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A B S T R A C T

The co-occurrence of glyphosate (GPS), a commonly used organophosphorus herbicide, and cadmium (Cd), a 
neurotoxic metal, in agricultural environments prompts concerns about their combined toxic effects on eco
systems. This study explores the combined effects of GPS and Cd on the model organism Caenorhabditis elegans 
(C. elegans), to understand their cumulative effects in organismal living environments. We investigated the 
interaction between GPS and Cd over 24 hours using a comprehensive approach that included a variety of 
toxicity endpoints as well as the novel Automated Recognition and Statistics Tool (NCLE) for body bend mea
surement. Our data show a concentration-dependent interplay in which antagonistic effects at lower concen
trations reduce phenotypic damage while synergistic effects emerge at higher concentrations, particularly at 
GPS’s LC50. Transcriptome analysis under antagonistic conditions revealed significant downregulation of Cd 
toxicity-related genes and identified Y22D7AL.16, which has a C2H2-type zinc finger domain, as a novel gene 
involved in metal stress response, implying an alternative Cd-resilience mechanism. The expression profile of this 
gene shows that it plays a larger role in both development and metal stress adaption. These findings highlight the 
complexities of compound pollutant interactions, emphasizing the importance of including such dynamics in 
environmental risk assessments and control techniques.

1. Introduction

Many environmental contaminants, including herbicides and heavy 
metals, are present in mixtures, contributing significantly to pollution 
and endangering plant growth and human health (Li et al., 2022). 
Cadmium (Cd), one of these pollutants, is a highly hazardous heavy 
metal (Wang et al., 2021a). Cadmium concentrations of higher than 
0.3 mg/kg in soil greatly inhibited plant growth and development 
(Wang et al., 2019). The ability of cadmium to bioaccumulate in organs 
and tissues of organisms can result in a variety of negative health im
pacts, including oxidative stress, DNA damage, enzyme inhibition, and 
altered calcium metabolism. Long-term exposure to high Cd levels has 
been linked to severe health issues, including kidney damage, 

hypertension, and an increased risk of cancer (Branca et al., 2020; Chen 
et al., 2022). Furthermore, Cd toxicity is established for its adverse ef
fects on the reproductive and developmental processes of numerous 
species (Thompson and Bannigan, 2008). Despite this, Cd usage is 
increasing due to industrial development. In response to Cd exposure, 
organisms upregulate detoxification genes such as metallothioneins 
(mtl-1, mtl-2) and cadmium-responsive genes (cdr-1) to mitigate 
toxicity.

Glyphosate (GPS), a widely used herbicide, inhibits protein synthesis 
and growth in plants by targeting the enzyme EPSPS in plants, dis
rupting protein synthesis and impairing growth (Moser et al., 2022; 
Milesi et al., 2021; Duke and Powles, 2008 Apr). Its persistence in the 
environment raises concerns about soil and water contamination (Bai 
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and Ogbourne, 2016). The combined presence of Cd and GPS in eco
systems is plausible, although their joint effects are poorly understood. 
This includes potential chemical interactions that could result in addi
tive, synergistic, or antagonistic effects (Ramakrishnan et al., 2011; 
Kováčik et al., 2020).

Caenorhabditis elegans, a free-living soil nematode, serves as an 
excellent model for toxicological studies due to its short lifecycle, 
transparent body, robust reproductive system, and visible phenotypes 
indicating toxic exposure (Long et al., 2023; Tejeda-Benitez and 
Olivero-Verbel, 2016). Its genetic pathways and functional homologies 
to humans make it an ideal model for studying molecular stress re
sponses and diseases (Markaki and Tavernarakis, 2020; Grishok, 2005; 
Braendle et al., 2008). The behavior phenotypes of C. elegans, such as 
body bending (Fang-Yen et al., 2009; Gems and Riddle, 2000; Luo et al., 
2008), head thrashing (Zhang et al., 2022a), and pharyngeal pumping 
(Zhang et al., 2022b), are closely linked to environmental toxicity and 
can be quantified through advanced techniques for comprehensive 
toxicity screening. Our use of the Nematode Central Line Extraction 
(NCLE) technique for analyzing nematode movement patterns signifi
cantly enhances data accuracy and collecting efficiency. NCLE stands as 
a testament to the ingenuity applied in harnessing C. elegans for toxi
cological advancements, affirming its status as an indispensable tool in 
environmental and health-related research.

We propose that the combined exposure to cadmium and glyphosate 
has additive or synergistic toxic effects on C. elegans, impacting both 
acute lethality and sublethal endpoints. Our goals are to assess the in
dividual and combined toxic effects of Cd and GPS on C. elegans survival 
and behavior, analyze changes in gene expression related to detoxifi
cation pathways, and investigate the molecular mechanisms underlying 
the observed toxic effects. This study aims to bridge the knowledge gap 
on the combined effects of Cd and glyphosate, providing insights into 
their potential risks to environmental and human health.

