established
to be toxic and nontoxic in other surrogates, enabling
estimation of true-positive and true-negative prediction rates.
Using shared panels would improve cross-study comparability,
enable method benchmarking against common reference
chemicals, and provide internal assay benchmarks to support
quality control and lab-to-lab standardization. The National
Toxicology Program’s 87-compound developmental neuro-
toxicity panel is an excellent example, although it includes just
five nontoxic control compounds.'”* Researchers applied a
battery of in vivo and alternative animal model assays (zebrafish
and planarian) to characterize neurotoxicity across the
chemical panel."*>'*® Among 28 chemicals with mammalian
toxicity data in the EPA Toxicity Reference Database, 96%
were bioactive in either zebrafish or planarian systems,
supporting the predictivity of these models for mammalian
toxicity and illustrating the broader importance of shared
reference panels.'”” Another example is the OECD-recognized
list of positive and negative compounds for evaluating the
viability of alternative testing systems (e.g., NAMs, in vitro) for
detecting neurotoxicity.

Beyond improving data set overlap, expanding coordinated
C. elegans HTS efforts would also strengthen their use within
the AOP framework. Because AOPs emphasize conserved
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molecular initiating events (MIEs), downstream key events
(KE), and key event relationships (KERs),>129130 systematic
HTS profiling in C. elegans will help identify cases where
nematode responses track human-relevant pathway perturba-
tions, strengthening their use for predicting mammalian
toxicity. For example, a recent RNAi screen using the LPFB
HTS platform identified nucleotide excision repair and TGF-f
signaling as KEs in high-density polyethylene (HDPE)
microplastic toxicity.">' These pathways were subsequently
validated in zebrafish and bioinformatic analysis of the
Comparative Toxicogenomics Database (CTD)"” linked
them to human disease.">’ This example clearly illustrates
how C. elegans HTS efforts can generate mechanistic evidence
with relevance to human risk assessment.

B FINDINGS, ADVANTAGES, AND UNCERTAINTIES

Robust Performance of Image-Based HTS

We found a strong concordance between C. elegans and
established ecotoxicological model responses, particularly in
assays using image-based HTS (Table 2). In many cases,
growth and developmental endpoints in C. elegans track closely
with apical outcomes observed in fish and invertebrate toxicity
tests, supporting its relevance as a predictive model. The
sensitivity and resolution offered by automated microscopy
platforms enable reliable quantification of sublethal effects at
scale, making this approach a strong fit for broad chemical
screening and comparative hazard assessment.

Distinct Sensitivity Patterns in C. elegans

Despite these correlations, C. elegans often shows reduced
sensitivity at lower concentrations compared to aquatic species
such as Daphnia magna (Figure 3B—D). This difference is
somewhat unexpected given the stronger congruence typically
observed across traditional aquatic models."'® We suggest that
these differences are more likely caused by biological
differences than by methodological limitations. Nematodes
are adapted to harsh terrestrial environments and possess
robust external barriers, such as a collagen-rich cuticle
supported by over 150 collagen genes,'” that can reduce
chemical absorption and bioavailability. This observation is
consistent with the hypothesis that C. elegans predominantly
models oral toxicity,”> whereas toxicity in D. magna arises
through both ingestion and absorption."*"'*> Ultimately,
direct measurement of internal chemical concentrations in
nematodes would help clarify the contribution of the uptake to
these patterns.

Unique Contributions of C. elegans to HTS

Compared to other small animal models such as zebrafish and
Daphnia, C. elegans and related nematodes offer distinct
advantages that make them highly attractive for the stand-
ardized HTS of chemicals. Their small size, ease of culture,
genetic tractability, and compatibility with automated plat-
forms enable scalable, full life-cycle testing within as little as 3
days."*® By contrast, zebrafish require approximately 90—120
days to reach reproductive maturity, and D. magna take 21-28
days to complete a full life cycle. Existing OECD Test
Guidelines typically capture only part of this life cycle: 96 h for
zebrafish embryos (TG 236), 48 h for acute Daphnia
immobilization (TG 202), and 21 days for reproduction
endpoints (TG 211). Even compared to new in vitro systems
like the RTgill-W1 cell line assay (TG 249), which assesses
acute cytotoxicity in just 24 h, nematodes uniquely combine

https://doi.org/10.1021/acs.est.5c12562
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whole-organism complexity across life stages with HTS
feasibility, bridging the gap between simple cell-based assays
and vertebrate-focused tests. In a properly equipped laboratory,
range-finding and dose—response assays for multiple devel-
opmental and behavioral endpoints can be completed across
many toxicant-strain combinations in a single week, without
the added cost and time associated with Institutional Animal
Care and Use Committee (IACUC) oversight. These features
position C. elegans as an unparalleled system for next-
generation HTS assay development.

Despite differences in sensitivity, C. elegans also captures a
distinct and complementary spectrum of toxic effects,
particularly when used alongside zebrafish and other models.
For example, although zebrafish embrzos might show limited
sensitivity to certain neurotoxicants,>’ the connectome of C.
elegans is better described and has conserved neurotransmitter
pathways (eg., acetylcholine, dopamine, GABA, glutamate,
serotonin), offering enhanced sensitivity to neuroactive
compounds.’®"* Although current OECD guidance for
developmental neurotoxicity testing is focused on mammalian
in vivo studies (e.g., TG 426) and emerging in vitro assays
coordinated through the Developmental Neurotoxicity (DNT)
In-Vitro Testing Battery initiative,'** whole-organism new
approach methodologies (NAMs) like C. elegans remain
underexplored. Recently, novel experimental approaches are
emerging that leverage the advantages of C. elegans to
thoroughly assess the effects of environmental pollutants on
the developing nervous system at both structural and
functional levels using fluorescent imaging and behavioral
assays."”” Additionally, chemically induced dopaminergic
neurodegeneration has been directly linked to functional
behavioral deficits in C. elegans using highly scalable analyses
involving automated image processing and microfluidic
devices."*” Future work can help determine whether C. elegans
HTS can serve as a gap-filling model for detecting specific
classes of neurotoxicants not reliably captured by current
systems.

Furthermore, C. elegans offers important ecological and
mechanistic diversity to toxicity testing frameworks that are
otherwise dominated by aquatic vertebrates and arthropods.
Nematodes are key members of the terrestrial microfauna, yet
standardized terrestrial invertebrate models remain limited.
Only a few OECD guidelines currently address terrestrial
species, including tests for earthworms (TG 207 and 222),
predatory mites (TG 226), and collembolans (TG 232).
Compared to these larger or less genetically tractable species,
C. elegans offers unique advantages, including reproducible
developmental timing, transparent anatomy, and precision in
quantifying sublethal endpoints such as growth, reproduction,
and behavior. These features, combined with its compatibility
with HTS platforms, position C. elegans as a powerful and
complementary model for filling ecological and functional gaps
in current toxicological test batteries.

Regulatory agencies have long recognized that genetic
differences among individuals can influence toxicant responses
and chemical risk assessment can be improved by identifying
the genetic factors that drive differences in chemical
susceptibility among populations.'*""'** C. elegans and related
nematodes are uniquely suited to discover genetic variants that
influence chemical susceptibility because the Caenorhabditis
Natural Diversity Resource (CaeNDR) provides thousands of
publicly available, genetically diverse, and whole-genome-
sequenced wild strains isolated from around the world."”
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HTS experiments using these defined nematode populations
have already characterized how natural genetic variation shapes
responses to multiple toxicants,*®*¥10%1437145 Although
genetically diverse mammalian populations, such as the
Collaborative Cross'*® and Diversity Outbred'*’ mouse
populations, have also been used for these purposes,"**~"*°
mammalian models are inherently low-throughput and
expensive, making them less suited for large-scale experimen-
tation. Genetically diverse populations of zebrafish have also
enabled researchers to measure and map variation underlying
chemical responses,'>"'>* but the capacity to perform HTS
across all life history stages, the low cost, and the unrivaled
genetic tractability of C. elegans make it particularly well suited
for these studies.

Limitations of Current Platforms

Several limitations of current C. elegans HTS platforms can be
resolved to support broader regulatory uptake or use for
chemical prioritization. For example, most C. elegans HTS
platforms require feeding nematodes throughout the exposure
period, as continuous access to food is essential for normal
development, growth, and reproduction. However, the use of
live bacterial food sources (typically E. coli) can introduce
confounding variables, including endotoxin production'>*">*
and metabolic degradation of test compounds, both of which
could alter exposure profiles and either exaggerate or diminish
toxic effect measurements.'>> Although axenic or chemically
defined media systems have been developed to eliminate these
complications,156 most do not support normal growth of C.
elegans and should not be adopted for regulatory toxicol-

2577159 In contrast, C. elegans Habitation Medium
(CeHM), made of 80% C. elegans Habitation Reagent
(CeHR) and 20% nonfat cows’ milk, does support
developmental rates similar to feeding E. coli on agar plates
and has been used successfully in recent toxicology
studies."®"~'*® Alternatively, chemical- or heatkilled E. coli
might address concerns about bacterial effects on chem-
icals."®*"% More recently, experimental methods to reduce
the influence of live bacterial food sources in toxicology
include the use of nonreplicative bacterial ghosts.>”

Temperature, humidity, sample volumes, and chemical
absorption by culturing materials can all influence the
performance of the HTS platforms reviewed here. For
example, temperature and humidity fluctuations can cause
variable levels of media evaporation across the wells of
microplates used with image-based and LPFB platforms,167
although several approaches, such as controlled incubators,
humidity chambers, and sealing films, can mitigate these
effects.*'*® Another potential limitation is chemical absorp-
tion by the culture materials. For example, PDMS commonly
used in microfluidic devices can absorb some chemicals,
lowering their effective concentrations and altering exper-
imental results."® In these cases, devices made of alternative
materials may be superior.”o’171 Overall, careful consideration
of both media evaporation and material-dependent absorption
is essential to maintain consistent exposure concentrations in
HTS experiments.

C. elegans and related nematodes develop quickly to
adulthood in favorable conditions but can enter a longer-
lived dispersal stage (called dauer) when environments
become unfavorable.'”” Stressors like nutrient limitation or
particular toxicants can induce dauer formation.”> This stage
poses two challenges for toxicant HTS. First, dauer larvae have

https://doi.org/10.1021/acs.est.5c12562
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Table 3. Summary of Research Recommendations for Nematode HTS Development for Environmental Toxicology

HTS recommendations

expand chemical testing across
HTS platforms

use multiple C. elegans strains
and species

renew test strains regularly
from cryopreserved stocks
performance over time.

integrate behavioral endpoints
with growth assays

adopt tailored dose-setting
strategies

minimize microbial
confounding in feeding
regimens

standardize and validate
protocols for regulatory use

build a collaborative path

toward OECD guideline
development

rationale

Broader chemical coverage across diverse modes of action is essential to validate cross-platform consistency, improve comparisons
to vertebrate and invertebrate models, and identify where C. elegans HTS performs well or underperforms.

Toxicity responses vary significantly across wild and lab C. elegans strains and among closely related nematode species. Including >
4 strains and additional species (e.g., C. briggsae, P. pacificus) enhances predictive power and ecological relevance.

Long-term culturing of C. elegans can lead to laboratory adaptation and reduced chemical sensitivity. Routine renewal from
cryopreserved stocks, available for both wild and lab strains, helps preserve genetic integrity and ensures consistent assay

Behavioral HTS platforms may capture subtle neurotoxic effects often missed by growth-based systems. Combining both
approaches increases detection sensitivity and supports a broader range of toxicity mechanisms.

Uniform dosing approaches risk mis-estimating potency. Using preliminary screens or solubility-informed dilution series improves
ECq, estimates and maximizes data quality across compounds.

Live bacterial food sources can metabolize test chemicals or obscure effects. Alternative approaches (e.g., bacterial ghosts, heat-
killed E. coli) reduce these confounders while supporting normal development.

Harmonized protocols across exposure duration, life stage, feeding, and media are critical. Interlab trials and endpoint validation
(growth, behavior, reproduction) will support guideline development.

Advancing C. elegans as a new approach methodology (NAM) will require coordinated efforts to draft a Detailed Review Paper
(DRP), conduct expert consultations, and submit a Draft Guideline Proposal, following OECD processes.

thick cuticles, do not feed, and stop growing,172 which can
interfere with the assessment of growth effects for some
chemicals. Second, the presence of dauers in an experimental
population can increase the expression of stress response genes
in nondauer larvae in the same population,'”>'”* potentially
skewing toxicant responses. Consequently, researchers should
ensure adequate nutrition before and during experimentation,
with the exception of deliberate posthatching larval arrest used
for developmental synchronization.'”

Some C. elegans HTS studies have bypassed traditional
range-finding experiments designed to identify the concen-
tration range over which chemicals elicit maximal biological
responses. Instead, these studies often applied a uniform set of
widely spaced concentrations across all compounds. Although
this approach is highly practical and aligns with strategies used
in other HTS efforts such as EPA’s ToxCast and zebrafish
assays,'>'7® it risks missing important effects or producing
inaccurate potency estimates, especially when toxic responses
fall outside the tested concentration range. To improve
endpoint estimation, more tailored dose-setting strategies are
needed, similar to those used in standardized test guidelines.
Notably, Widmayer et al. (2022) and Shaver et al. (2023)
employed efficiently designed preliminary screens to guide
concentration selection and improve ECj, estimates using an
image-based system.>”* Their approach used one of two
methods per chemical. If pre-existing toxicity data were
available, they applied a 2-fold dilution series centered on
the estimated ECg,. If not, they used a dilution series with a
maximum concentration near the solubility limit. Both
methods tested 12 concentrations with minimal replication,
enabling eflicient screening of many chemicals per microplate.
Experiments were iterated as needed until an appropriate
response range was captured.

