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Abstract: In this study toxicity effects of zinc, copper and cadmium, both as single metals and in
combination, were examined for the nematode Caenorhabditis elegans. Metal effects on lethality
were analysed in a time-dependent manner using different concentrations in K-medium. LC20
concentrations were used to investigate the effects on locomotion and chemosensation. The
results showed that copper toxicity was higher compared to cadmium and zinc, resulting in
higher mortality rates and a more reduced locomotion. For all metals lethality increased over
time. When cadmium concentrations were added to copper, and vice versa, significant increases
in toxicity were noted. Different interaction effects were observed for the mixtures ZnCd, ZnCu,
CuCd and ZnCuCd. Zinc seemed to have a neutral toxic effect on cadmium, while in
combination with copper, a similar additive effect was seen as for the CuCd combination. Binary
and tertiary metal mixtures caused a strong decrease in locomotion, except for the ZnCd
combination, where zinc seems to have a neutral effect. After LC20241n exposure, a reduced
crawling speed, except for zinc, and a reduced thrashing behaviour, except for zinc and ZnCd
mixture were observed. Almost no significant effects were observed on chemosensation. Since
the same trend of mixture effects was noted in locomotion and in lethality tests, locomotion
could probably be considered as a sensitive endpoint for metal toxicities. This article is protected

by copyright. All rights reserved
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INTRODUCTION

Metal accumulation in soil is caused by both industrial and natural sources. Moreover,
the number of anthropogenic sources of heavy metals in soil increased during several past
decades, leading to higher metal concentrations in aquatic environments, especially in mining
and industrial areas [1]. Exposure to these metals can lead to serious health hazards for diverse
animals, including humans, and results in a persistent (eco) toxicological concern. It is well
known that metals can cause neurotoxicity, alter neuronal excitability and impair
chemosensation, and that they are involved in neurodegenerative diseases [2, 3]. Furthermore,
free radicals and reactive oxygen species generated by metals can induce protein and DNA
oxidation and lipid peroxidation [4]. They also disrupt cellular homeostasis by impairing DNA
repair, inhibiting enzyme activity and affecting protein binding [5]. In general, cadmium replaces
zinc in various proteins and causes e.g. cellular lesions and mitochondrial dysfunction, while an
overload of the essential metal copper can lead to protein damage, cellular injury and structural
impairment of essential metal binding sites [6-9]. An excess of zinc, another essential element,
can cause multiple biological defects affecting life span, reproduction, development, etc. [10,
11].

Soil nematodes, living within the interstitial waters of soil particles, are in direct contact
with dissolved contaminants and play a major role in nutrient cycling and dynamics by feeding
on bacteria and fungi. In these soil nematodes, a reduction in movement [e.g. 14, 15], feeding
[15, 16], reproduction [10, 17, 12], bioluminescence [18], growth and a delay in egg laying [7,
19] and an increased generation time [20] was noted after zinc, copper and/or cadmium
exposure. Compared to the nematodes Pristionchus pacificus and Panagrellus redivivus, C.

elegans shows an intermediate toxicity response to copper in aquatic and soil tests, making C.
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elegans a representative of other rhabditid species for toxicity testing [16]. However, it is not yet
clear if the main uptake route for metals is from dietborne exposure or from waterborne
exposure. Hoss and co-workers [12] suggested that the toxic effects are caused by “aqueous
cadmium”, taken up together with the bacteria, rather than by bacterial-bound or total cadmium
concentrations. Bacteria may facilitate uptake of dissolved cadmium by stimulating pharyngeal
pumping; however, they may also adsorb significant amounts of cadmium, thereby potentially
lowering the cadmium toxicity. Hoss et al. [12] could not exclude that food associated cadmium
also had a partly toxic effect. Likewise, Offermann et al. [13] found no straightforward
relationship between internal response and cadmium bioaccumulation. In contrast to Hoss et al.
[12], dietary exposure was found to play the major role in cadmium bioaccumulation and internal
availability, whereas aqueous exposure was a less important contributor.