2. Materials and methods

2.1. Chemicals and reagents

Cadmium powder was purchased from Sigma-Aldrich (CAS number: 
7440–43–9). The herbicide used was water-based glyphosate isopropyl 
amine salt with a 30 % active component content purchased from China 
Fuhua Tongda Pesticide Technology Co., Ltd (Product no: 13192). The 
experimental setup used K-Medium (3.04 g NaCl, 2.39 g KCl, and 1 L 
ddH2O) as the dissolving medium for cadmium to form treatment so
lutions. To maintain consistency and reproducibility of experimental 
results, all other chemicals and reagents used were of analytical grade 
and utilized as received, with no further purification.

2.2. Maintenance and experimental setup for Caenorhabditis elegans

Wild-type C. elegans strain N2 was obtained from the Caenorhabditis 
Genetics Center (University of Minnesota) and was used for all analyses. 
Nematodes were grown on NGM (nematode growth medium) agar plates 
(3 g NaCl, 2.5 g BactoPeptone, 20 g Agar and 1 L ddH2O) seeded with 
Escherichia coli strain OP50 at 20◦C unless otherwise noted. The nema
todes were synchronized using the conventional bleach procedure, 
which included distilled water, 5 M NaOH, and 10 % sodium hypo
chlorite (NaClO).

The experimental design includes four distinct groups: a control 
group that received no pollutants, a cadmium-only group that was 
exposed to varying concentrations of cadmium ions, a glyphosate-only 
group that was exposed to varying concentrations of glyphosate, and a 
mixed group that was exposed to varying concentrations of both cad
mium ions and glyphosate. Each experimental condition was repeated 
three times to ensure robustness.

2.3. Acute toxicity

The acute lethal toxicity of the two tested chemicals, Cd and GPS, 
individually and in mixtures (Cd + GPS), was assessed using a 24-hour 
lethality assay. The chemical stock solutions were formulated with a Cd 
concentration of 20 mg/ml and a GPS concentration of 300 mg/ml 
before the toxicity test. Experiments were conducted in 96-well plates 
with L4-stage age-synchronized worms. LC50 values were established 
using five different working concentrations of Cd and GPS plus a control. 
Cadmium and glyphosate concentrations were tested in four duplicate 
wells with 300 µl of test solution. Nematodes were subsequently trans
ferred to a 96-well plate containing K-medium, ensuring an average 
density of 10–30 nematodes per well. Exposure was conducted at 20 ◦C 
for 24 hours without food. Worm mortality was examined under a dis
secting microscope. Detailed working concentrations are provided in 
Supplementary Material Table S1.

For the mixture test, the exposure procedure was similar to the tests 
on individual chemicals, except for the concentrations used. Cadmium 
and glyphosate were co-administered in specific ratios to determine 
their collective LC50 values and interaction types, using concentrations 
of 1/5 LC50, 1/2 LC50, and LC50 according to the method described 
earlier (Wang et al., 2017).

2.4. Sublethal exposure test

Sublethal exposure tests were conducted at concentrations of 1/ 
1000, 1/100, and 1/10 LC50 for cadmium, glyphosate, and their mix
tures using the method described earlier (Wang et al., 2017). After a 
24-hour incubation period at 20◦C, body bending, head thrashing, 
pharyngeal pumping, and reproductive rate were measured. Head 
thrash counts were performed on 15 randomly selected nematodes on 
NGM plates containing a few drops of M9 buffer, with each 
back-and-forth movement counted as one thrash. Body bends were 
identified as one complete sinusoidal movement. Pharyngeal pumping 
rates were measured on NGM plates seeded with OP50 Escherichia coli, 
with each pump counted. The reproduction rate was determined by 
counting the offspring of three randomly selected worms every 24 hours 
after exposure.

2.5. Sequencing information

Total RNA was extracted from both the 0-hour treated control and 
24-hour treated samples, which were subsequently processed for vali
dation before sequencing. To ensure reproducibility, the experiment was 
repeated three times in triplicates, and only results that were consistent 
across all three replicates were selected for further analysis. The original 
RNA-seq readings were processed using Trimmomatic (version 0.39) to 
filter out low-quality reads and trim adapter sequences (Bolger et al., 
2014 Aug 1). The cleaned reads were then aligned with the WBcel235 
reference genome using the STAR aligner (version 2.7.5c) (Dobin et al., 
2013). RNA sequencing (RNAseq) analysis was performed using the 
DIANE software platform (Cassan et al., 2021), which runs R version 
4.0.0.

The count table generated by DESeq2 was used to perform differ
ential gene expression analysis with DIANE. Low counts were filtered 
out with a threshold of 15 to ensure statistical robustness in downstream 
analysis. Differentially expressed genes (DEGs) were identified using a 
false discovery rate (FDR) of 0.05 and a log2 fold change (logFC) of 1 as 
cutoffs. The RNAseq data were then further explored to construct gene 
regulatory networks using the GENIE3 algorithm within the DIANE 
framework (Huynh-Thu et al., 2010).