Although C. elegans HTS platforms show promising
alignment with ecotoxicological models, their relevance for
human health prediction remains uncertain, in part because of
limited compound overlap across data sets. In our case, only a
small number of chemicals were shared between the image-
based C. elegans data set and mammalian toxicity studies or
ToxCast assays after quality filtering. Consequently, the
observed relationships with rat LDy, values and zebrafish
embryo assays were weak to moderate and not robust enough
to support confident interpretation. For rodents, this
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inconsistency could be partly due to differences in
toxicokinetics, as shown by Wittkowski et al. (2019), who
demonstrated that normalizing to internal concentrations
substantially improved concordance between C. elegans and
rat toxicity rankings,'”’ presenting a means to address this
issue in future research.

Importantly, cross-species concordance is not expected for
all chemicals, particularly when adverse outcomes depend on
MIEs involving targets or pathways that differ across taxa. For
example, neonicotinoids, a class of insecticides that function as
nicotinic acetylcholine receptor (nAChR) agonists, bind more
strongly to insect nAChRs than to those of vertebrates,'”® and
they are known to be orders of magnitude more toxic to insects
than nematodes'”* or vertebrates.'™ A similar principle applies
to pyrethroids, a widely used class of insecticides that produce
adverse outcomes via activation and prolonged opening of
voltage-gated sodium channels (VGSCs).'®" C. elegans does
not have VGSCs'®” and is relatively insensitive to these
chemicals.'"®® Fortunately, the AOP framework helps to
contextualize these exceptions and identify the chemical classes
for which C. elegans can offer predictive mechanistic insights.

B TOWARD FORMALIZED GUIDELINE TESTING

C. elegans and related nematodes have strong potential as a
nonvertebrate: NAM for chemical safety assessment.’*'%
Although HTS-compatible assays are not typically developed
directly into OECD Test Guidelines, they are increasingly
valuable for screening and prioritization in both industrial
product development and regulatory environmental risk
assessment. In this context, nematodes offer a complementary
whole-organism alternative to existing tools, combining
scalability, life cycle speed, and ecological relevance to support
early tier decision making. Standardizing multiwell-based and
HTS-compatible nematode assays would therefore enhance
chemical prioritization pipelines while also laying the ground-
work for possible future regulatory adoption.

Developing a new OECD Test Guideline remains a
multiyear process requiring broad consensus and regulatory
confidence. For NAMs such as C. elegans-based systems,
several steps are essential: (1) establish harmonized protocols
defining critical parameters such as exposure duration, life
stage, feeding regimen, and test media; (2) demonstrate
biological relevance and applicability across diverse chemical
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classes and modes of action; (3) conduct interlaboratory trials
to establish reproducibility and transferability; and (4) validate
core endpoints—such as growth, development, and behav-
ior—as robust, quantifiable, and meaningful for hazard and risk
assessment.

The recent approval of NAM-based methods such as the
RTgillW1 cell line assay (TG 249) illustrates the growing
openness to alternative systems, provided they are supported
by rigorous science and collaboration. Although C. elegans
HTS likely is the most impactful in screening and
prioritization, building consensus and demonstrating reliability
could eventually position nematode assays for formal guideline
consideration, especially in life-cycle and developmental
neurotoxicity testing.

B FUTURE DIRECTIONS

To fully realize the potential of C. elegans in high-throughput
toxicity testing, several key steps are needed (Table 3). As
explained here, C. elegans platforms, especially image-based
systems, offer strong comparative value, practical advantages,
and complementary sensitivity profiles, but they require
broader validation, coordinated efforts, and methodological
expansion.

First, large-scale comparative data sets are critical. A
coordinated effort to test a diverse set of chemicals, ideally
several thousand, across C. elegans larval development assays
and standard vertebrate, invertebrate, and in vitro models
would allow robust cross-species characterization of chemical
responses. These data could help establish C. elegans as a
reliable first tier screening model, identifying concordance,
divergence, and specific chemical classes in which the model
excels or underperforms. For some chemical classes, we expect
C. elegans responses to diverge from those of other species
because of genetic differences.”” In these cases, transgenic
strains expressing human or focal-taxon genes can help
determine how specific gene functions shape responses to
these chemicals. Humanized lines are already being used in
studies of xenobiotic metabolism,'®* neurodegenerative
disease,"*>™"*® and aging.'®

Second, single-strain testing is insufficient for capturing the
diversity of toxicological responses. As demonstrated in the
Caenorhabditis Intervention Testing Program (CITP), out-
comes can vary across strains and species.1 o191 Depending on
the research question, it could be helpful to incorporate a
minimum of four genetically distinct C. elegans strains and,
when possible, additional species (e.g., C. briggsae, C. tropicalis,
and P. pacificus) to span broader evolutionary space, enhancing
both ecological and translational relevance. In this way,
chemicals can be tested across genetically diverse strains
from species that diverged at least 100 million years ago.'”*~"**
Though preparation of multiple strains at scale presents
challenges, recent innovations in filtration and automation can
address these limitations.'”> Such HTS compatible multi-
species assessments might enable community-level response
estimates, similar to microcosm studies.”

Third, although larval development assays are currently the
most scalable and validated C. elegans endpoint, other
phenotypic assays should be further developed. Behavioral
platforms, for example, leverage characterized neurobiology
and can detect subtle effects not captured by morphological
traits.””** A second coordinated testing initiative could
evaluate concordance between C. elegans behavioral and
developmental endpoints, as well as comparisons to vertebrate
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models. With growing advances in imaging and Al-based
behavior analysis,****"”"7>** these data-rich platforms could
add unique value to toxicity prediction.

Finally, regulatory engagement will be essential. Although
the OECD currently recognizes only one potentially higher-
throughput in vivo method—the zebrafish embryo assay (TG
236)—this test still relies on a vertebrate model. A nematode-
based system would provide a truly nonvertebrate, whole-
organism alternative for early tier testing, aligned with 3Rs
principles (Replacement, Reduction, Refinement). Coordi-
nated community efforts to standardize and validate C. elegans
HTS methods could establish their role as a mainstay for
chemical screening and prioritization, with the potential to
inform and eventually contribute to future OECD guideline
development.

B ASSOCIATED CONTENT
@ Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.est.5¢12562.

Description of collection and curation toxicological data
used in analysis (PDF)

Compiled raw toxicological data set across multiple
species, including chemical identifiers, strain informa-
tion, exposure conditions, statistical endpoints, effect
values with units, endpoint definitions, and source
metadata (XLSX)

B AUTHOR INFORMATION
Corresponding Authors

Erik C. Andersen — Department of Biology, Johns Hopkins
University, Baltimore, Maryland 21218, United States;
Email: erik.andersen@gmail.com

Scott Glaberman — Centre for Environmental Research and
Justice, School of Biosciences, University of Birmingham,
Birmingham B1S 2TT, United Kingdom; © orcid.org/
0000-0003-0594-4732; Email: s.glaberman@bham.ac.uk

Authors

Timothy A. Crombie — Department of Biomedical
Engineering and Science, Florida Institute of Technology,
Melbourne, Florida 32901, United States

Tobias Pamminger — Bayer AG, CropScience Division,
Monheim 40789, Germany

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.est.5¢12562

Notes

The authors declare the following competing financial
interest(s): S.G. is sponored by Bayer.

B ACKNOWLEDGMENTS

This review was supported by award 3030132 from Bayer AG
to S.G. and NIEHS RO1 ES029930 to E.C.A. Wild strains from
CaeNDR were funded by NSF Capacity 2224885 to E.C.A.
We thank Kristin Connors for the original orthogonal
regression code that we used as a guide.

https://doi.org/10.1021/acs.est.5c12562
Environ. Sci. Technol. 2026, 60, 1560—1576


https://pubs.acs.org/doi/10.1021/acs.est.5c12562?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.est.5c12562/suppl_file/es5c12562_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.5c12562/suppl_file/es5c12562_si_002.xlsx
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Erik+C.+Andersen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:erik.andersen@gmail.com
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Scott+Glaberman"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-0594-4732
https://orcid.org/0000-0003-0594-4732
mailto:s.glaberman@bham.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Timothy+A.+Crombie"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tobias+Pamminger"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.5c12562?ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.5c12562?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology

Critical Review

pubs.acs.org/est

B REFERENCES

(1) Hoberman, A. M.; Kaplan, B. L. F. Practical Lessons of the 3Rs:
Learning from the Past and Looking toward the Future. Curr. Opin.
Toxicol. 2024, 40, No. 100499.

(2) Huy, C; Yang, S.; Zhang, T.; Ge, Y.; Chen, Z.; Zhang, J.; Py, Y.;
Liang, G. Organoids and Organoids-on-a-Chip as the New Testing
Strategies for Environmental Toxicology-Applications & Advantages.
Environ. Int. 2024, 184, No. 108415.

(3) Zhang, Y.; Liu, K; He, H.; Xiao, H.; Fang, Z.; Chen, X,; Li, H.
Innovative Explorations: Unveiling the Potential of Organoids for
Investigating Environmental Pollutant Exposure. Environ. Sci. Pollut.
Res. Int. 2024, 31 (11), 16256—16273.

(4) MacRae, C. A,; Peterson, R. T. Zebrafish as Tools for Drug
Discovery. Nat. Rev. Drug Discovery 2018, 14 (10), 721-731.

(5) Tanneberger, K.; Kndbel, M.; Busser, F. J. M.; Sinnige, T. L.;
Hermens, J. L. M,; Schirmer, K. Predicting Fish Acute Toxicity Using
a Fish Gill Cell Line-Based Toxicity Assay. Environ. Sci. Technol. 2013,
47 (2), 1110—1119.

(6) Truong, L.; Simonich, M. T.; Tanguay, R. L. Better, Faster,
Cheaper: Getting the Most out of High-Throughput Screening with
Zebrafish. Methods Mol. Biol. 2016, 1473, 89—98.

(7) Kim, J.; Yuk, H.; Choi, B.; Yang, M.; Choi, S.; Lee, K.-J.; Lee, S.;
Heo, T.-Y. New Machine Learning-Based Automatic High-Through-
put Video Tracking System for Assessing Water Toxicity Using
Daphnia Magna Locomotory Responses. Sci. Rep. 2023, 13 (1), 3530.

(8) Hunt, P. R; Olejnik, N.; Sprando, R. L. Toxicity Ranking of
Heavy Metals with Screening Method Using Adult Caenorhabditis
Elegans and Propidium Iodide Replicates Toxicity Ranking in Rat.
Food Chem. Toxicol. 2012, 50 (9), 3280—3290.

(9) Fire, A;; Xu, S.; Montgomery, M. K; Kostas, S. A; Driver, S. E.;
Mello, C. C. Potent and Specific Genetic Interference by Double-
Stranded RNA in Caenorhabditis Elegans. Nature 1998, 391 (6669),
806—811.

(10) Frekjer-Jensen, C. Exciting Prospects for Precise Engineering
of Caenorhabditis Elegans Genomes with CRISPR/Cas9. Genetics
2013, 195 (3), 635—642.

(11) Moya, N. D,; Stevens, L.; Miller, . R.; Sokol, C. E.; Galindo, J.
L.; Bardas, A. D.; Koh, E. S. H,; Rozenich, J; Yeo, C; Xu, M,
Andersen, E. C. Novel and Improved Caenorhabditis Briggsae Gene
Models Generated by Community Curation. BMC Genomics 2023, 24
(1), 486.

(12) Noble, L. M.; Yuen, J.; Stevens, L.; Moya, N.; Persaud, R.;
Moscatelli, M.; Jackson, J. L.; Zhang, G.; Chitrakar, R.; Baugh, L. R;;
Braendle, C.; Andersen, E. C.; Seidel, H. S.; Rockman, M. V. Selfing Is
the Safest Sex for Caenorhabditis Tropicalis. Elife 2021, 10,
No. e62587.

(13) Stevens, L.; Félix, M.-A.; Beltran, T.; Braendle, C.; Caurcel, C.;
Fausett, S.; Fitch, D.; Frézal, L.; Gosse, C.; Kaur, T.; Kiontke, K;
Newton, M. D.; Noble, L. M,; Richaud, A.; Rockman, M. V.; Sudhaus,
W.; Blaxter, M. Comparative Genomics of 10 New Caenorhabditis
Species. Evolution Letters 2019, 3 (2), 217—236.

(14) Stevens, L.; Moya, N. D.; Tanny, R. E.; Gibson, S. B.; Tracey,
A.; Na, H.,; Chitrakar, R.; Dekker, J.; Walhout, A. J. M,; Baugh, L. R;;
Andersen, E. C,; Yeh, S. D. Chromosome-Level Reference Genomes
for Two Strains of Caenorhabditis Briggsae: An Improved Platform
for Comparative Genomics. Genome Biol. Evol. 2022, 14 (4),
No. evac042.

(15) Stevens, L.; Rooke, S; Falzon, L. C; Machuka, E. M,
Momanyi, K; Murungi, M. K; Njoroge, S. M.; Odinga, C. O,
Ogendo, A,; Ogola, J.; Fevre, E. M.; Blaxter, M. The Genome of
Caenorhabditis Bovis. Curr. Biol. 2020, 30 (6), 1023—1031.e4.

(16) Ichikawa, K.; Shoura, M. J.; Artiles, K. L.; Jeong, D. E.; Owa, C.;
Kobayashi, H.; Suzuki, Y.; Kanamori, M.; Toyoshima, Y.; Iino, Y,;
Rougvie, A. E.; Wahba, L.; Fire, A. Z.; Schwarz, E. M.; Morishita, S.
CGCl1, a New Reference Genome for Caenorhabditis Elegans.
Genome Res. 2025, 35, 1902.

(17) Crombie, T. A,; McKeown, R; Moya, N. D.; Evans, K. S;
Widmayer, S. J.; LaGrassa, V.; Roman, N.; Tursunova, O.; Zhang, G.;
Gibson, S. B.; Buchanan, C. M.; Roberto, N. M.; Vieira, R.; Tanny, R.

1571

E.; Andersen, E. C. CaeNDR, the Caenorhabditis Natural Diversity
Resource. Nucleic Acids Res. 2024, 52 (D1), D850—D858.