The bacterivorous nematode C. elegans, ubiquitous in soil, has a considerable ecological
value and is of great importance in laboratory toxicity tests. Its rapid growth, small body size and
fast reproduction enhance high throughput screening [21]. Since mixture toxicity tests generate a
lot of samples in a semi factorial design, a rapid and simple manipulation of test organisms is
needed. Furthermore, C. elegans can respond to aversive stimuli such as certain odorants (e.g.
repellent 1-octanol), touch sensation, and a variety of toxic compounds, such as metals [22] via a
number of sensory neurons in its head and tail and via mechanosensory neurons distributed along
its body [23]. Due to its centralised nervous system consisting of only 302 neurons, C. elegans
can be used for assessing behavioural changes. Although the C. elegans nervous system is
simple, it shares all basic features with those of higher animals, including humans [24].

Metal toxicity research with C. elegans has been performed in soil, on agar plates, in

sediment samples and in liquid medium, representing the interstitial pore water within the soil
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[e.g. 7,24, 25, 26]. However, in contrast to the increasing understanding of the toxic effects of
single metals, much less is known about their effects upon interaction, which frequently occurs
inthe natural environment. Since each metal may affect a variety of metabolic pathways causing
specific toxic effects [27], interactive effects of metals in mixtures can be additive, antagonistic
or synergistic, all resulting in different toxicity responses. Unfortunately, due to their complex
relationships in biological systems, no consistent explanation for the effect of metals in
interactions exists. Metal mixture toxicity studies with soil invertebrates are still scarce, although
a few studies have been performed with mixtures of copper, cadmium or zinc with earthworms
[28], Enchytraeus species [e.g. 29], Folsomia candida [30] and C. elegans [e.g. 17, 31].
Futthermore, unlike lethality, reproduction, body length, egg production and stress protein
production, locomotion has been less evaluated as a toxicological endpoint for both single metals
and mixtures [e.g. 16, 18, 24, 32, 33].

The aim of this study is to gain insight into the sensitivity of C. elegans to the selected
metals (copper, cadmium, zinc) and to investigate whether and how these sensitivities are
affected by each other in mixture exposure scenarios. To assess different endpoints, we fully
exploited the benefits of Caenorhabditis elegans as a unique model for both fundamental
neuroscience and (eco) toxicology [34]. Young fed adult nematodes were exposed during 2 h, 8
h, 24 h and 48 h to different concentrations of copper, cadmium and zinc (as single metals and in
combination) to analyse lethality effects over time, based on dose-response curves, and to gain
insight into mixture toxicity. Locomotory behaviour was evaluated by measuring crawling speed
on agar plates and thrashing behaviour in liquid medium. Furthermore, the degree of modulating
or impairing (chemo) sensory capacities as a result of metal exposure was investigated. For the

above locomotory and chemosensation tests, the effects of single metals and mixtures were
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assessed using the LC20 of single metals. Behavioural responses were compared to lethality and
finally these behavioural responses were determined as an endpoint for assessing toxicological
effects on C. elegans, exposed to single metals and their mixtures.
MATERIALS AND METHODS
Caenorhabditis elegans culture

The wild type N2 strain of the nematode Caenorhabditis elegans was obtained from the
Caenorhabditis Genetic Centre, Minneapolis, USA. The nematodes were maintained at 20°C on
nematode growth medium (NGM) agar plates, seeded with Escherichia coli (OP50 strain) as
food source. Synchronisation of the nematodes was achieved by bleaching: treatment of mixed-
stage nematodes with a hypochlorite solution (5 N NaOH, 8% sodium hypochlorite) kills the
nematodes that are not protected by an egg shell. Eggs were raised on OP50-seeded NGM plates.
Young L4 nematodes were transferred to a 24-well plate filled with 900 pL K-medium (52 mM
NaCl, 32 mM KCI, 5 pg/mL cholesterol, pH 5.1) [35], supplemented with E. coli OP50 (1.5
g/L), and under gentle shaking conditions (160 revolutions per minute (rpm)) incubated at 20°C
for 24 h.
Test media and experimental set-up

Dilution series of cadmium (0, 2.5, 5, 10, 100, 400, 800 and 1200 mg/L), copper (0, 0.05,
0.5, 2.5, 25,50, 100, 200 mg/L) and zinc (0, 5, 10, 25, 50, 100, 200, 400 mg/L) were made from
CdCL.2.5H20 (Alfa Aesar, Karlsruhe, Germany), CuCl,.2H>O (Merck A.G., Darmstadt,
Germany) and ZnCl, (Alfa Aesar, Karlsruhe, Germany) in K-medium. Metal concentrations
were verified (typically 93 - 108 % recovery) by High Resolution Inductively Coupled Plasma
Mass Spectrometer ICP-MS (Element XR, Thermofisher Scientific, Bremen, Germany). The

metal loading in our experiments, expressed in terms of mg per g of bacteria, is in line with