2.6. Nematode Central Line Extraction（NCLE）

For the extraction of the central line in nematodes, individual nem
atodes were imaged in a 384-well plate, with one nematode per well. 
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The images were annotated using the Labelme library (version 5.4.1) in 
Python (version 3.7). The collected images were processed using the 
OpenCV library (version 4.9.0) in Python. This includes median filter 
denoising, contrast enhancement with histogram equalization, and 
conversion to 8-bit grayscale images. For model training and optimiza
tion, we collected and used images of nematodes in liquid culture media 
annotated using Labelme as training data, as well as data augmentation 
techniques. The deep learning model was trained on this data using 
PyTorch (version 2.2.0), and hyperparameters were optimized using 
cross-validation and the Hyperopt library.

The trained U-Net model segmented the nematode images to isolate 
the central line. The segmented line was skeletonized with OpenCV and 
refined to ensure continuity and eliminate unnecessary branches. The 
generated centerline was used for subsequent analysis, such as visual
izing nematode trajectories.

2.7. Statistical analysis

All assays were performed in triplicate to ensure statistical validity. 
Data analysis was conducted using GraphPad Prism version 9.0. LC50 
values and corresponding 95 % confidence intervals for individual 
metals were calculated using nonlinear regression in GraphPad Prism. 
LC50 values for metal mixtures were determined similarly. Data were 
transformed to a logarithmic scale before calculating LC50 values to 
achieve normal distribution and homogeneity of variance. The signifi
cance of differences between experimental groups was determined using 
one-way ANOVA to compare means across multiple groups. To discover 
particular group differences, post-hoc comparisons were performed 
using the Fisher’s Least Significant Difference (LSD) test. A t-test was 
used for subsequent comparisons of group differences on body bending, 
head swing, and pharyngeal pumping. Comparisons of toxicity effects on 
worm reproduction (number of progenies produced by each worm) 
among individual metals or metal mixtures were conducted using one- 
way ANOVA followed by post hoc multiple comparisons. A p-value 

<0.05 was considered statistically significant for all tests, indicating that 
observed differences were unlikely due to chance.

3. Results

3.1. Combinational toxicity effects of cadmium and glyphosate

This study systematically assessed the acute toxicity of cadmium 
(Cd) and glyphosate (GPS) on C. elegans using a meticulously conducted 
24-hour LC50 assay. The assay was performed on nematodes of the L4 
developmental stage, utilizing a 96-well plate setup. Specifically, five 
concentrations of cadmium and five concentrations of glyphosate were 
tested, with each concentration having a control. Each concentration 
was tested in quadruplicate, with 150 µL of worm suspension (con
taining approximately 10–30 worms) and 150 µL of K-M solution added 
to each well. The worms were exposed for 24 hours at 20◦C without 
feeding, and their mortality was assessed under a microscope to deter
mine the LC50 values for Cd and GPS independently. The 24-hour LC50 
values obtained were 71.54 mM for glyphosate (95 % confidence in
terval [CI]: 70.79, 72.31) and 11.7 mM for cadmium (95 % CI: 9.28, 
14.53) (Fig. 1A, B, and Table S1).

To assess the combined toxicity of Cd and GPS, we employed the 
method described by Wang et al (Wang et al., 2017). This approach 
involves comparing the observed toxicity in experimental conditions 
with the toxicity predicted by additive models. For example, when 
combining 1/5 of the LC50 of Cd (corresponding to 10 % mortality) with 
1/2 of the LC50 of GPS (resulting in 25 % mortality), the predicted 
combined mortality rate is 35 % (10 %+25 %). Contrary to this pre
diction, at the LC50 concentration of Cd, increasing concentrations of 
GPS led to lower observed toxicity than expected, suggesting an antag
onistic interaction. A similar antagonistic effect was observed when 
combining Cd at 1/2 and 1/5 of its LC50 with GPS at 1/5 and 1/2 of its 
LC50 respectively. However, when GPS reached its LC50 concentration, 
all tested combinations exhibited synergistic effects, indicating 

Fig. 1. Concentration-response relationships for the acute and combined toxic effects of glyphosate and cadmium on C. elegans at LC50, 1/2 LC50, and 1/ 
5 LC50. Panels A and B show the 24-hour LC50 values for glyphosate and cadmium in the L4 stage, along with their 95 % confidence intervals (calculated using 
logistic regression or probit analysis). Panels C-E show the combined treatment of LC50 GPS of 1/5, 1/2 and 1 at Cd concentrations of 1, 1/2 and 1/5 LC50, 
respectively. Each dilution was tested times. The calculated data represent theoretical outcomes (Gray dotted line）, which are juxtaposed with actual observations to 
determine whether the effects are additive, synergistic, or antagonistic.
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potentiation of toxicity. (Fig. 1 C-E, and Table S2).