(18) Leung, M. C. K; Williams, P. L,; Benedetto, A,; Au, C,;
Helmcke, K. J.; Aschner, M.; Meyer, J. N. Caenorhabditis Elegans: An
Emerging Model in Biomedical and Environmental Toxicology.
Toxicol. Sci. 2008, 106 (1), 5—28.

(19) Silverman, G. A.; Luke, C. J.; Bhatia, S. R.; Long, O. S.; Vetica,
A. C; Perlmutter, D. H.; Pak, S. C. Modeling Molecular and Cellular
Aspects of Human Disease Using the Nematode Caenorhabditis
Elegans. Pediatr. Res. 2009, 65 (1), 10—18.

(20) Kolundzic, E.; Ofenbauer, A.; Bulut, S. L; Uyar, B.; Baytek, G.;
Sommermeier, A.; Seelk, S.; He, M.; Hirsekorn, A.; Vucicevic, D.;
Akalin, A.; Diecke, S.; Lacadie, S. A.; Tursun, B. FACT Sets a Barrier
for Cell Fate Reprogramming in Caenorhabditis Elegans and Human
Cells. Dev. Cell 2018, 46 (5), 611—626.e12.

(21) Boyd, W. A,; McBride, S. J; Rice, J. R; Snyder, D. W.;
Freedman, J. H. A High-Throughput Method for Assessing Chemical
Toxicity Using a Caenorhabditis Elegans Reproduction Assay. Toxicol.
Appl. Pharmacol. 2010, 245 (2), 153—159.

(22) Behl, M;; Rice, J. R; Smith, M. V;; Co, C. A; Bridge, M. F,;
Hsieh, J. H; Freedman, J. H,; Boyd, W. A. Editor’s Highlight:
Comparative Toxicity of Organophosphate Flame Retardants and
Polybrominated Diphenyl Ethers to Caenorhabditiselegans. Toxico-
logical 2016, 154, 241—-252.

(23) Racz, P. I; Wildwater, M.; Rooseboom, M.; Kerkhof, E.;
Pieters, R,; Yebra-Pimentel, E. S; Dirks, R. P.; Spaink, H. P;
Smulders, C.; Whale, G. F. Application of Caenorhabditis Elegans
(nematode) and Danio Rerio Embryo (zebrafish) as Model Systems
to Screen for Developmental and Reproductive Toxicity of Piperazine
Compounds. Towxicol. In Vitro 2017, 44, 11—16.

(24) Hunt, P. R.; Olejnik, N.; Bailey, K. D.; Vaught, C. A.; Sprando,
R. L. C. Elegans Development and Activity Test Detects Mammalian
Developmental Neurotoxins. Food Chem. Toxicol. 2018, 121, 583—
592.

(25) Hunt, P. R;; Ferguson, M.; Olejnik, N.; Yourick, J.; Sprando, R.
L. Developmental Exposures to Three Mammalian Teratogens
Produce Dysmorphic Phenotypes in Adult Caenorhabditis Elegans.
Toxics 2025, 13 (7), 589.

(26) Hobert, O. Neurogenesis in the Nematode Caenorhabditis
Elegans. WormBook 2010, 1—24.

(27) Avila, D.; Helmcke, K; Aschner, M. The Caenorhabiditis
Elegans Model as a Reliable Tool in Neurotoxicology. Hum. Exp.
Toxicol. 2012, 31 (3), 236—243.

(28) Masjosthusmann, S.; Barenys, M.; El-Gamal, M.; Geerts, L.;
Gerosa, L,; Gorreja, A,; Kiihne, B.; Marchetti, N.; Tigges, J.; Viviani,
B.; Witters, H.; Fritsche, E. Literature Review and Appraisal on
Alternative Neurotoxicity Testing Methods. EFSA Support. Publ.
2018, 15 (4), 1410E.

(29) Bardgett, R. D.; van der Putten, W. H. Belowground
Biodiversity and Ecosystem Functioning. Nature 2014, SIS (7528),
505—-S511.

(30) Wilschut, R. A,; Geisen, S. Nematodes as Drivers of Plant
Performance in Natural Systems. Trends Plant Sci. 2021, 26 (3), 237—
247.

(31) Frézal, L,; Félix, M. A. C. Elegans Outside the Petri Dish. Elife
2015, 4, No. e05849.

(32) Schulenburg, H.; Félix, M.-A. The Natural Biotic Environment
of Caenorhabditis Elegans. Genetics 2017, 206 (1), S5—86.

(33) OECD Guidelines for the Testing of Chemicals, Section 2. OECD
https://www.oecd.org/en/publications/oecd-guidelines-for-the-
testing-of-chemicals-section-2_20745761.html.

(34) Brack, W.; Barcelo Culleres, D.; Boxall, A. B. A.; Budzinski, H.;
Castiglioni, S.; Covaci, A.; Dulio, V.; Escher, B. I; Fantke, P.; Kandie,
F.; Fatta-Kassinos, D.; Herndndez, F. J.; Hilscherové, K.; Hollender, J.;
Hollert, H.; Jahnke, A.; Kasprzyk-Hordern, B.; Khan, S. J;
Kortenkamp, A.; Kiimmerer, K.; Lalonde, B.; Lamoree, M. H.; Levi,
Y.; Lara Martin, P. A.;; Montagner, C. C.; Mougin, C.; Msagati, T;
Oehlmann, J.; Posthuma, L.; Reid, M.; Reinhard, M.; Richardson, S.
D.; Rostkowski, P.; Schymanski, E.; Schneider, F.; Slobodnik, J.;

https://doi.org/10.1021/acs.est.5c12562
Environ. Sci. Technol. 2026, 60, 1560—1576


https://doi.org/10.1016/j.cotox.2024.100499
https://doi.org/10.1016/j.cotox.2024.100499
https://doi.org/10.1016/j.envint.2024.108415
https://doi.org/10.1016/j.envint.2024.108415
https://doi.org/10.1007/s11356-024-32256-7
https://doi.org/10.1007/s11356-024-32256-7
https://doi.org/10.1038/nrd4627
https://doi.org/10.1038/nrd4627
https://doi.org/10.1021/es303505z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es303505z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/978-1-4939-6346-1_10
https://doi.org/10.1007/978-1-4939-6346-1_10
https://doi.org/10.1007/978-1-4939-6346-1_10
https://doi.org/10.1038/s41598-023-27554-y
https://doi.org/10.1038/s41598-023-27554-y
https://doi.org/10.1038/s41598-023-27554-y
https://doi.org/10.1016/j.fct.2012.06.051
https://doi.org/10.1016/j.fct.2012.06.051
https://doi.org/10.1016/j.fct.2012.06.051
https://doi.org/10.1038/35888
https://doi.org/10.1038/35888
https://doi.org/10.1534/genetics.113.156521
https://doi.org/10.1534/genetics.113.156521
https://doi.org/10.1186/s12864-023-09582-0
https://doi.org/10.1186/s12864-023-09582-0
https://doi.org/10.7554/eLife.62587
https://doi.org/10.7554/eLife.62587
https://doi.org/10.1002/evl3.110
https://doi.org/10.1002/evl3.110
https://doi.org/10.1093/gbe/evac042
https://doi.org/10.1093/gbe/evac042
https://doi.org/10.1093/gbe/evac042
https://doi.org/10.1016/j.cub.2020.01.074
https://doi.org/10.1016/j.cub.2020.01.074
https://doi.org/10.1101/gr.280274.124
https://doi.org/10.1093/nar/gkad887
https://doi.org/10.1093/nar/gkad887
https://doi.org/10.1093/toxsci/kfn121
https://doi.org/10.1093/toxsci/kfn121
https://doi.org/10.1203/PDR.0b013e31819009b0
https://doi.org/10.1203/PDR.0b013e31819009b0
https://doi.org/10.1203/PDR.0b013e31819009b0
https://doi.org/10.1016/j.devcel.2018.07.006
https://doi.org/10.1016/j.devcel.2018.07.006
https://doi.org/10.1016/j.devcel.2018.07.006
https://doi.org/10.1016/j.taap.2010.02.014
https://doi.org/10.1016/j.taap.2010.02.014
https://doi.org/10.1093/toxsci/kfw162
https://doi.org/10.1093/toxsci/kfw162
https://doi.org/10.1093/toxsci/kfw162
https://doi.org/10.1016/j.tiv.2017.06.002
https://doi.org/10.1016/j.tiv.2017.06.002
https://doi.org/10.1016/j.tiv.2017.06.002
https://doi.org/10.1016/j.tiv.2017.06.002
https://doi.org/10.1016/j.fct.2018.09.061
https://doi.org/10.1016/j.fct.2018.09.061
https://doi.org/10.3390/toxics13070589
https://doi.org/10.3390/toxics13070589
https://doi.org/10.1895/wormbook.1.12.2
https://doi.org/10.1895/wormbook.1.12.2
https://doi.org/10.1177/0960327110392084
https://doi.org/10.1177/0960327110392084
https://doi.org/10.2903/sp.efsa.2018.EN-1410
https://doi.org/10.2903/sp.efsa.2018.EN-1410
https://doi.org/10.1038/nature13855
https://doi.org/10.1038/nature13855
https://doi.org/10.1016/j.tplants.2020.10.006
https://doi.org/10.1016/j.tplants.2020.10.006
https://doi.org/10.7554/eLife.05849
https://doi.org/10.1534/genetics.116.195511
https://doi.org/10.1534/genetics.116.195511
https://www.oecd.org/en/publications/oecd-guidelines-for-the-testing-of-chemicals-section-2_20745761.html
https://www.oecd.org/en/publications/oecd-guidelines-for-the-testing-of-chemicals-section-2_20745761.html
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.5c12562?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology

Critical Review

pubs.acs.org/est

Shibata, Y.; Snyder, S. A.; Fabriz Sodré¢, F.; Teodorovic, I.; Thomas, K.
V.; Umbuzeiro, G. A.; Viet, P. H,; Yew-Hoong, K. G.; Zhang, X,;
Zuccato, E. One Planet: One Health. A Call to Support the Initiative
on a Global Science-Policy Body on Chemicals and Waste. Environ.
Sci. Eur. 2022, 34 (1), 21.

(35) Boyd, W. A; Smith, M. V.; Freedman, J. H. Caenorhabditis
Elegans as a Model in Developmental Toxicology. Methods Mol. Biol.
2012, 889, 15—24.

(36) Héss, S.; Ahlf, W,; Bergtold, M.; Bluebaum-Gronau, E.; Brinke,
M,; Donnevert, G.; Menzel, R,; Mohlenkamp, C.; Ratte, H. T;
Traunspurger, W.; Danwitz, B. v,; Pluta, H. J. Interlaboratory
Comparison of a Standardized Toxicity Test Using the Nematode
Caenorhabditis Elegans (ISO 10872). Environ. Toxicol. Chem. 2012,
31 (7), 1525—1535.

(37) Tejeda-Benitez, L.; Olivero-Verbel, J. Caenorhabditis Elegans, a
Biological Model for Research in Toxicology. Rev. Environ. Contam.
Toxicol. 2016, 237, 1-35.

(38) Hunt, P. R;; Camacho, J. A; Sprando, R. L. Caenorhabditis
Elegans for Predictive Toxicology. Curr. Opin. Toxicol. 2020, 23—24,
23-28.

(39) Long, N. P.; Kang, J. S.; Kim, H. M. Caenorhabditis Elegans: A
Model Organism in the Toxicity Assessment of Environmental
Pollutants. Environ. Sci. Pollut. Res. Int. 2023, 30 (14), 39273—39287.

(40) Cornaglia, M.; Lehnert, T.; Gijs, M. A. M. Microfluidic Systems
for High-Throughput and High-Content Screening Using the
Nematode Caenorhabditis Elegans. Lab Chip 2017, 17 (22), 3736—
3759.

(41) Midkiff, D.; San-Miguel, A. Microfluidic Technologies for High
Throughput Screening Through Sorting and On-Chip Culture of C.
Elegans. Molecules 2019, 24 (23), 4292.

(42) Javer, A; Currie, M.; Lee, C. W.,; Hokanson, J; Li, K;
Martineau, C. N.; Yemini, E.; Grundy, L. J.; Li, C.; Ch’ng, Q.; Schafer,
W. R,; Nollen, E. A. A;; Kerr, R; Brown, A. E. X. An Open-Source
Platform for Analyzing and Sharing Worm-Behavior Data. Nat.
Methods 2018, 15 (9), 645—646.

(43) Javer, A; Ripoll-Sénchez, L.; Brown, A. E. X. Powerful and
Interpretable Behavioural Features for Quantitative Phenotyping of
Caenorhabditis Elegans. Philos. Trans. R. Soc. London B Biol. Sci. 2018,
373 (1758), No. 20170378.

(44) Barlow, I L.; Feriani, L.; Minga, E.; McDermott-Rouse, A;
O’Brien, T. J.; Liu, Z.; Hofbauer, M.; Stowers, J. R.; Andersen, E. C,;
Ding, S. S.; Brown, A. E. X. Megapixel Camera Arrays Enable High-
Resolution Animal Tracking in Multiwell Plates. Commun. Biol. 2022,
5 (1), 253.

(4S) Pulak, R. Techniques for Analysis, Sorting, and Dispensing of
C. Elegans on the COPAS Flow-Sorting System. Methods Mol. Biol.
2006, 351, 275—286.

(46) Andersen, E. C.; Shimko, T. C.; Crissman, J. R;; Ghosh, R.;
Bloom, J. S.; Seidel, H. S.; Gerke, J. P.; Kruglyak, L. A Powerful New
Quantitative Genetics Platform, Combining Caenorhabditis Elegans
High-Throughput Fitness Assays with a Large Collection of
Recombinant Strains. G3:Genes, Genomes, Genet. 2015, § (5), 911—
920.

(47) Boyd, W. A; Smith, M. V.; Co, C. A,; Pirone, J. R;; Rice, J. R;
Shockley, K. R;; Freedman, J. H. Developmental Effects of the
ToxCast™ Phase I and Phase II Chemicals in Caenorhabditis Elegans
and Corresponding Responses in Zebrafish, Rats, and Rabbits.
Environ. Health Perspect. 2016, 124 (S), 586—593.