This article is protected by copyright. All rights reserved



reported metal contents of polluted soils that have been used for toxicity studies with C. elegans
[36]. Prior to toxicity testing, metal solutions were incubated with the bacterial suspensions for
12h at 4°C to allow metal partitioning between the aqueous phase and the bacteria. After the
incubation period, 100 pL of test medium (K-medium containing metal concentration) or control
(K-medium) was added to the 24-well plate, bringing the total volume of each well up to 1 mL.
Three replicates were made for each concentration. For each sample of each experiment, the
determined pH before (5.1 + 0.1) and after the experiment (5.2 + 0.3), was within an acceptable
pH range for C. elegans, excluding its potential effect on the measured parameters.

Lethality tests

Approximately 10 nematodes per replicate were used for each of the following lethality
tests.

Single metal. After O h, 2 h, 8 h, 24 h and 48 h of exposure to either copper, cadmium or
zinc, the number of living nematodes was counted in each well using a stereomicroscope (Nikon
AZ100, Tokyo, Japan). As mentioned above, 8 different concentrations of each metal were used.
Nematodes that were not moving or did not respond to gentle plate shaking, were considered to
be dead. The critical metal concentration from which survival was influenced significantly, was
determined as well as the strength of the decrease of survival. Furthermore, LC10, LC20 and
LC50 were analysed for each metal.

Metal mixture. For the lethality test of the CuCd mixture, all combinations of the
concentrations used for the single metal lethality were tested, except for the 2 highest
concentrations of both metals. The number of living nematodes was counted in each well after 0
h,2 h, 8 h, 24 h and 48 h of exposure using a stereomicroscope (Nikon AZ100, Tokyo, Japan).

Nematodes that were not moving or did not respond to gentle plate shaking, were considered to
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be dead. We determined how survival, at a given concentration of the first metal, was changed
by adding the second metal and whether there was an interaction between the two metals.

To examine if metal mixtures lead to higher toxicities compared to individual compounds and
which interactive effects of metals occur in mixtures, the LC20 of metal A was added to LC20 of
metal B. This was determined for both LC20 of 24 h (LC20241) and for LC20 of 48 h (LC204s1)
of copper, cadmium and zinc (Tablel). A mortality rate of around 40% for binary mixtures and
around 60% for tertiary mixtures was expected if the metals would have a simple additive effect.
Deviations of these values may be the result of interactions between the two metals due to
common cellular targets or uptake mechanisms. We defined a synergistic interaction as a
combination of two metals having a significantly 25% higher mortality rate than expected [27].
An antagonistic effect is suggested if the mortality rate was significantly 25% lower than
predicted. Mortality rates of mixtures of LC2024 1 after 48 h of exposure were compared to the
sum of the mortality rates of the corresponding single metals.

Locomotion

For the locomotory analyses, nematodes were exposed during 24 h to LC20241, and during
48 h to LC204s 1 of the three metals (Tablel). Mixtures CuCd, ZnCu, ZnCd and ZnCuCd, made
by combinations of the LC20 concentrations of the single metals, were tested. For each treatment
three replicates were used.

Average crawling speed on solid medium. After 24 h and 48 h, approximately 20
nematodes were washed with K-medium and transferred to small NGM plates, seeded with E.
coli (OP50 strain). After 30 min, nematode locomotion was recorded for 1 minute (15 frames per
second) by video tracking with a camera (Nikon DS-Ril, Tokyo, Japan), attached to a

stereomicroscope (Nikon, AZ100, Tokyo, Japan). Using the plugin wrMTrck in the image
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analysis program ImageJ, nematodes appeared as dark objects on a bright background. To avoid
any other dark objects a specific threshold was selected and subsequently the average crawling
speed of each nematode was calculated. Dead nematodes were excluded from the analysis.