3.2. Impact of Cd and GPS on locomotion, reproduction, and 
physiological responses in C. elegans

Environmental stressors can severely impact locomotion, reproduc
tion, and overall growth in living organisms. In our study, we investi
gated how simultaneous exposure to Cd and GPS affects these key 
physiological responses in C. elegans. Specifically, we focused on eval
uating locomotion (measured by head thrashing and body bending), 
pharyngeal pumping, and brood size (Table S3), which are critical 
endpoints for assessing ecotoxicological effects in C. elegans.

We first calculated the LC50 for the Cd and GPS mixture, focusing on 
determining the GPS concentration at 1/5 LC50 of Cd. Following several 
experimental iterations, the GPS concentration was determined to be 
5.3 mg/ml (95 % confidence interval: 5.2–5.4, Figure S1 and Table S4). 
Following this, we conducted sublethal phenotypic assessments by 
exposing nematodes to individual and combined doses of Cd and GPS at 
1/1000, 1/100, and 1/10 of the determined 24-hour LC50. Our goal was 
to meticulously examine the effects of these pollutants at sublethal 
levels, both individually and in mixture, on the physiology of C. elegans.

The integrative analysis depicted in Fig. 2 illustrates the complex 
relationships between these substances and their biological effects. At a 
concentration of 1/10 LC50, the interaction between Cd and GPS in the 
mixture was antagonistic, as indicated by the restoration of body 
bending activity, a crucial locomotive function, to near-normal levels 
(Fig. 2A). This finding contrasts with the expected cumulative effects of 
two toxic substances, suggesting a unique interplay at specific concen
trations. Additionally, the impact on head thrashing, another measure of 

nematode locomotion, exhibited a less pronounced but still detectable 
antagonistic effect at the same concentration (Fig. 2B). The lack of sig
nificant changes at lower concentrations (1/1000 and 1/100 LC50) in
dicates a threshold below which C. elegans is resilient to the toxic effects 
of these substances, which could have profound ecological and envi
ronmental implications. Moreover, pharyngeal pumping rates increased 
significantly at 1/10 LC50 when treated with the combination (Fig. 2C), 
possibly indicating an adaptive response to maintain homeostasis or an 
unexpected consequence of the chemicals’ interaction affecting neural 
or muscular control mechanisms. Furthermore, the reproductive rate as 
determined by brood size was significantly affected. Worm exposure to 
individual Cd and GPS toxicity resulted in a considerable reduction in 
brood size. However, the mixture of these substances at 1/10 LC50 
resulted in a marked increase in brood size (Fig. 2D), indicating an 
antagonistic interaction that mitigates the effects observed with indi
vidual substance exposures. Additionally, locomotion patterns, illus
trated in Fig. 2E, showed distinctive behavioral tracking for nematodes 
under each treatment condition.

3.3. Utilization of Nematode Central Line Extraction (NCLE) to reveal 
antagonistic interaction effects

We used the Nematode Central Line Extraction (NCLE) approach to 
systematically assess body bending in worms subjected to individual and 
combined Cd and GPS toxicity. This involved measuring the frequency 
of body bends over 20-second intervals at various sublethal concentra
tions, ranging from 1/1000–1/10 of the LC50 for each substance and 
their combination.

Initial experiments to validate our approach before sequencing 

Fig. 2. Impact of Cd, GPS, and CdþGPS on C. elegans phenotypes under individual or combined exposures. Panels A, B, C, and D show the effects on body 
bending, head thrashing, pharyngeal pumping, and brood size at concentrations of 1/1000 LC50, 1/100 LC50, and 1/10 LC50, both individually and in combination, 
respectively. Each test involved 15 nematodes, with results replicated more than three times to ensure reliability. Panel E depicts the behavioral tracking of worms in 
response to chemical treatments. Individual nematode paths were monitored in a 384-well plate, subjecting each nematode to different conditions: Cd (cadmium), 
GPS (glyphosate), and a combined treatment of both. Trajectories, delineated by the central line of motion over a 10-second interval, are displayed before and after 
the application of a smoothing process to clearly illustrate the locomotion patterns.
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showed a recovery trend in body bending and head thrash phenotypes at 
a 1/10 LC50 concentration of the mixture treatment, compared to each 
substance alone (Figure S2, Table S5). In addition, our studies on 
pharyngeal pumping showed a significant increase in feeding rate and 
frequency under mixture treatment, suggesting a potential reduction in 
toxicity through the combined application of Cd and GPS. Notably, at a 
1/10 LC50 concentration of the combined Cd and GPS treatment, there 
was a statistically significant increase in body bending frequency 
compared to exposure to either substance alone, indicating an antago
nistic effect (Fig. 2A, E1-E4). This antagonistic trend was particularly 
evident at the 1/10 LC50 concentration for the combined treatment and 
diminished at lower concentrations, highlighting a concentration- 
dependent response in nematode motility.