(48) Evans, K. S;; Brady, S. C.; Bloom, J. S.; Tanny, R. E.; Cook, D.
E.; Giuliani, S. E.; Hippleheuser, S. W.; Zamanian, M.; Andersen, E.
C. Shared Genomic Regions Underlie Natural Variation in Diverse
Toxin Responses. Genetics 2018, 210 (4), 1509—152S.

(49) Zdraljevic, S.; Fox, B. W,; Strand, C.; Panda, O.; Tenjo, F. J;
Brady, S. C; Crombie, T. A; Doench, J. G.; Schroeder, F. C;
Andersen, E. C. Natural Variation in C. Elegans Arsenic Toxicity Is
Explained by Differences in Branched Chain Amino Acid Metabolism.
Elife 2019, 8, No. e40260.

(50) Shin, N.; Cuenca, L.; Karthikraj, R.;; Kannan, K.; Colaidcovo,
M. P. Assessing Effects of Germline Exposure to Environmental

1572

Toxicants by High-Throughput Screening in C. Elegans. PLoS Genet.
2019, 15 (2), No. e1007975.

(51) Camacho, J. A; Welch, B; Sprando, R. L; Hunt, P. R.
Reproductive-Toxicity-Related Endpoints in C. Elegans Are Con-
sistent with Reduced Concern for Dimethylarsinic Acid Exposure
Relative to Inorganic Arsenic. J. Dev Biol. 2023, 11 (2), 18.

(52) Dranchak, P. K; Oliphant, E.; Queme, B.; Lamy, L.; Wang, Y.;
Huang, R; Xia, M.; Tao, D.; Inglese, J. In Vivo Quantitative High-
Throughput Screening for Drug Discovery and Comparative
Toxicology. Dis. Model. Mech. 2023, 16 (3), No. dmm049863.

(53) Widmayer, S. J.; Crombie, T. A.; Nyaanga, J. N.; Evans, K. S,;
Andersen, E. C. C. Elegans Toxicant Responses Vary among
Genetically Diverse Individuals. Toxicology 2022, 479, No. 153292.

(54) Shaver, A. O.; Wit, J; Dilks, C. M.; Crombie, T. A.; Li, H.;
Aroian, R. V,; Andersen, E. C. Variation in Anthelmintic Responses
Are Driven by Genetic Differences among Diverse C. Elegans Wild
Strains. PLoS Pathog. 2023, 19 (4), No. e101128S.

(55) Nyaanga, J.; Crombie, T. A.; Widmayer, S. J.; Andersen, E. C.
easyXpress: An R Package to Analyze and Visualize High-Throughput
C. Elegans Microscopy Data Generated Using CellProfiler. PLoS One
2021, 16 (8), No. e0252000.

(56) Leung, M. C. K,; Procter, A. C; Goldstone, J. V.; Foox, J;
DeSalle, R.; Mattingly, C. J; Siddall, M. E; Timme-Laragy, A. R.
Applying Evolutionary Genetics to Developmental Toxicology and
Risk Assessment. Reprod. Toxicol. 2017, 69, 174—186.

(57) Brady, S. P.; Monosson, E; Matson, C. W.; Bickham, J. W.
Evolutionary Toxicology: Toward a Unified Understanding of Life’s
Response to Toxic Chemicals. Evol. Appl. 2017, 10 (8), 745—751.

(58) Hahn, M. E. Evolutionary Concepts Can Benefit Both
Fundamental Research and Applied Research in Toxicology (A
Comment on Brady et Al. 2017). Evol. Appl. 2019, 12 (2), 350—352.

(59) LaLone, C. A; Basu, N.; Browne, P.; Edwards, S. W.; Embry,
M.,; Sewell, F.; Hodges, G. International Consortium to Advance
Cross-Species Extrapolation of the Effects of Chemicals in Regulatory
Toxicology. Environ. Toxicol. Chem. 2021, 40 (12), 3226—3233.

(60) Colbourne, J. K.; Shaw, J. R; Sostare, E.; Rivetti, C.; Derelle,
R; Barnett, R; Campos, B.; LaLone, C.; Viant, M. R;; Hodges, G.
Toxicity by Descent: A Comparative Approach for Chemical Hazard
Assessment. Environ. Adv. 2022, 9, No. 100287.

(61) Foreman, A. L.; Warth, B.; Hessel, E. V. S.; Price, E. J.;
Schymanski, E. L.; Cantelli, G.; Parkinson, H.; Hecht, H.; Kldnovs, J.;
Vlaanderen, J.; Hilscherova, K,; Vrijheid, M.; Vineis, P.; Araujo, R;;
Barouki, R.; Vermeulen, R.; Lanone, S.; Brunak, S.; Sebert, S;
Karjalainen, T. Adopting Mechanistic Molecular Biology Approaches
in Exposome Research for Causal Understanding. Environ. Sci.
Technol. 2024, S8 (17), 7256—7269.

(62) Ankley, G. T.; Bennett, R. S.; Erickson, R. J; Hoff, D. J;
Hornung, M. W.; Johnson, R. D.; Mount, D. R,; Nichols, J. W,;
Russom, C. L.; Schmieder, P. K; Serrrano, J. A,; Tietge, J. E;
Villeneuve, D. L. Adverse Outcome Pathways: A Conceptual
Framework to Support Ecotoxicology Research and Risk Assessment.
Environ. Toxicol. Chem. 2009, 29 (3), 730—741.

(63) Hunt, P. R. The C. Elegans Model in Toxicity Testing. J. Appl.
Toxicol. 2017, 37 (1), 50—59.

(64) Gimondi, S.; Ferreira, H.; Reis, R. L.; Neves, N. M. Microfluidic
Devices: A Tool for Nanoparticle Synthesis and Performance
Evaluation. ACS Nano 2023, 17 (15), 14205—14228.

(65) Chuang, H.-S.; Wang, W.-H.; Chen, C.-S. Worms on a Chip. In
Bioanalysis; Springer Nature Singapore: Singapore, 2024; pp 185—
231.

(66) Stirman, J. N.; Brauner, M.; Gottschalk, A,; Lu, H. High-
Throughput Study of Synaptic Transmission at the Neuromuscular
Junction Enabled by Optogenetics and Microfluidics. J. Neurosci.
Methods 2010, 191 (1), 90—93.

(67) Albrecht, D. R; Bargmann, C. I. High-Content Behavioral
Analysis of Caenorhabditis Elegans in Precise Spatiotemporal
Chemical Environments. Nat. Methods 2011, 8 (7), 599—605.

https://doi.org/10.1021/acs.est.5c12562
Environ. Sci. Technol. 2026, 60, 1560—1576


https://doi.org/10.1186/s12302-022-00602-6
https://doi.org/10.1186/s12302-022-00602-6
https://doi.org/10.1007/978-1-61779-867-2_3
https://doi.org/10.1007/978-1-61779-867-2_3
https://doi.org/10.1002/etc.1843
https://doi.org/10.1002/etc.1843
https://doi.org/10.1002/etc.1843
https://doi.org/10.1007/978-3-319-23573-8_1
https://doi.org/10.1007/978-3-319-23573-8_1
https://doi.org/10.1016/j.cotox.2020.02.004
https://doi.org/10.1016/j.cotox.2020.02.004
https://doi.org/10.1007/s11356-023-25675-5
https://doi.org/10.1007/s11356-023-25675-5
https://doi.org/10.1007/s11356-023-25675-5
https://doi.org/10.1039/C7LC00509A
https://doi.org/10.1039/C7LC00509A
https://doi.org/10.1039/C7LC00509A
https://doi.org/10.3390/molecules24234292
https://doi.org/10.3390/molecules24234292
https://doi.org/10.3390/molecules24234292
https://doi.org/10.1038/s41592-018-0112-1
https://doi.org/10.1038/s41592-018-0112-1
https://doi.org/10.1098/rstb.2017.0375
https://doi.org/10.1098/rstb.2017.0375
https://doi.org/10.1098/rstb.2017.0375
https://doi.org/10.1038/s42003-022-03206-1
https://doi.org/10.1038/s42003-022-03206-1
https://doi.org/10.1385/1-59745-151-7:275
https://doi.org/10.1385/1-59745-151-7:275
https://doi.org/10.1534/g3.115.017178
https://doi.org/10.1534/g3.115.017178
https://doi.org/10.1534/g3.115.017178
https://doi.org/10.1534/g3.115.017178
https://doi.org/10.1289/ehp.1409645
https://doi.org/10.1289/ehp.1409645
https://doi.org/10.1289/ehp.1409645
https://doi.org/10.1534/genetics.118.301311
https://doi.org/10.1534/genetics.118.301311
https://doi.org/10.7554/eLife.40260
https://doi.org/10.7554/eLife.40260
https://doi.org/10.1371/journal.pgen.1007975
https://doi.org/10.1371/journal.pgen.1007975
https://doi.org/10.3390/jdb11020018
https://doi.org/10.3390/jdb11020018
https://doi.org/10.3390/jdb11020018
https://doi.org/10.1242/dmm.049863
https://doi.org/10.1242/dmm.049863
https://doi.org/10.1242/dmm.049863
https://doi.org/10.1016/j.tox.2022.153292
https://doi.org/10.1016/j.tox.2022.153292
https://doi.org/10.1371/journal.ppat.1011285
https://doi.org/10.1371/journal.ppat.1011285
https://doi.org/10.1371/journal.ppat.1011285
https://doi.org/10.1371/journal.pone.0252000
https://doi.org/10.1371/journal.pone.0252000
https://doi.org/10.1016/j.reprotox.2017.03.003
https://doi.org/10.1016/j.reprotox.2017.03.003
https://doi.org/10.1111/eva.12519
https://doi.org/10.1111/eva.12519
https://doi.org/10.1111/eva.12695
https://doi.org/10.1111/eva.12695
https://doi.org/10.1111/eva.12695
https://doi.org/10.1002/etc.5214
https://doi.org/10.1002/etc.5214
https://doi.org/10.1002/etc.5214
https://doi.org/10.1016/j.envadv.2022.100287
https://doi.org/10.1016/j.envadv.2022.100287
https://doi.org/10.1021/acs.est.3c07961?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.3c07961?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/etc.34
https://doi.org/10.1002/etc.34
https://doi.org/10.1002/jat.3357
https://doi.org/10.1021/acsnano.3c01117?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.3c01117?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.3c01117?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/978-981-97-6540-9_6
https://doi.org/10.1016/j.jneumeth.2010.05.019
https://doi.org/10.1016/j.jneumeth.2010.05.019
https://doi.org/10.1016/j.jneumeth.2010.05.019
https://doi.org/10.1038/nmeth.1630
https://doi.org/10.1038/nmeth.1630
https://doi.org/10.1038/nmeth.1630
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.5c12562?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology

Critical Review

pubs.acs.org/est

(68) Chung, K; Crane, M. M.; Lu, H. Automated on-Chip Rapid
Microscopy, Phenotyping and Sorting of C. Elegans. Nat. Methods
2008, S (7), 637—643.

(69) McClanahan, P.; Xu, J. H.; Fang-Yen, C. Comparing
Caenorhabditis Elegans Gentle and Harsh Touch Response Behavior
Using a Multiplexed Hydraulic Microfluidic Device. Integr. Biol.
(Camb.) 2017, 9 (10), 800—809.

(70) Hwang, H.; Barnes, D. E.; Matsunaga, Y.; Benian, G. M.; Ono,
S; Lu, H. Muscle Contraction Phenotypic Analysis Enabled by
Optogenetics Reveals Functional Relationships of Sarcomere
Components in Caenorhabditis Elegans. Sci. Rep. 2016, 6 (1), 19900.

(71) Hulme, S. E.; Shevkoplyas, S. S.; Apfeld, J.; Fontana, W,;
Whitesides, G. M. A Microfabricated Array of Clamps for
Immobilizing and Imaging C. Elegans. Lab Chip 2007, 7 (11),
1515—1523.

(72) Ben-Yakar, A. High-Content and High-Throughput in Vivo
Drug Screening Platforms Using Microfluidics. Assay Drug Dev.
Technol. 2019, 17 (1), 8—13.

(73) DuPlissis, A.; Medewar, A; Hegarty, E; Laing, A; Shen, A;
Gomez, S; Mondal, S; Ben-Yakar, A. Machine Learning-Based
Analysis of Microfluidic Device Immobilized C. Elegans for
Automated Developmental Toxicity Testing. Sci. Rep. 2025, 15 (1),
1S.

(74) Zhang, J.; Yang, S.; Chen, C.; Hartman, J. H,; Huang, P.-H,;
Wang, L.; Tian, Z.; Zhang, P.; Faulkenberry, D.; Meyer, J. N.; Huang,
T. J. Surface Acoustic Waves Enable Rotational Manipulation of
Caenorhabditis Elegans. Lab Chip 2019, 19 (6), 984—992.

(75) Baris Atakan, H.; Alkanat, T.; Cornaglia, M.; Trouillon, R.; Gijs,
M. A. M. Automated Phenotyping of Caenorhabditis Elegans
Embryos with a High-Throughput-Screening Microfluidic Platform.
Microsyst. Nanoeng. 2020, 6 (1), 24.

(76) Zhang, B.; Li, Y.; He, Q.; Qin, J.; Yu, Y,; Li, X;; Zhang, L.; Yao,
M,; Liy, J.; Chen, Z. Microfluidic Platform Integrated with Worm-
Counting Setup for Assessing Manganese Toxicity. Biomicrofluidics
2014, 8 (S), No. 054110.

(77) Kim, J. H; Lee, S. H; Cha, Y. J.; Hong, S. J.; Chung, S. K;
Park, T. H.; Choi, S. S. C. Elegans-on-a-Chip for in Situ and in Vivo
Ag Nanoparticles’ Uptake and Toxicity Assay. Sci. Rep. 2017, 7 (1),
40228.