Thrashing behaviour in liquid medium. A thrash is defined as a change in the direction of
midbody bending [11]. After 24 h and 48 h of metal exposure, the number of thrashes in 30
seconds was counted for each nematode in test medium. Therefore, their movement was
recorded for 30 seconds (15 frames per second) by video tracking with a camera (Nikon, AZ100,
Tokyo, Japan), attached to a stereomicroscope (Nikon, AZ100, Tokyo, Japan). The video was
manually analysed. The number of full body bends was also quantified for each nematode
exposed during 48 h to LC2024n,

Chemosensation

For the chemosensory analyses, nematodes were exposed for 24 h to LC20241 and for 48
h to LC204s 1 of copper and cadmium (Tablel). The CuCd mixture, made by the combination of
the LC20 concentrations of the single metals, was also tested.

Chemotactic index. For this test, nematodes were exposed in falcon tubes instead of 24-
well plates. After metal exposure, nematodes were washed with K-medium and approximately
30mematodes were transferred to a 5 cm agar plate seeded with OP50 E.coli. The plate was
divided in quadrants. Opposite quadrants contained the test solution (1-octanol) or the control
solution (K-medium). Nematodes and solutions were added according to the protocol of Margie
et al. [37]. After 60 minutes, the number of nematodes in each quadrant was counted under the
microscope (Leica, SSAPO, Heerbrugg, Switzerland) and the chemotactic index (CI) was

calculated as
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CI= (3(T1 +T2) - ¥(C1 + C2)) / ¥(T1 + T2 + C1 + C2)

where T1 and T2 refer to the number of nematodes in the test quadrants and C1 and C2 to the
number of nematodes in the control areas. The closer the Cl is to -1, the stronger the avoidance
to. the odorant. A positive CI suggests that nematodes are attracted to the odorant, while the
compound is neutral to the animals when Cl is close to zero. The test was conducted twice and
for each treatment 6 replicates were used. Dead nematodes were excluded from the analysis.

Drop test. Nematodes were washed after the exposure period and approximately 10
nematodes were transferred to a 9 cm agar plate. For each treatment 3 replicates were used. A
small drop of 1-octanol was placed approximately 0.3 mm before the head of a moving
nematode. Drops were delivered using 2 pL glass capillaries (Drummond Scientific Company,
Pennsylvania, U.S.A.). The reaction time between drop placing and the start of moving
backwards was measured for each living nematode. Therefore, these tests were performed by
video tracking at 10 frames per second with a camera (iDS, GigE uEye RE, Obersulm,
Germany), attached to a microscope (Leica, SSAPO, Heerbrugg, Switzerland). The video was
manually analysed with the software program “VirtualDub 1.10.4°.
Statistical analysis

Data were analysed with the statistical program‘R’, version 2.13.1, with a 5% level of
significance.

Lethality. To determine the critical concentration of each metal, 95% confidence intervals
were made for the survival fractions at the different time points. Then, for each metal
concentration and for each time point it was checked whether the 95% confidence interval

included the fraction of 95% survival.
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Linear mixed models were fitted to test the possible effects of exposure time and metal
concentrations and their interaction on the fraction of surviving animals. In all models, the
survival fraction was entered as dependent variable. Exposure time and metal concentration, plus
their interaction, were included as fixed effects. Observations with 100% survival (time=0h and
control group) were omitted from the analysis. Since the survival fraction was repeatedly
measured over time within the same wells, observations from the same well were not
independent. To account for this non-independence, a random intercept term for well was added
to the model. Significance of the interaction term was calculated using an F-test with a Kenward-
Roger correction for degrees of freedom. When the interaction between exposure time and metal
concentration was significant, separate regression models were fitted for the different exposure
times, and the slopes of the regression lines with 95% confidence intervals were calculated at
different exposure times. Finally, LC10, LC20 and LC50 concentrations (24 h and 48 h) of the
single metals were determined by fitting dose-response curves. The main effects of metal
exposure, exposure time and their interaction on LC values were analysed by a two-way
ANOVA. Subsequently, pairwise differences between the groups were calculated, with a Tukey
HSD correction for multiple hypothesis testing. To test for the interaction between copper and
cadmium, linear regression models were fitted. At each exposure time multiple linear regression
models were fitted to investigate if the decrease in survival fraction with increasing logio [copper
concentration], was altered by the cadmium concentration and vice versa. First, linear regression
models were fitted with the logio [copper concentration] and the cadmium concentration as
independent variables, plus their interaction. The interaction term in these models tests if the
effect of logio[copper concentration] is the same across all cadmium concentrations. If this term

was significant, separate models were fitted with logio[copper concentration] as independent
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variable, at each separate concentration of Cd. Above calculations were repeated swapping Cd
and Cu concentration, specifying Cd concentration as independent variable at a fixed value of the
logi0[Cu concentration].