The control group (CK) exhibited erratic and extensive movements 
(Figure E1), whereas GPS and Cd individually induced more linear and 
restricted paths (Figure E2 and E3). Interestingly, the combined treat
ment resulted in a trajectory that, while not identical to the control, 
indicated a complex modulation of behavior that could not be described 
simply as the sum of the effects of the individual treatments (Figure E4).

This analysis, facilitated by the innovative NCLE technique, high
lights the nuanced and concentration-dependent antagonistic interac
tion between Cd and GPS on C. elegans locomotion, providing valuable 
insights into their combined toxicological effects.

3.4. Unraveling the transcriptomic responses of C. elegans to combined 
glyphosate and cadmium exposure

To better understand the molecular mechanisms underlying the re
sponses of C. elegans exposed to cadmium and glyphosate, both indi
vidually and in combination, we conducted RNA sequencing to identify 
actively transcribed genes and their expression levels under these con
ditions. The RNA sequencing was performed on samples exposed to 1/10 
LC50 concentrations of Cd, GPS and the Cd+GPS mixture. This con
centration was chosen for sequencing due to its significant impact on 
phenotypic responses and the observed antagonism between the sub
stances when combined, as detailed in Figure S2 and Table S5.

After 24 hours of cadmium exposure, 97 genes showed significant 
upregulation, while 35 genes were significantly downregulated. In 
contrast, exposure to GPS resulted in the significant upregulation of 27 
genes and the significant downregulation of 7 genes. We also conducted 
RNA sequencing on untreated worms as a baseline control. This com
parison enabled us to identify transcriptional changes induced by Cd and 
GPS exposure relative to the untreated state. These changes in gene 
expression were determined using a threshold of |log2FC| ≥1 and 
adjusted P-value <0.05 (Fig. 3A).

The differential gene expression in C. elegans due to exposure to Cd 
and GPS, as shown in the Venn diagrams, reveals distinct and over
lapping responses. Cd exposure individually upregulated 74 genes, GPS 
uniquely upregulated 57 genes, and a mixture of Cd and GPS upregu
lated 37 genes (Fig. 3B). Regarding downregulated genes, 150 genes 
were specific to Cd, 155 genes to GPS, and 68 genes were downregulated 

Fig. 3. Gene expression alterations in nematodes after exposure to cadmium (Cd) and glyphosate (GPS) as well as their combined exposure (CG). A. Scatter 
plots illustrate the average log2 fold change (logFC) in gene expression across different treatment comparisons: Cd versus control (CK), GPS versus CK, CG versus CK, 
CG versus Cd, and CG versus GPS. Each point represents a gene, with teal points indicating genes with an adjusted P-value ≥0.01, and dark blue points denoting 
genes with a more stringent adjusted P-value of <0.01. Key differentially expressed genes are labeled, with logFC direction reflecting upregulation (positive values) 
or downregulation (negative values) in comparison to the control. B. Venn diagrams depict the shared and unique differentially expressed genes in nematodes 
exposed to cadmium (Cd), glyphosate (GPS), and their combination (CG). C. Graphical representation of Gene Ontology (GO) analysis for nematodes treated with 
Cd2+.D. Bar graph detailing the GO analysis of nematodes after glyphosate (GPS) treatment.
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by both Cd and GPS treatments. This indicates that the nematode’s gene 
expression exhibits both unique and overlapping responses to these two 
stressors.

This upregulation extended to well-characterized families of related 
genes, encompassing those encoding phase I and phase II detoxification 
proteins, innate immunity proteins, and ATP-binding cassette (ABC) 
transporter proteins. However, in the combined exposure to cadmium 
(Cd2+) and glyphosate (GPS), some genes exhibited inverse changes. 
Specifically, a subset of responsive genes showed a marked decrease 
compared to the group exposed to Cd2+ alone. The upregulation 
extended to well-characterized families of related genes, including those 
encoding phase I and phase II detoxification proteins, innate immunity 
proteins, and ATP-binding cassette (ABC) transporter proteins. Howev
er, in the combined exposure to cadmium (Cd2+) and glyphosate (GPS), 
some genes exhibited inverse changes. Specifically, a subset of respon
sive genes showed a marked decrease compared to the group exposed to 
Cd2+ alone. Gene Ontology (GO) enrichment analysis revealed that 
after 24 hours of exposure to Cd or GPS, categories such as cellular 
transport, fatty acid metabolism, and cell wall metabolism were 
enriched with downregulated genes. This suggests that cadmium 
toxicity may compromise various cellular functions. Additionally, GO 
molecular function analysis indicates that many of these genes are 
involved in metal ion binding and catalytic activities (Fig. 3C, D).