(78) Mondal, S.; Hegarty, E.; Martin, C.; Gékge, S. K.; Ghorashian,
N.; Ben-Yakar, A. Large-Scale Microfluidics Providing High-
Resolution and High-Throughput Screening of Caenorhabditis
Elegans Poly-Glutamine Aggregation Model. Nat. Commun. 2016, 7,
13023.

(79) Levine, E.; Lee, K. S. Microfluidic Approaches for
Caenorhabditis Elegans Research. Animal Cells Syst. (Seoul) 2020,
24 (6), 311-320.

(80) Croll, N. A. Components and Patterns in the Behaviour of the
Nematode Caenorhabditis Elegans. J. Zool. 1975, 176 (2), 159—176.

(81) Dusenbery, D. B. Using a Microcomputer and Video Camera to
Simultaneously Track 25 Animals. Comput. Biol. Med. 198S, 15 (4),
169—-175.

(82) Soil, D. R. The Use of Computers in Understanding How
Animal Cells Crawl. In International Review of Cytology; Jeon, K. W.,
Jarvik, J., Eds.; Academic Press, 1995; Vol. 163, pp 43—104.

(83) Pierce-Shimomura, J. T.; Morse, T. M.; Lockery, S. R. The
Fundamental Role of Pirouettes in Caenorhabditis Elegans Chemo-
taxis. J. Neurosci. 1999, 19 (21), 9557—9569.

(84) Feng, Z,; Cronin, C. J; Wittig, ]J. H., Jr; Sternberg, P. W,;
Schafer, W. R. An Imaging System for Standardized Quantitative
Analysis of C. Elegans Behavior. BMC Bioinformatics 2004, 5, 115.

(85) Cronin, C. J.; Mendel, J. E.; Mukhtar, S.; Kim, Y.-M.; Stirbl, R.
C.; Bruck, J.; Sternberg, P. W. An Automated System for Measuring
Parameters of Nematode Sinusoidal Movement. BMC Genet. 2008, 6,
S.
(86) Swierczek, N. A.; Giles, A. C.; Rankin, C. H.; Kerr, R. A. High-
Throughput Behavioral Analysis in C. Elegans. Nat. Methods 2011, 8
(7), 592—598.

1573

(87) Husson, S. J.; Costa, W. S.; Schmitt, C.; Gottschalk, A.Keeping
Track of Worm Trackers; WormBook, 2018

(88) Weheliye, W. H.; Rodriguez, J.; Feriani, L.; Javer, A.; Uhlmann,
V.; Brown, A. An Improved Neural Network Model Enables Worm
Tracking in Challenging Conditions and Increases Signal-to-Noise
Ratio in Phenotypic Screens. bioRxiv 2024.

(89) Robinson, P. D. Behavioural Toxicity of Organic Chemical
Contaminants in Fish: Application to Ecological Risk Assessments
(ERAs). Can. J. Fish. Aquat. Sci. 2009, 66 (7), 1179—1188.

(90) Ruszkiewicz, J. A.; Pinkas, A.; Miah, M. R.; Weitz, R. L.; Lawes,
M. J. A,; Akinyemi, A. J.; ljomone, O. M.; Aschner, M. C. Elegans as a
Model in Developmental Neurotoxicology. Toxicol. Appl. Pharmacol.
2018, 354, 126—135.

(91) Cui, Y.; McBride, S. J.; Boyd, W. A; Alper, S.; Freedman, J. H.
Toxicogenomic Analysis of Caenorhabditis Elegans Reveals Novel
Genes and Pathways Involved in the Resistance to Cadmium Toxicity.
Genome Biol. 2007, 8 (6), R122.

(92) Tang, B; Tong, P.; Xue, K. S.; Williams, P. L.; Wang, J.-S,;
Tang, L. High-Throughput Assessment of Toxic Effects of Metal
Mixtures of cadmium(Cd), lead(Pb), and manganese(Mn) in
Nematode Caenorhabditis Elegans. Chemosphere 2019, 234, 232—
241.

(93) Ahn, J.-M,; Eom, H.J; Yang, X; Meyer, J. N; Choi, J.
Comparative Toxicity of Silver Nanoparticles on Oxidative Stress and
DNA Damage in the Nematode, Caenorhabditis Elegans. Chemo-
sphere 2014, 108, 343—352.

(94) Mashock, M. J.; Zanon, T.; Kappell, A. D.; Petrella, L. N.;
Andersen, E. C.; Hristova, K. R. Copper Oxide Nanoparticles Impact
Several Toxicological Endpoints and Cause Neurodegeneration in
Caenorhabditis Elegans. PLoS One 2016, 11 (12), No. e0167613.

(95) Kim, M.; Jeong, J.; Kim, H.; Choi, J. High-Throughput COPAS
Assay for Screening of Developmental and Reproductive Toxicity of
Nanoparticles Using the Nematode Caenorhabditis Elegans. J. Appl.
Toxicol. 2019, 39 (10), 1470—1479.

(96) Rice, J. R;; Boyd, W. A;; Chandra, D.; Smith, M. V.; Besten, P.
K. D.; Freedman, J. H. Comparison of the Toxicity of Fluoridation
Compounds in the Nematode Caenorhabditis Elegans: Toxicity of
Fluoride Compounds. Environ. Toxicol. Chem. 2014, 33 (1), 82—88.

(97) Camacho, J.; de Conti, A,; Pogribny, I. P.; Sprando, R. L;
Hunt, P. R. Assessment of the Effects of Organic vs. Inorganic Arsenic
and Mercury in Caenorhabditis Elegans. Curr. Res. Toxicol. 2022, 3,
No. 100071.

(98) Xia, M.; Huang, R; Shi, Q; Boyd, W. A; Zhao, J.; Sun, N,;
Rice, J. R.; Dunlap, P. E.; Hackstadt, A. J.; Bridge, M. F.; Smith, M. V,;
Dai, S.; Zheng, W.; Chu, P.-H.; Gerhold, D.; Witt, K. L.; DeVito, M.;
Freedman, J. H,; Austin, C. P.; Houck, K. A;; Thomas, R. S.; Paules,
R. S; Tice, R. R; Simeonov, A. Comprehensive Analyses and
Prioritization of Tox21 10K Chemicals Affecting Mitochondrial
Function by in-Depth Mechanistic Studies. Environ. Health Perspect.
2018, 126 (7), No. 077010.

(99) Shimko, T. C.; Andersen, E. C. COPASutils: An R Package for
Reading, Processing, and Visualizing Data from COPAS Large-
Particle Flow Cytometers. PLoS One 2014, 9 (10), No. e111090.

(100) Szostak, M. P.; Hensel, A.; Eko, F. O.; Klein, R;; Auer, T.;
Mader, H.; Haslberger, A.; Bunka, S.; Wanner, G.; Lubitz, W.
Bacterial Ghosts: Non-Living Candidate Vaccines. J. Biotechnol. 1996,
44 (1-3), 161-170.

(101) Wihlby, C.; Kamentsky, L.; Liu, Z. H.; Riklin-Raviv, T.;
Conery, A. L.; O'Rourke, E. J.; Sokolnicki, K. L.; Visvikis, O.; Ljosa,
V.; Irazoqui, J. E.; Golland, P.; Ruvkun, G.; Ausubel, F. M.; Carpenter,
A. E. An Image Analysis Toolbox for High-Throughput C. Elegans
Assays. Nat. Methods 2012, 9 (7), 714—716.

(102) Stirling, D. R.; Swain-Bowden, M. J.; Lucas, A. M.; Carpenter,
A. E.; Cimini, B. A;; Goodman, A. CellProfiler 4: Improvements in
Speed, Utility and Usability. BMC Bioinformatics 2021, 22 (1), 433.

(103) Moore, B. T.; Jordan, J. M.; Baugh, L. R. WormSizer: High-
Throughput Analysis of Nematode Size and Shape. PLoS One 2013, 8
(2), No. e57142.

https://doi.org/10.1021/acs.est.5c12562
Environ. Sci. Technol. 2026, 60, 1560—1576


https://doi.org/10.1038/nmeth.1227
https://doi.org/10.1038/nmeth.1227
https://doi.org/10.1039/c7ib00120g
https://doi.org/10.1039/c7ib00120g
https://doi.org/10.1039/c7ib00120g
https://doi.org/10.1038/srep19900
https://doi.org/10.1038/srep19900
https://doi.org/10.1038/srep19900
https://doi.org/10.1039/b707861g
https://doi.org/10.1039/b707861g
https://doi.org/10.1089/adt.2018.908
https://doi.org/10.1089/adt.2018.908
https://doi.org/10.1038/s41598-024-84842-x
https://doi.org/10.1038/s41598-024-84842-x
https://doi.org/10.1038/s41598-024-84842-x
https://doi.org/10.1039/C8LC01012A
https://doi.org/10.1039/C8LC01012A
https://doi.org/10.1038/s41378-020-0132-8
https://doi.org/10.1038/s41378-020-0132-8
https://doi.org/10.1063/1.4896663
https://doi.org/10.1063/1.4896663
https://doi.org/10.1038/srep40225
https://doi.org/10.1038/srep40225
https://doi.org/10.1038/ncomms13023
https://doi.org/10.1038/ncomms13023
https://doi.org/10.1038/ncomms13023
https://doi.org/10.1080/19768354.2020.1837951
https://doi.org/10.1080/19768354.2020.1837951
https://doi.org/10.1111/j.1469-7998.1975.tb03191.x
https://doi.org/10.1111/j.1469-7998.1975.tb03191.x
https://doi.org/10.1016/0010-4825(85)90058-7
https://doi.org/10.1016/0010-4825(85)90058-7
https://doi.org/10.1016/S0074-7696(08)62209-3
https://doi.org/10.1016/S0074-7696(08)62209-3
https://doi.org/10.1523/JNEUROSCI.19-21-09557.1999
https://doi.org/10.1523/JNEUROSCI.19-21-09557.1999
https://doi.org/10.1523/JNEUROSCI.19-21-09557.1999
https://doi.org/10.1186/1471-2105-5-115
https://doi.org/10.1186/1471-2105-5-115
https://doi.org/10.1186/1471-2156-6-5
https://doi.org/10.1186/1471-2156-6-5
https://doi.org/10.1038/nmeth.1625
https://doi.org/10.1038/nmeth.1625
https://doi.org/10.1101/2024.12.20.629717
https://doi.org/10.1101/2024.12.20.629717
https://doi.org/10.1101/2024.12.20.629717
https://doi.org/10.1139/F09-069
https://doi.org/10.1139/F09-069
https://doi.org/10.1139/F09-069
https://doi.org/10.1016/j.taap.2018.03.016
https://doi.org/10.1016/j.taap.2018.03.016
https://doi.org/10.1186/gb-2007-8-6-r122
https://doi.org/10.1186/gb-2007-8-6-r122
https://doi.org/10.1016/j.chemosphere.2019.05.271
https://doi.org/10.1016/j.chemosphere.2019.05.271
https://doi.org/10.1016/j.chemosphere.2019.05.271
https://doi.org/10.1016/j.chemosphere.2014.01.078
https://doi.org/10.1016/j.chemosphere.2014.01.078
https://doi.org/10.1371/journal.pone.0167613
https://doi.org/10.1371/journal.pone.0167613
https://doi.org/10.1371/journal.pone.0167613
https://doi.org/10.1002/jat.3833
https://doi.org/10.1002/jat.3833
https://doi.org/10.1002/jat.3833
https://doi.org/10.1002/etc.2394
https://doi.org/10.1002/etc.2394
https://doi.org/10.1002/etc.2394
https://doi.org/10.1016/j.crtox.2022.100071
https://doi.org/10.1016/j.crtox.2022.100071
https://doi.org/10.1289/EHP2589
https://doi.org/10.1289/EHP2589
https://doi.org/10.1289/EHP2589
https://doi.org/10.1371/journal.pone.0111090
https://doi.org/10.1371/journal.pone.0111090
https://doi.org/10.1371/journal.pone.0111090
https://doi.org/10.1016/0168-1656(95)00123-9
https://doi.org/10.1038/nmeth.1984
https://doi.org/10.1038/nmeth.1984
https://doi.org/10.1186/s12859-021-04344-9
https://doi.org/10.1186/s12859-021-04344-9
https://doi.org/10.1371/journal.pone.0057142
https://doi.org/10.1371/journal.pone.0057142
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.5c12562?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology

Critical Review

pubs.acs.org/est

(104) Mathew, M. D.; Mathew, N. D.; Ebert, P. R. WormScan: A
Technique for High-Throughput Phenotypic Analysis of Caeno-
rhabditis Elegans. PLoS One 2012, 7 (3), No. e33483.

(10S) Jung, S.-K; Aleman-Meza, B.; Riepe, C; Zhong, W.
QuantWorm: A Comprehensive Software Package for Caenorhabditis
Elegans Phenotypic Assays. PLoS One 2014, 9 (1), No. e84830.

(106) Hakim, A,; Mor, Y.; Toker, I. A.; Levine, A.,; Neuhof, M,
Markovitz, Y.; Rechavi, O. WorMachine: Machine Learning-Based
Phenotypic Analysis Tool for Worms. BMC Biol. 2018, 16 (1), 8.

(107) Wheeler, N. J.; Gallo, K. J.; Rehborg, E. J. G.; Ryan, K. T,;
Chan, J. D.; Zamanian, M. wrmXpress: A Modular Package for High-
Throughput Image Analysis of Parasitic and Free-Living Worms. PLoS
Negl. Trop. Dis. 2022, 16 (11), No. e0010937.

(108) Harrill, A. H,; McAllister, K. A. New Rodent Population
Models May Inform Human Health Risk Assessment and
Identification of Genetic Susceptibility to Environmental Exposures.
Environ. Health Perspect. 2017, 125 (8), No. 086002.

(109) Bernstein, M. R; Zdraljevic, S.; Andersen, E. C.; Rockman, M.
V. Tightly Linked Antagonistic-Effect Loci Underlie Polygenic
Phenotypic Variation in C. Elegans. Evol Lett. 2019, 3 (S), 462—473.