Separate models were fitted for each exposure time. Control observations were omitted
ftom the analysis. Again, regression models were fitted to estimate the slopes of the regression
lines'with 95% confidence intervals at different exposure times.

Finally, dose-response curves were fitted using two-parameter log-logistic model to
estimate LC10, LC20 and LC50 values. These curves were fitted using the drm() function [38] in
the drc package [39] in R. A non-parametric ANOVA, Kruskal-Wallis test, followed by pairwise
comparison testing with Bonferroni correction was performed to determine if the mixtures of
LC20 concentrations led to significant higher mortalities than the individual metals. To test
which interactive effects occur in the mixtures, the observed mortality rates were compared with
the expected values using the Wilcoxon test.

Locomotion. The main effects of metal exposure, exposure time and their interaction on
the average speed of the nematodes were analysed by a two-way ANOVA. Comparisons within
treatment were carried out by a one-way ANOVA. Subsequently, a Tukey HSD test was used to
determine the differences between groups.

For thrashing behaviour, the effect of metal exposure to LC2024 1 (measured at 24 h and
48 h) and LC20431 were analysed separately. For the LC2024 1 values, the main effects of metal
exposure and exposure time were analysed by two-way generalised linear model procedures
(quasi poisson distribution). One-way generalised linear model procedures were used for
LC2045 n concentrations (quasi poisson distribution). Subsequently, a Tukey HSD test was used

tordetermine the differences between groups.
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Chemosensation. Absolute data of the quadrant tests were used and a reciprocal root
transformation of data from the drop test was applied. The main effects of metal exposure on the
chemosensory capacities of the nematodes were analysed by a one-way ANOVA separately for
LC2024 1 and LC204s8 1. Subsequently, a Tukey HSD test was used to determine the differences
between groups.

RESULTS

Lethality

Single metals. For all metal concentrations mortality rate increased along with the length
of the exposure period (Fig. S1). Zinc exposed nematodes showed a stepwise decrease of
surviving fraction, which was significant for concentrations starting from 200 mg/L at 2 h, 50
mg/L at 8 h, 10 mg/L at 24 h and 5 mg/L at 48 h (Fig. 1A). Nematodes exposed to copper for 2 h
and 8 h had a significant lower survival from 25 mg/L onwards, except for one measurement (50
mg/L after 2 h). After 24 h, survival was already declining from 2.5 mg/L, while after 48 h of
exposure all copper exposed nematodes showed a lower survival fraction (Fig. 1B). Cadmium
did not alter survival after 2 h of exposure, except for the 10 mg/L concentration. For the other
timepoints, survival was significantly lower than control starting from 2.5 mg/L (Fig. 1C).

For each metal, the interaction between exposure time and concentration was highly
significant for the regression slopes (P<0.001). All regression coefficients were negative,
meaning that the survival fraction declined with increasing concentration. Except for cadmium at
exposure times 2 h and 8 h and for copper at 2 h, a highly significant effect of metal exposure on
the survival fraction was noted (P<0.001). For zinc, a highly significant effect of metal exposure

on the fraction of survival was observed for each exposure time (P<0.001). The regression slope
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of zinc was always the steepest, although not significantly different from copper at 24 h and from
cadmium from 24 h onwards. Cadmium had the least steep regression slope, but not significantly
different from copper (and from zinc from 24 h onwards); at 24 h copper had a similar slope as
cadmium (Fig. 2; Table S1).

Compared to cadmium, LC50 concentration of copper was 91.5% lower after 24 h of
exposure and even 95.8% lower after 48 h of exposure (P<0.001) (Table 1). Compared to zinc,
copper had a LC50 which was 88.1% lower after 24 h and 94.6% lower after 48 h (P<0.001).
LC50 concentration of zinc was 28.7% (24 h) and 21.1% (48 h) lower than LC50 of cadmium,
which was not significant. The lethal concentrations of the metals zinc, copper and cadmium
significantly decreased over time by 68.3%, 85.7% and 71.3% respectively (Table 1).