To identify co-regulated gene groups and gain insights into the po
tential functional consequences of exposure to Cd and GPS, as well as the 
intricate dynamics of gene regulation under combined environmental 
stresses, we classified the differentially expressed genes (DEGs) into nine 
discrete clusters based on their expression profiles and functional an
notations, as illustrated in Fig. 4A. This classification unveiled distinct 
transcriptional responses among the clusters to the different treatments. 
Clusters 1 through 9 represent unique patterns of gene expression in 
response to cadmium (Cd2+), the combination of cadmium and glyph
osate (CG), and the control group at 0 hours (CK0). The expression 
profiles are displayed as box plots, showing the normalized mean counts 
of genes within each treatment group.

Clusters 1, 2, 3, 6, and 9 include genes that are highly sensitive to 
cadmium. Interestingly, these genes show a downward expression trend 
after the introduction of glyphosate, suggesting a potential attenuating 
effect of glyphosate on cadmium toxicity. This includes genes such as 
mtl-1, mtl-2, cdr-1, and others involved in encoding cytochrome P450 
enzymes, glutathione S-transferases, and UDP-glucuronosyltransferases. 
Cluster 4 consists of genes specifically downregulated in response to 
cadmium, indicating an inhibitory effect of this metal on their expres
sion. Cluster 5 highlights genes that are more responsive to glyphosate 
exposure, with further decreases in expression under combined 

exposure conditions. Finally, Cluster 7 contains genes associated with 
the developmental changes in the nematodes, providing insights into the 
potential impacts of these treatments on nematode growth and devel
opment（Fig. 4A, Table S6).

3.5. Identification of a new gene that may represent a new regulatory 
network associated with cadmium resistance in C. elegans

In C. elegans, the upregulation of known gene families such as mtl-1, 
mtl-2, cdr-1, and ttm-1 which are target genes of the p38 MAPK pathway 
involved in toxin regulation has been established as a response to cad
mium exposure (Sharma et al., 2023; Ma et al., 2022), indicating their 
functional role in conferring resistance to cadmium toxicity. However, 
the biological significance of increased transcriptional levels in other 
cadmium-responsive genes remains to be elucidated. Additionally, as 
shown in Table 1, cadmium exposure affects the expression of nuclear 
receptor genes, including hizr-1, nhr-85, nhr-181, and nhr-172 to nhr-12, 
suggesting these genes play a crucial role in resistance to metal/
cadmium toxicity (Magner and Antebi, 2008). To further explore these 
transcriptional responses to cadmium and identify potential regulatory 
mechanisms, we employed GENIE3 (Gene Network Inference with 
Ensemble of Trees), which uses a machine learning approach to infer 
gene regulatory networks from expression data, allowing us to identify 
key regulatory interactions that may govern the enhanced resistance 

Fig. 4. A. Box plots showing normalized expression levels of genes across treatments: cadmium (Cd2+), combined cadmium and glyphosate (CG), and control 
(CK24). Gene expressions are connected across treatments within each of the nine clusters. B. Network visualization of gene interactions in C. elegans exposed to 
cadmium, with node sizes indicating regulatory influence and edges showing connections.

Table 1 
Summary of Regulatory Genes.

Gene Group Description

hizr− 1 Regulator High zinc activated nuclear receptor 
protein

Y22D7AL.16 Regulator C2H2-type domain-containing protein
nhr− 85 Regulator Nuclear hormone receptor family 

member nhr− 85
mean_nhr− 172- 

nhr− 12
Grouped 
regulators

NA

npax− 2 Regulator Paired domain-containing protein
nhr− 181 Regulator Nuclear Hormone Receptor family
ets− 4 Regulator Transcription factor ets− 4
daf− 8 Regulator Smad protein daf− 8

Note: Identified regulatory genes, categorized by label and group, accompanied 
by descriptions. The “Regulator” group represents individual regulatory genes, 
whereas “Grouped Regulators” refers to a set of related regulatory entities. 
Descriptions provide brief functional annotations or protein product informa
tion, where available. Entries without a specified function are denoted as "NA" 
(Not Applicable).
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mechanisms in C. elegans under cadmium stress.
We constructed a gene regulatory network for C. elegans following 

cadmium exposure. As illustrated in Fig. 4B, the network reveals 
numerous key regulatory genes, including hizr-1, known for its role as a 
high zinc-activated nuclear receptor protein, and members of the nu
clear hormone receptor family such as nhr-85 and nhr-181. The nuclear 
hormone receptor nhr-172 and nhr-12 are grouped based on a shared 
feature, and this group is notable for its possible regulatory role in the 
gene regulation network constructed for C. elegans in response to cad
mium exposure.

It has been established that hizr-1, a high zinc-activated nuclear re
ceptor transcription factor, plays a pivotal role in mediating responses to 
zinc homeostasis disruptions (Earley et al., 2021). Previous studies have 
demonstrated that while hizr-1 is essential for the activation of certain 
genes in response to both high zinc and cadmium exposure, other 
cadmium-activated genes operate independently of hizr-1 (Shomer 
et al., 2019; Warnhoff et al., 2017), suggesting the existence of dual 
mechanisms for cadmium-responsive transcription.