(110) Evans, K. S.; Andersen, E. C. The Cadmium-Responsive Gene,
Cdr-6, Does Not Influence Caenorhabditis Elegans Responses to
Exogenous Zinc. MicroPubl Biol. 2020, 2020, 10-17912.

(111) Heaton, A.; Milligan, E.; Faulconer, E.; Allen, A.; Nguyen, T;
Weir, S. M.; Glaberman, S. Variation in Copper Sensitivity between
Laboratory and Wild Strains of Caenorhabditis Elegans. Chemosphere
2022, 287, No. 131883.

(112) Boyd, W. A.; Williams, P. L. Comparison of the Sensitivity of
Three Nematode Species to Copper and Their Utility in Aquatic and
Soil Toxicity Tests. Environ. Toxicol. Chem. 2003, 22 (11), 2768—
2774.

(113) Heaton, A.; Faulconer, E.; Milligan, E.; Kroetz, M. B.; Weir, S.
M.; Glaberman, S. Interspecific Variation in Nematode Responses to
Metals. Environ. Toxicol. Chem. 2020, 39 (5), 1006—1016.

(114) Gimond, C.; Jovelin, R.; Han, S.; Ferrari, C.; Cutter, A. D.;
Braendle, C. Outbreeding Depression with Low Genetic Variation in
Selfing Caenorhabditis Nematodes. Evolution 2013, 67 (11), 3087—
3101.

(115) Vigne, P.; Braendle, C. Natural Variation in Cold and Heat
Survival among Temperate and Tropical Caenorhabditis Briggsae.
MicroPubl. Biol. 2025, 2025, 10-17912.

(116) Jhaveri, N. S.; Andersen, E. C. Fecundities of Hawaiian
Caenorhabditis Briggsae Wild Strains Are Not Correlated with
Natural Niche Temperatures. MicroPubl. Biol. 2025, 20285, 10-17912.

(117) Weber, K. P; De, S.; Kozarewa, L; Turner, D. J.; Babu, M. M.;
de Bono, M. Whole Genome Sequencing Highlights Genetic Changes
Associated with Laboratory Domestication of C. Elegans. PLoS One
2010, 5 (11), No. e13922.

(118) Raimondo, S.; Jackson, C. R.; Barron, M. G. Influence of
Taxonomic Relatedness and Chemical Mode of Action in Acute
Interspecies Estimation Models for Aquatic Species. Environ. Sci.
Technol. 2010, 44 (19), 7711-7716.

(119) Connors, K. A.; Beasley, A.; Barron, M. G.; Belanger, S. E.;
Bonnell, M,; Brill, J. L.; de Zwart, D.; Kienzler, A.; Krailler, J.; Otter,
R; Phillips, J. L.; Embry, M. R. Creation of a Curated Aquatic
Toxicology Database: EnviroTox: Creation of the EnviroTox
Database. Environ. Toxicol. Chem. 2019, 38 (S), 1062—1073.

(120) Connors, K. A; Brill, J. L.; Norberg-King, T.; Barron, M. G;
Carr, G.; Belanger, S. E. Daphnia Magna and Ceriodaphnia Dubia
Have Similar Sensitivity in Standard Acute and Chronic Toxicity
Tests. Environ. Toxicol. Chem. 2022, 41 (1), 134—147.

(121) Integrated Chemical Environment (ICE) ICE v4.2 Release
https://ice.ntp.niehs.nih.gov/.

(122) Padilla, S.; Corum, D.; Padnos, B.; Hunter, D. L.; Beam, A,;
Houck, K. A;; Sipes, N.; Kleinstreuer, N.; Knudsen, T.; Dix, D. J.; Reif,
D. M. Zebrafish Developmental Screening of the ToxCastTM Phase I
Chemical Library. Reprod. Toxicol. 2012, 33 (2), 174—187.

(123) Feshuk, M.; Kolaczkowski, L.; Dunham, K.; Davidson-Fritz, S.
E.; Carstens, K. E.; Brown, J; Judson, R. S.; Paul Friedman, K. The

1574

ToxCast Pipeline: Updates to Curve-Fitting Approaches and
Database Structure. Front. Toxicol. 2023, 5, No. 1275980.

(124) Behl, M; Ryan, K; Hsieh, J. H.; Parham, F.; Shapiro, A. J;
Collins, B. J.; Sipes, N. S.; Birnbaum, L. S.; Bucher, J. R.; Foster, P. M.
D.; Walker, N. J; Paules, R. S,; Tice, R. R. Screening for
Developmental Neurotoxicity at the National Toxicology Program:
The Future Is Here. Toxicol. Sci. 2019, 167 (1), 6—14.

(125) Quevedo, C.; Behl, M.; Ryan, K; Paules, R. S.; Alday, A;
Muriana, A.; Alzualde, A. Detection and Prioritization of Devel-
opmentally Neurotoxic And/or Neurotoxic Compounds Using
Zebrafish. Toxicol. Sci. 2019, 168 (1), 225—240.

(126) Zhang, S.; Hagstrom, D.; Hayes, P.; Graham, A.; Collins, E.-
M. S. Multi-Behavioral Endpoint Testing of an 87-Chemical
Compound Library in Freshwater Planarians. Toxicol. Sci. 2019, 167
(1), 26—44.

(127) Hagstrom, D.; Truong, L.; Zhang, S.; Tanguay, R.; Collins, E.-
M. S. Comparative Analysis of Zebrafish and Planarian Model
Systems for Developmental Neurotoxicity Screens Using an 87-
Compound Library. Toxicol. Sci. 2019, 167 (1), 15-25.

(128) OECD. Initial Recommendations on Evaluation of Data from the
Developmental Neurotoxicity (DNT) in-Vitro Testing Battery; OECD,
2023.

(129) Villeneuve, D. L.; Crump, D.; Garcia-Reyero, N.; Hecker, M;
Hutchinson, T. H.; LaLone, C. A,; Landesmann, B.; Lettieri, T.;
Munn, S.; Nepelska, M.; Ottinger, M. A.; Vergauwen, L.; Whelan, M.
Adverse Outcome Pathway (AOP) Development I: Strategies and
Principles. Toxicol. Sci. 2014, 142 (2), 312—320.

(130) Ankley, G. T.; Edwards, S. W. The Adverse Outcome
Pathway: A Multifaceted Framework Supporting 21st Century
Toxicology. Curr. Opin. Toxicol. 2018, 9, 1-7.

(131) Kim, Y.; Jeong, J.; Lee, S.; Choi, L; Choi, J. Identification of
Adverse Outcome Pathway Related to High-Density Polyethylene
Microplastics Exposure: Caenorhabditis Elegans Transcription Factor
RNAi Screening and Zebrafish Study. J. Hazard. Mater. 2020, 388,
No. 121728.

(132) Davis, A. P.; Wiegers, T. C.; Sciaky, D.; Barkalow, F.; Strong,
M.; Wyatt, B.; Wiegers, J.; McMorran, R.; Abrar, S.; Mattingly, C. J.
Comparative Toxicogenomics Database’s 20th Anniversary: Update
2025. Nucleic Acids Res. 2025, $3 (D1), D1328—D1334.

(133) Johnstone, I. L. Cuticle Collagen Genes. Expression in
Caenorhabditis Elegans. Trends Genet. 2000, 16 (1), 21-27.

(134) Castro, M.; Sobek, A.; Yuan, B.; Breitholtz, M. Bioaccumu-
lation Potential of CPs in Aquatic Organisms: Uptake and Depuration
in Daphnia Magna. Environ. Sci. Technol. 2019, 53 (16), 9533—9541.

(135) Tkaczyk, A.; Bownik, A; Dudka, J.; Kowal, K; Slaska, B.
Daphnia Magna Model in the Toxicity Assessment of Pharmaceut-
icals: A Review. Sci. Total Environ. 2021, 763, No. 143038.

(136) Stiernagle, T. Maintenance of C. Elegans; WormBook, 2006.

(137) Glaberman, S.; Padilla, S.; Barron, M. G. Evaluating the
Zebrafish Embryo Toxicity Test for Pesticide Hazard Screening.
Environ. Toxicol. Chem. 2016, 36 (5), 1221—1226.

(138) Sammi, S. R.; Jameson, L. E.; Conrow, K. D.; Leung, M. C. K;;
Cannon, J. R. Caenorhabditis Elegans Neurotoxicity Testing: Novel
Applications in the Adverse Outcome Pathway Framework. Front.
Toxicol. 2022, 4, No. 826488.

(139) Huayta, J.; Seay, S.; Laster, J., III; Rivera, N. A,, Jr; Joyce, A. S.;
Ferguson, P. L.; Hsu-Kim, H.; Meyer, J. N Assessment of
Developmental Neurotoxicology-Associated Alterations in Neuronal
Architecture and Function Using Caenorhabditis Elegans. ALTEX
202§, 42, 591.

(140) Clark, A. S;; Huayta, J.; Morton, K. S.; Meyer, J. N.; San-
Miguel, A. Morphological Hallmarks of Dopaminergic Neuro-
degeneration Are Associated with Altered Neuron Function in
Caenorhabditis Elegans. Neurotoxicology 2024, 100, 100—106.

(141) Lehman, A. J; Fitzhugh, O. G. 100-fold Margin of Safety.
Assoc. Food and Drug Off. U.S.Q. Bull. 1954, 18, 33—35.

(142) Rusyn, I; Chiu, W. A,; Wright, F. A. Model Systems and
Organisms for Addressing Inter- and Intra-Species Variability in Risk
Assessment. Regul. Toxicol. Pharmacol. 2022, 132, No. 105197.

https://doi.org/10.1021/acs.est.5c12562
Environ. Sci. Technol. 2026, 60, 1560—1576


https://doi.org/10.1371/journal.pone.0033483
https://doi.org/10.1371/journal.pone.0033483
https://doi.org/10.1371/journal.pone.0033483
https://doi.org/10.1371/journal.pone.0084830
https://doi.org/10.1371/journal.pone.0084830
https://doi.org/10.1186/s12915-017-0477-0
https://doi.org/10.1186/s12915-017-0477-0
https://doi.org/10.1371/journal.pntd.0010937
https://doi.org/10.1371/journal.pntd.0010937
https://doi.org/10.1289/EHP1274
https://doi.org/10.1289/EHP1274
https://doi.org/10.1289/EHP1274
https://doi.org/10.1002/evl3.139
https://doi.org/10.1002/evl3.139
https://doi.org/10.17912/micropub.biology.000305
https://doi.org/10.17912/micropub.biology.000305
https://doi.org/10.17912/micropub.biology.000305
https://doi.org/10.1016/j.chemosphere.2021.131883
https://doi.org/10.1016/j.chemosphere.2021.131883
https://doi.org/10.1897/02-573
https://doi.org/10.1897/02-573
https://doi.org/10.1897/02-573
https://doi.org/10.1002/etc.4689
https://doi.org/10.1002/etc.4689
https://doi.org/10.1111/evo.12203
https://doi.org/10.1111/evo.12203
https://doi.org/10.17912/micropub.biology.001645
https://doi.org/10.17912/micropub.biology.001645
https://doi.org/10.17912/micropub.biology.001356
https://doi.org/10.17912/micropub.biology.001356
https://doi.org/10.17912/micropub.biology.001356
https://doi.org/10.1371/journal.pone.0013922
https://doi.org/10.1371/journal.pone.0013922
https://doi.org/10.1021/es101630b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es101630b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es101630b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/etc.4382
https://doi.org/10.1002/etc.4382
https://doi.org/10.1002/etc.4382
https://doi.org/10.1002/etc.5249
https://doi.org/10.1002/etc.5249
https://doi.org/10.1002/etc.5249
https://ice.ntp.niehs.nih.gov/
https://doi.org/10.1016/j.reprotox.2011.10.018
https://doi.org/10.1016/j.reprotox.2011.10.018
https://doi.org/10.3389/ftox.2023.1275980
https://doi.org/10.3389/ftox.2023.1275980
https://doi.org/10.3389/ftox.2023.1275980
https://doi.org/10.1093/toxsci/kfy278
https://doi.org/10.1093/toxsci/kfy278
https://doi.org/10.1093/toxsci/kfy278
https://doi.org/10.1093/toxsci/kfy291
https://doi.org/10.1093/toxsci/kfy291
https://doi.org/10.1093/toxsci/kfy291
https://doi.org/10.1093/toxsci/kfy145
https://doi.org/10.1093/toxsci/kfy145
https://doi.org/10.1093/toxsci/kfy180
https://doi.org/10.1093/toxsci/kfy180
https://doi.org/10.1093/toxsci/kfy180
https://doi.org/10.1093/toxsci/kfu199
https://doi.org/10.1093/toxsci/kfu199
https://doi.org/10.1016/j.cotox.2018.03.004
https://doi.org/10.1016/j.cotox.2018.03.004
https://doi.org/10.1016/j.cotox.2018.03.004
https://doi.org/10.1016/j.jhazmat.2019.121725
https://doi.org/10.1016/j.jhazmat.2019.121725
https://doi.org/10.1016/j.jhazmat.2019.121725
https://doi.org/10.1016/j.jhazmat.2019.121725
https://doi.org/10.1093/nar/gkae883
https://doi.org/10.1093/nar/gkae883
https://doi.org/10.1016/S0168-9525(99)01857-0
https://doi.org/10.1016/S0168-9525(99)01857-0
https://doi.org/10.1021/acs.est.9b01751?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.9b01751?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.9b01751?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.scitotenv.2020.143038
https://doi.org/10.1016/j.scitotenv.2020.143038
https://doi.org/10.1002/etc.3641
https://doi.org/10.1002/etc.3641
https://doi.org/10.3389/ftox.2022.826488
https://doi.org/10.3389/ftox.2022.826488
https://doi.org/10.14573/altex.2501151
https://doi.org/10.14573/altex.2501151
https://doi.org/10.14573/altex.2501151
https://doi.org/10.1016/j.neuro.2023.12.005
https://doi.org/10.1016/j.neuro.2023.12.005
https://doi.org/10.1016/j.neuro.2023.12.005
https://doi.org/10.1016/j.yrtph.2022.105197
https://doi.org/10.1016/j.yrtph.2022.105197
https://doi.org/10.1016/j.yrtph.2022.105197
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.5c12562?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology

Critical Review

pubs.acs.org/est

(143) Vertino, A,; Ayyadevara, S.; Thaden, J. J.; Reis, R. J. S. A
Narrow Quantitative Trait Locus in C. Elegans Coordinately Affects
Longevity, Thermotolerance, and Resistance to Paraquat. Front. Genet.
2011, 2, 63.