Metal mixtures. For the CuCd mixture, all regression coefficients were negative, meaning
that the fraction of survival declined with increasing metal concentrations. When cadmium was
added to copper, a significant increase in toxicity was noticed 2 h after 10 mg/L cadmium was
added (P<0.05) and 8 h after 0 mg/L (P<0.05), 2.5 mg/L (P<0.01), 10 mg/L (P<0.05) and
400mg/L (P<0.001) cadmium was added to copper. After 24 h and 48 h, every cadmium
concentration that was combined with copper induced a highly significant decrease in survival
rate/(£<0.001; 400 mg/Lagn P<0.01). The interaction between cadmium concentration and logio
[copper concentration] was significant after 8 h (P<0.01) and 48 h (P<0.001) (Fig. 3, Fig. S2,
Table S2). Similarly, the decrease in survival fraction with increasing logio [cadmium
concentration], was altered by the copper concentration (Fig. 4, Fig. S3, Table S3). A significant
effect on the regression slope was noticed 2 h after 0.5 mg/L copper (P<0.01) and 8 h after 25
mg/L copper (P<0.001) was added to cadmium. After 24 h of exposure, all combinations of

cadmium with 0 (P<0.001), 0.05 (P<0.01), 0.5 (P<0.001), 2.5 (P<0.001), 25 (P<0.01), or 50
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(P<0.05) mg/L copper caused a decrease in survival. When concentrations of 0 mg/L to 2.5 mg/L
copper were combined with cadmium, an increase in mortality was observed after 48 h of
exposure (P<0.001). A significant interaction between copper concentration and logio [cadmium
concentration] was seen after an exposure period of 8 h (P<0.05), 24 h (P<0.05) and 48 h
(P<0.001). Curiously, the intercept on the Y-axis was very different for the various regression
lines. This means that in the absence of one metal, the presence of the other metal already had a
strong effect on survival. All the regression slopes were similar when copper or cadmium was
added to the other metal. Except for the combinations of the two highest concentrations of one
metal with the other, a trend was seen where the regression slopes became steeper over time
(Table S2, S3).

When zinc was added to copper, mortality increased significantly (P<0.01) (Fig. 5). The
ZnCu mixture had a higher mortality compared to copper (LC20241 24 h) and to both individual
metals (LC2048 h and LC20241 48 h) (P<0.05). However, zinc seemed to have a neutral effect on
cadmium, since no obvious increase in mortality was seen (Fig. 5). For both LC20241 (24 h and
48 h) and LC20431, the observed mortality was respectively 58.7%, 45.3%, 56.3% lower than the
expected mortality of 40% (P<0.05). In the CuCd mixture, a significant higher mortality
compared to the single metals was observed (P<0.05) (LC20241 24 h and 48h) (Fig. 5), although
only copper had a significant lower mortality than the mixture of LC20431 of copper and
cadmium (P<0.05). The lethality of the ZnCu and CuCd mixtures did not differ significantly
from the expected value: mortality in these metal combinations suggests additive effects. The
mortality rate of the tertiary ZnCuCd mixture was significantly higher compared to the 3 single

metals (P<0.05) (LC2024 124 h and 48 h) and to copper and zinc (LC204s 1) (P<0.05). When the
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metals were combined in a tertiary mixture, an additive effect was seen after 24 h, but after 48 h
(for both LC2024 1 and LC2048 1) this effect became antagonistic (P<0.05) (Fig. 5).
Locomotion

Metal exposure had a significant effect on the average speed and thrashing behaviour of
C. elegans (P<0.001). A 24 h exposure to LC2024 1, induced a significant decrease in average
crawling speed with 33.6%, 80.9%, 49.7%, 72.1%, 85.8% and 83.3% of nematodes exposed to
copper (P<0.05), cadmium (P<0.001) and to the mixtures ZnCu (P<0.001), ZnCd (P<0.001),
CuCd (P<0.001), and ZnCuCd (P<0.001) respectively (Fig. 6A). Exposure to zinc seemed to
have no effect. Furthermore, the average crawling speed of nematodes exposed to the ZnCu and
ZnCd mixture was lower than the ones treated with zinc (P<0.001), while exposure to the CuCd
mixture caused a significantly lower speed than exposure to only copper (P<0.001). C. elegans
exposed to the CuCd mixture made from LC2045 nh concentrations had a 84.3%, 84.6% and 83.3%
lower average speed than respectively non-exposed (P<0.01), cadmium (P<0.05) and copper
exposed nematodes (P<0.01) (Fig. 6B).