Consistent with these earlier findings, our data support the idea that 
cadmium can mimic zinc by activating the high zinc response mecha
nism through hizr-1. We contribute to this body of knowledge by iden
tifying Y22D7AL.16 (WBGene00021254) as a novel gene potentially 
involved in the cadmium response network. Our data suggests that 
Y22D7AL.16, a gene containing a C2H2-type zinc finger domain typi
cally associated with transcriptional regulation, is differentially 
expressed under cadmium stress. The specific upregulation of 
Y22D7AL.16 in the presence of cadmium, independent of the hizr-1 
mediated pathway, suggests the possibility of a distinct cadmium- 
responsive regulatory mechanism. While the exact role of Y22D7AL.16 
remains unclear, we hypothesize that this gene may contribute to an 
alternate pathway that enables nematodes to cope with cadmium 
toxicity. Given its expression across various developmental stages, we 
speculate that Y22D7AL.16 could be involved in both developmental 
regulation and metal stress response.

4. Discussion

The pervasive use of pesticides and heavy metals in agriculture has 
emerged as a pressing issue with profound implications for environ
mental sustainability and human health (Cai et al., 2023; Cordeiro et al., 
2023 Jul; Liu et al., 2022). These pollutants not only contaminate soil 
and water sources but also infiltrate the food chain, posing serious 
health risks (Alengebawy et al., 2021; Pei et al., 2022; Wang et al., 
2021b). Recent research has elucidated various pollutants’ intricate 
interactions and cumulative effects, even at low concentration 
(Tchounwou et al., 2012; Zhou et al., 2024). Although existing studies, 
such as those by Zhou et al. and Ramstedt et al (Zhou et al., 2004; 
Ramstedt et al., 2005)., have investigated the geochemical interactions 
of cadmium and glyphosate on soil and mineral surfaces, their potential 
interactions with other toxic metals, as well as the effects of pollutant 
mixtures are poorly understood. As a result, further investigation into 
the toxicological effects and interactions of various environmental pol
lutants is critical.

Exposure to chemical mixtures can lead to dose-additive, interactive 
(synergistic or antagonistic), or independent effects (Rai et al., 2010). In 
this study, we examined the toxic effects and interactions between 
cadmium and glyphosate using C. elegans, a well-established model or
ganism in toxicology research. Our results revealed the individual 
toxicological effects of cadmium and glyphosate on C. elegans, shedding 
light on their deleterious effects when administered independently. 
However, it is worth noting that the LC50 values for cadmium and 
glyphosate obtained in our study differed from those previously re
ported (Wang et al., 2017; Lu et al., 2018), likely due to variations in 
treatment methods and experimental conditions. Although Cadmium 
(Cd) is a systemic toxicant that affects multiple cellular processes in 
humans, its specific toxicity properties in C. elegans may result in distinct 

interactions with glyphosate (GPS). Notably, our study observed 
antagonistic effects when organisms were exposed to a mixture of cad
mium and glyphosate. This finding is particularly intriguing as it rep
resents the first report of antagonistic toxicity effects from a Cd-GPS 
mixture in C. elegans.

Toxicity interactions between chemicals affect several key processes 
that determine the resultant toxicity of a chemical to an organism. These 
processes include but are not limited to bioavailability, uptake and 
transport to the target site, binding at the target site, excretion 
(Cedergreen, 2014; Vig et al., 2003), as well as the Chelation mechanism 
(Tsui et al., 2005). In our study, combined exposure to cadmium and 
glyphosate reduced the overall toxicity, which is consistent with previ
ous reports suggesting a chelating interaction between the two chem
icals (Zhou et al., 2014). However, as the concentration of glyphosate 
increased, the interaction transitioned from antagonistic to synergistic. 
This suggests that the interaction between Cd and GPS is complex, and 
their combined toxic effects vary depending on their relative concen
trations, with both antagonistic and synergistic interactions occurring 
under different conditions. It also highlights the importance of regu
lating glyphosate concentrations in the environment to prevent adverse 
effects.

Following cadmium (Cd2+) exposure, significant upregulation was 
observed in several detoxification and stress response genes including 
mtl-1, mtl-2, and cdr-1, etc. as shown in Table 2, this is conformation 
with work reported by others (Cui et al., 2007; Liao et al., 2002). 
Particularly, the mtl-1 gene, regulated by metal ions, plays a crucial role 
in reducing the toxic impact of cadmium by binding to metal ions, thus 
facilitating nematodes’ adaptation to contaminated environments 
(Swain et al., 2004). This suggests that the interaction between Cd and 
GPS may reduce cadmium toxicity. The study of metallothionein 
mechanisms, especially through the mtl-1 gene, provides valuable in
sights into the processes of anti-oxidative stress and metal detoxifica
tion. It also unveils the adaptive mechanisms of nematodes to 
environmental stress and toxins exposure, contributing to a deeper un
derstanding of organismal resilience and survival mechanisms.