(144) Evans, K. S.; Zdraljevic, S.; Stevens, L.; Collins, K; Tanny, R.
E.; Andersen, E. C. Natural Variation in the Sequestosome-Related
Gene, Sqst-S, Underlies Zinc Homeostasis in Caenorhabditis Elegans.
PLoS Genet. 2020, 16 (11), No. e1008986.

(145) Evans, K. S.; van Wijk, M. H.; McGrath, P. T.; Andersen, E.
C.; Sterken, M. G. From QTL to Gene: C. Elegans Facilitates
Discoveries of the Genetic Mechanisms Underlying Natural Variation.
Trends Genet. 2021, 37, 933.

(146) Threadgill, D. W.; Churchill, G. A. Ten Years of the
Collaborative Cross. Genetics 2012, 190 (2), 291—294.

(147) Churchill, G. A;; Gatti, D. M.; Munger, S. C.; Svenson, K. L.
The Diversity Outbred Mouse Population. Mamm. Genome 2012, 23
(9-10), 713—718.

(148) Yoo, H. S; Bradford, B. U; Kosyk, O.; Shymonyak, S.;
Uehara, T.; Collins, L. B.; Bodnar, W. M.; Ball, L. M,; Gold, A,
Rusyn, I. Comparative Analysis of the Relationship between
Trichloroethylene Metabolism and Tissue-Specific Toxicity among
Inbred Mouse Strains: Liver Effects. J. Toxicol. Environ. Health Part A
2015, 78 (1), 15-31.

(149) Nguyen, H. T.; Tsuchiya, M. C. L; Yoo, J.; Ilida, M.; Agusa,
T.; Hirano, M,; Kim, E.-Y.; Miyazaki, T.; Nose, M.; Iwata, H. Strain
Differences in the Proteome of Dioxin-Sensitive and Dioxin-Resistant
Mice Treated with 2,3,7,8-Tetrabromodibenzo-P-Dioxin. Arch.
Toxicol. 2017, 91 (4), 1763—1782.

(150) You, D.; Lyn-Cook, L. E.; Gatti, D. M.; Bell, N.; Mayeux, P.
R; James, L. P.; Mattes, W. B.; Larson, G. J.; Harrill, A. H. Nitrosative
Stress and Lipid Homeostasis as a Mechanism for Zileuton
Hepatotoxicity and Resistance in Genetically Sensitive Mice. Toxicol.
Sci. 2020, 175 (2), 220—235.

(151) Balik-Meisner, M.; Truong, L.; Scholl, E. H; La Dy, J. K;
Tanguay, R. L,; Reif, D. M. Elucidating Gene-by-Environment
Interactions Associated with Differential Susceptibility to Chemical
Exposure. Environ. Health Perspect. 2018, 126 (6), No. 067010.

(152) Thunga, P.; Truong, L.; Rericha, Y.; Du, J. L.; Morshead, M,;
Tanguay, R. L; Reif, D. M. Utilizing a Population-Genetic Framework
to Test for Gene-Environment Interactions between Zebrafish
Behavior and Chemical Exposure. Toxics 2022, 10 (12), 769.

(153) Qu, Z. H.; Boesman-Finkelstein, M.; Finkelstein, R. A. Urea-
Induced Release of Heat-Labile Enterotoxin from Escherichia Coli. J.
Clin. Microbiol. 1991, 29 (4), 773=777.

(154) Kirikae, T.; Kirikae, F.; Saito, S.; Tominaga, K; Tamura, H,;
Uemura, Y.; Yokochi, T.; Nakano, M. Biological Characterization of
Endotoxins Released from Antibiotic-Treated Pseudomonas Aerugi-
nosa and Escherichia Coli. Antimicrob. Agents Chemother. 1998, 42
(5), 1015—1021.

(185) Cabreiro, F,; Au, C; Leung, K.-Y,; Vergara-Irigaray, N.;
Cochemé, H. M,; Noori, T.; Weinkove, D.; Schuster, E.; Greene, N.
D. E; Gems, D. Metformin Retards Aging in C. Elegans by Altering
Microbial Folate and Methionine Metabolism. Cell 2013, 153 (1),
228-239.

(156) Zecic, A.; Dhondt, I; Braeckman, B. P. The Nutritional
Requirements of Caenorhabditis Elegans. Genes Nutr. 2019, 14, 15.

(157) Houthoofd, K.; Braeckman, B. P.; Lenaerts, 1; Brys, K.,; De
Vreese, A;; Van Eygen, S,; Vanfleteren, J. R. Axenic Growth up-
Regulates Mass-Specific Metabolic Rate, Stress Resistance, and
Extends Life Span in Caenorhabditis Elegans. Exp. Gerontol. 2002,
37 (12), 1371-1378.

(158) Szewczyk, N. J.; Udranszky, L. A.; Kozak, E.; Sunga, J.; Kim, S.
K.; Jacobson, L. A.; Conley, C. A. Delayed Development and Lifespan
Extension as Features of Metabolic Lifestyle Alteration in C. Elegans
under Dietary Restriction. J. Exp. Biol. 2006, 209 (Pt20), 4129—4139.

(159) CElen, 1; Doh, J. H.; Sabanayagam, C. R. Effects of Liquid
Cultivation on Gene Expression and Phenotype of C. Elegans. BMC
Genomics 2018, 19 (1), 562.

1575

(160) Clegg, E. D.; Lapenotiere, H. F.; French, D. Y.; Szilagyi, M.
Use of CeHR Axenic Medium for Exposure and Gene Expression Studies.
In 2002 East Coast Worm Meeting; Abstract 91; 2002.

(161) Sprando, R. L.; Olejnik, N.; Cinar, H. N.; Ferguson, M. A
Method to Rank Order Water Soluble Compounds according to
Their Toxicity Using Caenorhabditis Elegans, a Complex Object
Parametric Analyzer and Sorter, and Axenic Liquid Media. Food
Chem. Toxicol. 2009, 47 (4), 722—728.

(162) Hunt, P. R;; Welch, B.,; Camacho, J.; Bushana, P. N.; Rand,
H,; Sprando, R. L.; Ferguson, M. The Worm Adult Activity Test
(WAAT): A de Novo Mathematical Model for Detecting Acute
Chemical Effects in Caenorhabditis Elegans. J. Appl. Toxicol. 2023, 43
(12), 1899—1915.

(163) Hunt, P. R; Olejnik, N.; Yourick, J.; Sprando, R. L. The
Caenorhabditis Elegans Worm Development and Activity Test
(wDAT) Can Be Used to Differentiate between Reversible and
Irreversible Developmental Effects. Toxicol. Rep. 2025, 15,
No. 102124.

(164) Beydoun, S.; Choi, H. S.; Dela-Cruz, G.; Kruempel, J.; Huang,
S.; Bazopoulou, D.; Miller, H. A.; Schaller, M. L.; Evans, C. R,; Leiser,
S. F. An Alternative Food Source for Metabolism and Longevity
Studies in Caenorhabditis Elegans. Commun. Biol. 2021, 4 (1), 258.

(165) Qi, B.; Kniazeva, M.; Han, M. A Vitamin-B2-Sensing
Mechanism That Regulates Gut Protease Activity to Impact Animal’s
Food Behavior and Growth. Elife 2017, 6, No. e26243.

(166) Garigan, D.; Hsu, A.-L.; Fraser, A. G.; Kamath, R. S.; Ahringer,
J.; Kenyon, C. Genetic Analysis of Tissue Aging in Caenorhabditis
Elegans: A Role for Heat-Shock Factor and Bacterial Proliferation.
Genetics 2002, 161 (3), 1101—1112.

(167) Das, V.; Fiirst, T.; Gurska, S.; Dzubak, P.; Hajdch, M.
Reproducibility of Uniform Spheroid Formation in 384-Well Plates:
The Effect of Medium Evaporation. J. Biomol. Screen. 2016, 21 (9),
923—-930.

(168) Auld, D. S.; Coassin, P. A. B. S.; Coussens, N. P.; Hensley, P.;
Klumpp-Thomas, C.; Michael, S.; Sittampalam, G. S.; Trask, O. J. B.
S.; Wagner, B. K; Weidner, J. R; Wildey, M. J.; Dahlin, J. L.
Microplate Selection and Recommended Practices in High-
Throughput Screening and Quantitative Biology. In Assay Guidance
Manual; Eli Lilly & Company and the National Center for Advancing
Translational Sciences: Bethesda (MD), 2020.

(169) Toepke, M. W.; Beebe, D. J. PDMS Absorption of Small
Molecules and Consequences in Microfluidic Applications. Lab Chip
2006, 6 (12), 1484—1486.

(170) Gencturk, E.; Mutly, S.; Ulgen, K. O. Advances in Microfluidic
Devices Made from Thermoplastics Used in Cell Biology and
Analyses. Biomicrofluidics 2017, 11 (5), No. 051502.

(171) Nielsen, J. B.; Hanson, R. L.; Almughamsi, H. M.; Pang, C;
Fish, T. R.; Woolley, A. T. Microfluidics: Innovations in Materials and
Their Fabrication and Functionalization. Anal. Chem. 2020, 92 (1),
150—168.

(172) Fielenbach, N.; Antebi, A. C. Elegans Dauer Formation and
the Molecular Basis of Plasticity. Genes Dev. 2008, 22 (16), 2149—
2165.

(173) Gallo, M.; Riddle, D. L. Effects of a Caenorhabditis Elegans
Dauer Pheromone Ascaroside on Physiology and Signal Transduction
Pathways. J. Chem. Ecol. 2009, 35 (2), 272—279.

(174) Ludewig, A. H.; lzrayelit, Y,; Park, D.; Malik, R. U;
Zimmermann, A.; Mahanti, P.; Fox, B. W.; Bethke, A; Doering, F.;
Riddle, D. L.; Schroeder, F. C. Pheromone Sensing Regulates
Caenorhabditis Elegans Lifespan and Stress Resistance via the
Deacetylase SIR-2.1. Proc. Natl. Acad. Sci. U. S. A. 2013, 110 (14),
5522—-5527.

(175) Porta-de-la-Riva, M.; Fontrodona, L.; Villanueva, A.; Cerdn, J.
Basic Caenorhabditis Elegans Methods: Synchronization and
Observation. J. Vis. Exp. 2012, 64, No. e4019.

(176) Truong, L.; Reif, D. M.; St Mary, L.; Geier, M. C.; Truong, H.
D.; Tanguay, R. L. Multidimensional in Vivo Hazard Assessment
Using Zebrafish. Toxicol. Sci. 2014, 137 (1), 212—233.

https://doi.org/10.1021/acs.est.5c12562
Environ. Sci. Technol. 2026, 60, 1560—1576


https://doi.org/10.3389/fgene.2011.00063
https://doi.org/10.3389/fgene.2011.00063
https://doi.org/10.3389/fgene.2011.00063
https://doi.org/10.1371/journal.pgen.1008986
https://doi.org/10.1371/journal.pgen.1008986
https://doi.org/10.1016/j.tig.2021.06.005
https://doi.org/10.1016/j.tig.2021.06.005
https://doi.org/10.1534/genetics.111.138032
https://doi.org/10.1534/genetics.111.138032
https://doi.org/10.1007/s00335-012-9414-2
https://doi.org/10.1080/15287394.2015.958417
https://doi.org/10.1080/15287394.2015.958417
https://doi.org/10.1080/15287394.2015.958417
https://doi.org/10.1007/s00204-016-1834-4
https://doi.org/10.1007/s00204-016-1834-4
https://doi.org/10.1007/s00204-016-1834-4
https://doi.org/10.1093/toxsci/kfaa037
https://doi.org/10.1093/toxsci/kfaa037
https://doi.org/10.1093/toxsci/kfaa037
https://doi.org/10.1289/EHP2662
https://doi.org/10.1289/EHP2662
https://doi.org/10.1289/EHP2662
https://doi.org/10.3390/toxics10120769
https://doi.org/10.3390/toxics10120769
https://doi.org/10.3390/toxics10120769
https://doi.org/10.1128/jcm.29.4.773-777.1991
https://doi.org/10.1128/jcm.29.4.773-777.1991
https://doi.org/10.1128/AAC.42.5.1015
https://doi.org/10.1128/AAC.42.5.1015
https://doi.org/10.1128/AAC.42.5.1015
https://doi.org/10.1016/j.cell.2013.02.035
https://doi.org/10.1016/j.cell.2013.02.035
https://doi.org/10.1186/s12263-019-0637-7
https://doi.org/10.1186/s12263-019-0637-7
https://doi.org/10.1016/S0531-5565(02)00173-0
https://doi.org/10.1016/S0531-5565(02)00173-0
https://doi.org/10.1016/S0531-5565(02)00173-0
https://doi.org/10.1242/jeb.02492
https://doi.org/10.1242/jeb.02492
https://doi.org/10.1242/jeb.02492
https://doi.org/10.1186/s12864-018-4948-7
https://doi.org/10.1186/s12864-018-4948-7
https://doi.org/10.1016/j.fct.2009.01.007
https://doi.org/10.1016/j.fct.2009.01.007
https://doi.org/10.1016/j.fct.2009.01.007
https://doi.org/10.1016/j.fct.2009.01.007
https://doi.org/10.1002/jat.4525
https://doi.org/10.1002/jat.4525
https://doi.org/10.1002/jat.4525
https://doi.org/10.1016/j.toxrep.2025.102124
https://doi.org/10.1016/j.toxrep.2025.102124
https://doi.org/10.1016/j.toxrep.2025.102124
https://doi.org/10.1016/j.toxrep.2025.102124
https://doi.org/10.1038/s42003-021-01764-4
https://doi.org/10.1038/s42003-021-01764-4
https://doi.org/10.7554/eLife.26243
https://doi.org/10.7554/eLife.26243
https://doi.org/10.7554/eLife.26243
https://doi.org/10.1093/genetics/161.3.1101
https://doi.org/10.1093/genetics/161.3.1101
https://doi.org/10.1177/1087057116651867
https://doi.org/10.1177/1087057116651867
https://doi.org/10.1039/b612140c
https://doi.org/10.1039/b612140c
https://doi.org/10.1063/1.4998604
https://doi.org/10.1063/1.4998604
https://doi.org/10.1063/1.4998604
https://doi.org/10.1021/acs.analchem.9b04986?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.9b04986?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1101/gad.1701508
https://doi.org/10.1101/gad.1701508
https://doi.org/10.1007/s10886-009-9599-3
https://doi.org/10.1007/s10886-009-9599-3
https://doi.org/10.1007/s10886-009-9599-3
https://doi.org/10.1073/pnas.1214467110
https://doi.org/10.1073/pnas.1214467110
https://doi.org/10.1073/pnas.1214467110
https://doi.org/10.3791/4019
https://doi.org/10.3791/4019
https://doi.org/10.1093/toxsci/kft235
https://doi.org/10.1093/toxsci/kft235
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.5c12562?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology

Critical Review

pubs.acs.org/est

(177) Wittkowski, P.; Marx-Stoelting, P.; Violet, N.; Fetz, V,;
Schwarz, F.; Oelgeschliger, M.; Schonfelder, G.; Vogl, S. Caeno-
rhabditis Elegans as a Promising Alternative Model for Environmental
Chemical Mixture Effect Assessment-A Comparative Study. Environ.
Sci. Technol. 2019, 3 (21), 12725—12733.