Also in liquid medium, exposure to LC20241 (at 24 h and 48 h) of copper (P<0.001),
cadmium (P<0.01) and to the mixtures ZnCu (P<0.01), CuCd (P<0.001), and ZnCuCd (P<0.05)
caused a decrease in locomotion of C. elegans (Fig. 7A). The nematodes showed 86.3%, 58.9%,
96.7%, 81.3% and 90.4% less thrashes, respectively, compared to the control. Exposure to ZnCu
and ZnCuCd mixtures led to diminished thrashing behaviour compared to the zinc exposure
(P<0.05). Thrashing behaviour of exposed nematodes to LC2048 » concentrations of the mixtures
ZnCu (P<0.01), CuCd (P<0.05) and ZnCuCd (P<0.01) decreased significantly with 84.1%,
97.7%, 86.9% respectively, compared to the control (Fig. 7B). Both CuCd (P<0.05) and ZnCuCd

(P<0.01) exposure caused less thrashes than cadmium exposure alone.
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Chemosensation

No significant effect of metal treatment on the chemotactic index was observed.
However, a (non-significant) trend was seen, where copper exposure slightly impaired the
avoidance reaction to the repellent (Fig. 8). The error bars suggest very heterogeneous reactions
of the population of nematodes studied.

For the drop tests, metal exposure only had a significant effect (P<0.01) in the group exposed
to, L.C2048 n, where copper exposed nematodes had a longer reaction time (P<0.01) compared to
control (Fig. 9).

DISCUSSION

We studied the effects of copper, cadmium and zinc exposure on a time-dependent
manner, using different concentrations. Toxicological effects of single metals and mixtures on
lethality, locomotion and chemosensation of C. elegans were analysed. Mortality rate was the
highest for copper and for all metals lethality increased over time. Different interactions were
observed for ZnCd, ZnCu, CuCd and ZnCuCd mixtures. Our study indicated that even at low
concentrations the locomotion, both on agar plates and in liquid medium, was disturbed, while
almost no significant effect was observed on chemosensation.

Based on toxicant mass units of mg/L, cadmium was the least toxic and copper the most
toxic to C. elegans, which is consistent with prior studies [24, 27, 35, 40]. When the data are
converted to micromolar, the order of lethality was copper > cadmium > zinc. However, LC
values of cadmium and zinc were not significantly different. The LC50 values corresponded to
earlier findings [27, 35]. Toxicological differences with previous studies may be due to
differences in methodology, nature of chemicals, age of tested nematodes, E.coli density, number

and density of the animals, exposure time, life stage, temperature, etc. Furthermore, for all
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metals, the survival fraction decreased with increasing concentrations. At each time point, the
regression slope of zinc was the most negative, although the 95 % confidence intervals slightly
overlapped with copper after 24 h of exposure and with cadmium from 24 h onwards. 2 h and 8 h
after zinc addition, mortality seemed to increase faster than when copper or cadmium was added.
Cadmium had the least steep regression slope till 8 h of exposure, but at 24 h the slope was
similar to that of copper and at 48 h the slope was intermediary between copper and zinc.
However, the 95 % confidence intervals of cadmium overlapped with those of copper from 2 h
onwards. This suggests that a longer exposure time is needed for Cd to become even or more
toxic than the other metals, which is confirmed in the study of Williams and Dusenbery [35],
where cadmium became more toxic than copper and zinc when the exposure period was
extended to 96 h; LC50s were respectively 0.06, 0.26 and 1 mg/L. Moreover, in comparison with
LE5024 1, LC5048 1 strongly decreased for all metals, representing the increased toxicity of metals
for longer exposure periods. This decrease was also seen in earlier studies [35, 41, 42]. In our
study, zinc exposed nematodes showed a stepwise decrease in survival over time. Copper
exposure already caused an increasing lethality after 2 h, but after 24 h a huge drop in survival
was noted. For cadmium exposed nematodes the decline in survival started after 8 h, but became
moreprominent after 24 h of exposure. The difference in declining rates suggests that uptake and
elimination rates differ between metals [41]. Again, 48 h of cadmium exposure seemed less toxic
for C. elegans than the other metals. However, for most aquatic organisms cadmium is the most
toxic compound [24]. When LC5096 1 of C. elegans was compared with Daphnia species, the
average of invertebrates and benthos (e.g. bristle worm, caddis fly), C. elegans was more
sensitive than the average of invertebrates and more sensitive to zinc and cadmium than benthic