Our regulatory network analysis reveals that cadmium may mimic 
zinc, thereby triggering the activation of the hizr-1 high zinc response 
pathway (Warnhoff et al., 2017). Additionally, the identification of 
Y22D7AL.16 as a novel gene with a C2H2-type zinc finger domain and 
differential expression under cadmium stress within the cadmium 
response network suggests an alternative pathway for mitigating cad
mium toxicity that is independent of the hizr-1-mediated response. The 
gene’s association with nematode development implies its role in 
developmental processes and stress responses, warranting further 
investigation to elucidate its role across various developmental stages. 
Therefore, our findings suggest that the interaction between cadmium 
and glyphosate significantly affects their combined toxicity. This inter
action should be taken into account when evaluating the overall impact 
of these pollutants on the ecosystem. Specifically, our results emphasize 
that it is crucial to consider how multiple pollutants interact with each 
other, rather than assessing the toxicity of individual pollutants in 
isolation. This approach provides a more comprehensive understanding 
of their potential ecological impacts.

The primary mechanism behind heavy metal toxicity is the presence 
of free metal ions. Glyphosate, containing coordination groups such as 
-COOH, -NH2, and -PO4, has a strong ability to bind with heavy metal 
cations. When glyphosate interacts with Cd2+, it forms a Cd-GPS com
plex. This complex can be either toxic or even non-toxic, but impor
tantly, it effectively reduces the concentration of free Cd2+ ions. Since 
the toxicity of heavy metals generally results from free or active ions, the 
chelation of these ions by glyphosate into inactive forms considerably 
limits their potential toxicity or effectiveness. In addition, the binding 
affinity of glyphosate with metal ions varies with the ion type and 
valence, being strongest with trivalent metals, followed by bivalent and 
monovalent ions (Chui-fan et al., 2014; Tsui and Chu, 2003; Abate et al., 
1999; Wang et al., 2004). This interaction underscores the potential of 
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glyphosate to mitigate heavy metal toxicity in the environment. 
Furthermore, several studies have shown that the interaction between 
pollutants can shift from antagonism to synergy with increasing mixture 
concentrations. For example, benz[a]pyrene and 2-amino-1-
methyl-6-phenylimidazo[4,5-b]pyridine exhibit antagonistic effects at 
lower concentrations but become synergistic effects at higher concen
trations (David et al., 2016; Glaab et al., 2000; Bukowska et al., 2022). 
Similarly, heavy metals such as copper and cadmium, as well as poly
cyclic aromatic hydrocarbons (PAHs), exhibit antagonistic effects at 
lower concentrations but synergistic effects at higher concentrations 
(Meynard et al., 2021; Babu et al., 2014; Kumar et al., 2010). These 
findings indicate that various factors, including pollutant concentra
tions, exposure period, and exposure pathways, can influence the in
teractions between pollutants.

Therefore, when conducting environmental toxicology assessments, 
it is imperative to consider these factors and simulate real environ
mental conditions as precisely as possible to effectively assess the im
pacts of various pollutants on the ecosystem. Additionally, more 
research is needed to understand the mechanisms and effects of com
bined cadmium and glyphosate exposure, as well as their existence and 
potential risks in agricultural environments. This research will benefit 
both the natural environment and human health. Expanding on these 
findings provides an opportunity for a deeper exploration of their spe
cific implications and broader significance in both scientific and societal 
contexts. And will help to improve pollution management measures, 
enhance ecological resilience, and ultimately promote the sustainable 
coexistence of human activities with natural ecosystems. While our 
study focused on a specific model organism, its relevance to other spe
cies and its implications for pollutant management strategies in the 
environment become critical perspectives to consider. Furthermore, 
exploring the adaptive responses, such as the upregulation of mtl-1 and 
the discovery of Y22D7AL.16 reveals novel resistance pathways that 
may be applicable or inspire similar studies across different biological 
models. These findings not only deepen our understanding of organismal 
responses to environmental stressors but also offer potential avenues for 
the development of innovative approaches to address pollution-related 
challenges.

In conclusion, our study reveals a concentration-dependent dynamic 
interaction between glyphosate and cadmium, particularly with antag
onistic effects at lower concentrations that mitigate phenotypic damage 
in C. elegans. Using comprehensive toxicity assessments and tran
scriptome analysis, we identified key molecular pathways and mecha
nisms affected by this interaction. These findings underscore the 
importance of considering combined pollutant exposures in environ
mental risk assessments, particularly in agricultural settings where such 
co-occurrence is common. Future research should explore interactions 
with other pollutants and environmental conditions to fully understand 
their broader implications. Additionally, exploring potential mitigation 
strategies, such as bioremediation or pollutant degradation, could offer 
practical solutions to reduce the environmental and health risks posed 

by these combined pollutants exposures.
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