(178) Tomizawa, M.; Casida, J. E. Neonicotinoid Insecticide
Toxicology: Mechanisms of Selective Action. Annu. Rev. Pharmacol.
Toxicol. 2005, 45 (1), 247—268.

(179) Kudelska, M. M.; Holden-Dye, L.; O’Connor, V.; Doyle, D. A.
Concentration-Dependent Effects of Acute and Chronic Neonicoti-
noid Exposure on the Behaviour and Development of the Nematode
Caenorhabditis Elegans. Pest Manag. Sci. 2017, 73 (7), 1345—1351.

(180) Thompson, D. A.; Lehmler, H.-J.; Kolpin, D. W.; Hladik, M.
L.; Vargo, J. D.; Schilling, K. E.; LeFevre, G. H.; Peeples, T. L.; Poch,
M. C; LaDuca, L. E.; Cwiertny, D. M.; Field, R. W. A Critical Review
on the Potential Impacts of Neonicotinoid Insecticide Use: Current
Knowledge of Environmental Fate, Toxicity, and Implications for
Human Health. Environ. Sci. Process. Impacts 2020, 22 (6), 1315—
1346.

(181) Davies, T. G. E.; Field, L. M.; Usherwood, P. N. R,
Williamson, M. S. DDT, Pyrethrins, Pyrethroids and Insect Sodium
Channels. IUBMB Life 2007, 59 (3), 151—162.

(182) Hobert, O. The Neuronal Genome of Caenorhabditis Elegans.
WormBook 2013, 1—106.

(183) Zeng, R.; Yu, X; Tan, X,; Ye, S.; Ding, Z. Deltamethrin Affects
the Expression of Voltage-Gated Calcium Channel a1 Subunits and
the Locomotion, Egg-Laying, Foraging Behavior of Caenorhabditis
Elegans. Pestic. Biochem. Physiol. 2017, 138, 84—90.

(184) Chen, Y,; Jiang, Y.; Sarvanantharajah, N.; Apirakkan, O.; Yang,
M.; Milcova, A.; Topinka, J.; Abbate, V.; Arlt, V. M.; Stiirzenbaum, S.
R. Genome-Modified Caenorhabditis Elegans Expressing the Human
Cytochrome P450 (CYP1Al and CYP1A2) Pathway: An Exper-
imental Model for Environmental Carcinogenesis and Pharmaco-
logical Research. Environ. Int. 2024, 194, No. 109187.

(185) Kaletta, T.; Hengartner, M. O. Finding Function in Novel
Targets: C. Elegans as a Model Organism. Nat. Rev. Drug Discovery
2006, S (S), 387—398.

(186) Brandt, R;; Gergou, A.; Wacker, L; Fath, T.; Hutter, H. A
Caenorhabditis Elegans Model of Tau Hyperphosphorylation:
Induction of Developmental Defects by Transgenic Overexpression
of Alzheimer’s Disease-like Modified Tau. Neurobiol. Aging 2009, 30
(1), 22-33.

(187) Caldwell, K. A.; Willicott, C. W.; Caldwell, G. A. Modeling
Neurodegeneration in Caenorhabditis Elegans. Dis. Model. Mech.
2020, 13 (10), dmmO046110.

(188) Roussos, A; Kitopoulou, K; Borbolis, F.; Palikaras, K.
Caenorhabditis Elegans as a Model System to Study Human
Neurodegenerative Disorders. Biomolecules 2023, 13, 478.

(189) Zhang, S.; Li, F.; Zhou, T.; Wang, G.; Li, Z. Caenorhabditis
Elegans as a Useful Model for Studying Aging Mutations. Front.
Endocrinol. (Lausanne) 2020, 11, No. 554994.

(190) Driscoll, M.; Sedore, C. A.; Onken, B.; Coleman-Hulbert, A.
L.; Johnson, E.; Phillips, P. C.; Lithgow, G. NIA Caenorhabditis
Intervention Testing Program: Identification of Robust and
Reproducible Pharmacological Interventions That Promote Longevity
across Experimentally Accessible, Genetically Diverse Populations.
GeroScience 2025, 47 (3), 2791—-2816.

(191) Lucanic, M.; Plummer, W. T.; Chen, E.; Harke, J.; Foulger, A.
C.; Onken, B.,; Coleman-Hulbert, A. L.; Dumas, K. J; Guo, S;
Johnson, E.; Bhaumik, D.; Xue, J; Crist, A. B.; Presley, M. P,;
Harinath, G.; Sedore, C. A.; Chamoli, M.; Kamat, S.; Chen, M. K;;
Angeli, S.; Chang, C.; Willis, J. H.; Edgar, D.; Royal, M. A; Chao, E.
A,; Patel, S,; Garrett, T.; Ibanez-Ventoso, C.; Hope, J; Kish, J. L;
Guo, M,; Lithgow, G. J.; Driscoll, M.; Phillips, P. C. Impact of Genetic
Background and Experimental Reproducibility on Identifying
Chemical Compounds with Robust Longevity Effects. Nat. Commun.
2017, 8, 14256.

1576

(192) Cutter, A. D. Divergence Times in Caenorhabditis and
Drosophila Inferred from Direct Estimates of the Neutral Mutation
Rate. Mol. Biol. Evol. 2008, 25 (4), 778—786.

(193) Dieterich, C.; Clifton, S. W.; Schuster, L. N.; Chinwalla, A.;
Delehaunty, K; Dinkelacker, I; Fulton, L.; Fulton, R.; Godfrey, J;
Minx, P.; Mitreva, M.; Roeseler, W.; Tian, H.; Witte, H.; Yang, S.-P.;
Wilson, R. K;; Sommer, R. J. The Pristionchus Pacificus Genome
Provides a Unique Perspective on Nematode Lifestyle and Parasitism.
Nat. Genet. 2008, 40 (10), 1193—1198.

(194) Prabh, N.; Roeseler, W.; Witte, H.; Eberhardt, G.; Sommer, R.
J.; Rodelsperger, C. Deep Taxon Sampling Reveals the Evolutionary
Dynamics of Novel Gene Families in Pristionchus Nematodes.
Genome Res. 2018, 28 (11), 1664—1674.

(195) Jhaveri, N. S.; Mastronardo, M. K.; Collins, J. B.; Andersen, E.
C. Development of a Size-Separation Technique to Isolate
Caenorhabditis Elegans Embryos Using Mesh Filters. PLoS One
2025, 20 (4), No. e0318143.

(196) Haéss, S.; Reiff, N,; Traunspurger, W.; Helder, J. On the
Balance between Practical Relevance and Standardization - Testing
the Effects of Zinc and Pyrene on Native Nematode Communities in
Soil Microcosms. Sci. Total Environ. 2021, 788, No. 147742.

(197) Stephens, G. J.; Johnson-Kerner, B.; Bialek, W.; Ryu, W. S.
Dimensionality and Dynamics in the Behavior of C. Elegans. PLoS
Comput. Biol. 2008, 4 (4), No. e1000028.

(198) Restif, C.; Ibanez-Ventoso, C.; Vora, M. M.; Guo, S.; Metaxas,
D.; Driscoll, M. CeleST: Computer Vision Software for Quantitative
Analysis of C. Elegans Swim Behavior Reveals Novel Features of
Locomotion. PLoS Comput. Biol. 2014, 10 (7), No. e1003702.

(199) Hebert, L.; Ahamed, T.; Costa, A. C.; O’Shaughnessy, L.;
Stephens, G. J. WormPose: Image Synthesis and Convolutional
Networks for Pose Estimation in C. Elegans. PLoS Comput. Biol. 2021,
17 (4), No. e1008914.

(200) Bates, K; Le, K. N.; Lu, H. Deep Learning for Robust and
Flexible Tracking in Behavioral Studies for C. Elegans. PLoS Comput.
Biol. 2022, 18 (4), e1009942.

(201) Alonso, A.; Kirkegaard, J. B. Fast Detection of Slender Bodies
in High Density Microscopy Data. Commun. Biol. 2023, 6 (1), 754.

(202) Deserno, M.; Bozek, K. Unsupervised Representation
Learning of C. Elegans Poses and Behavior Sequences from
Microscope Video Recordings. bioRxiv, 2028.

https://doi.org/10.1021/acs.est.5c12562
Environ. Sci. Technol. 2026, 60, 1560—1576


https://doi.org/10.1021/acs.est.9b03266?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.9b03266?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.9b03266?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1146/annurev.pharmtox.45.120403.095930
https://doi.org/10.1146/annurev.pharmtox.45.120403.095930
https://doi.org/10.1002/ps.4564
https://doi.org/10.1002/ps.4564
https://doi.org/10.1002/ps.4564
https://doi.org/10.1039/C9EM00586B
https://doi.org/10.1039/C9EM00586B
https://doi.org/10.1039/C9EM00586B
https://doi.org/10.1039/C9EM00586B
https://doi.org/10.1080/15216540701352042
https://doi.org/10.1080/15216540701352042
https://doi.org/10.1895/wormbook.1.161.1
https://doi.org/10.1016/j.pestbp.2017.03.005
https://doi.org/10.1016/j.pestbp.2017.03.005
https://doi.org/10.1016/j.pestbp.2017.03.005
https://doi.org/10.1016/j.pestbp.2017.03.005
https://doi.org/10.1016/j.envint.2024.109187
https://doi.org/10.1016/j.envint.2024.109187
https://doi.org/10.1016/j.envint.2024.109187
https://doi.org/10.1016/j.envint.2024.109187
https://doi.org/10.1038/nrd2031
https://doi.org/10.1038/nrd2031
https://doi.org/10.1016/j.neurobiolaging.2007.05.011
https://doi.org/10.1016/j.neurobiolaging.2007.05.011
https://doi.org/10.1016/j.neurobiolaging.2007.05.011
https://doi.org/10.1016/j.neurobiolaging.2007.05.011
https://doi.org/10.1242/dmm.046110
https://doi.org/10.1242/dmm.046110
https://doi.org/10.3390/biom13030478
https://doi.org/10.3390/biom13030478
https://doi.org/10.3389/fendo.2020.554994
https://doi.org/10.3389/fendo.2020.554994
https://doi.org/10.1007/s11357-025-01627-4
https://doi.org/10.1007/s11357-025-01627-4
https://doi.org/10.1007/s11357-025-01627-4
https://doi.org/10.1007/s11357-025-01627-4
https://doi.org/10.1038/ncomms14256
https://doi.org/10.1038/ncomms14256
https://doi.org/10.1038/ncomms14256
https://doi.org/10.1093/molbev/msn024
https://doi.org/10.1093/molbev/msn024
https://doi.org/10.1093/molbev/msn024
https://doi.org/10.1038/ng.227
https://doi.org/10.1038/ng.227
https://doi.org/10.1101/gr.234971.118
https://doi.org/10.1101/gr.234971.118
https://doi.org/10.1371/journal.pone.0318143
https://doi.org/10.1371/journal.pone.0318143
https://doi.org/10.1016/j.scitotenv.2021.147742
https://doi.org/10.1016/j.scitotenv.2021.147742
https://doi.org/10.1016/j.scitotenv.2021.147742
https://doi.org/10.1016/j.scitotenv.2021.147742
https://doi.org/10.1371/journal.pcbi.1000028
https://doi.org/10.1371/journal.pcbi.1003702
https://doi.org/10.1371/journal.pcbi.1003702
https://doi.org/10.1371/journal.pcbi.1003702
https://doi.org/10.1371/journal.pcbi.1008914
https://doi.org/10.1371/journal.pcbi.1008914
https://doi.org/10.1371/journal.pcbi.1009942
https://doi.org/10.1371/journal.pcbi.1009942
https://doi.org/10.1038/s42003-023-05098-1
https://doi.org/10.1038/s42003-023-05098-1
https://doi.org/10.1101/2025.02.14.638285
https://doi.org/10.1101/2025.02.14.638285
https://doi.org/10.1101/2025.02.14.638285
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.5c12562?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