organisms. For copper, this was the opposite, C. elegans was less sensitive than benthos. It
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showed less sensitivity to both copper and zinc than Daphnia sp., but sensitivity for cadmium
was similar [35]. In another study [41], 12 nematode species were compared in terms of
sensitivity to cadmium and pentachlorophenol. After an aquatic exposure of 72 h, C. elegans
seemed to perceive only an intermediate effect of cadmium and was insensitive to
pentachlorophenol. Fast colonizers (e.g. Diplogasteritus sp.) were relatively more sensitive to
cadmium than slow colonizing species (e.g. A. obtusicaudatus). It was suggested that the variety
in/ectodermal tissue among nematodes plays an important role in explaining the observed
differences in acute toxicity data. The high level of cadmium insensitivity of C. elegans suggests
that these nematodes possess efficient defence mechanisms preventing cadmium-related damage.
Cellular detoxification systems, including glutathione, methallothioneins, heat shock proteins,
pumps and transporters, regulate intracellular metal levels by detoxifying and excretion of metals
[5]. This implies that a sensitive molecular response may contribute to resistance at the
organismal level, resulting in relatively high LC50 concentrations. It was also seen that C.
elegans was less sensitive to cadmium in K-medium (3000 mg/L NaCl, 2360 mg/L KCI, pH 5.5-
6.0, total alkalinity of 0.1 mg/L as CaCQO3), as compared to Recon (EPA moderately hard
reconstituted reference water: 96 mg/L NaHCO3, 60 mg/L CaS04.2H20, 60 mg/L MgSOs4, 4
mg/Ly, pH 7.5-8.1, total alkalinity of 80 mg/L as CaCOs3) and moderately hard mineral water
[42]. Furthermore, cadmium is reported to be predominantly present as chloro-complexes in K-
medium (64%), whilst the concentration of the more biologically active free-form was much
lower. In Recon media, chloro-complexes are reported to be a minor fraction of the total Cd
concentration (< 1%) [42]. Copper on the other hand, is mostly present in the free-ion form
(92%), which may explain the lower LC50 values [40]. The metal speciation and ensuing toxic

effects are likely dependent on the composition and/or pH of soil or aquatic system. LC values
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reported for Cu, Cd and Zn in soil systems were much lower than those in aquatic solutions,
which was explained by the presence of organic complexants [25]. These organic complexants
confound interpretation of data for soil systems: complexation of metal ions by organic matter
lowers the free metal ion concentration in solution and can reduce metal mobility. It was
suggested that E. coli functions both as a food organism and as a vector for contamination uptake
[257°This might also be the case in our study.

Since all observed regression coefficients of metal mixtures were negative, the fraction of
survival declined with increasing metal concentrations. When cadmium was added to copper and
vice versa, significant increases in toxicity were observed, indicating a significant interaction
where one metal caused a mortality increase when it was added to the other. All the regression
slopes were similar, meaning that the toxicity in terms of mortality changed at similar rates when
copper or cadmium were added to each other. However, when considering reproduction as
endpoint, more cadmium in the mixture caused a decrease in the toxicity, while more copper
increased the toxicological effect on reproduction [17]. However, it is difficult to relate these
observations to underlying physiological mechanisms. It is possible that defence mechanisms
play a role. All the regression slopes became steeper over time, unless the 2 highest
concentrations of one metal were combined with each other. For these concentrations, the
intercept on the y-axis was already much lower compared to the other concentrations, where,
nevertheless, a 48 h exposure (almost) caused 100% mortality.

The CuCd combination with LC2024 1 concentrations led to a significant higher mortality
(after 24 h and 48 h) compared to the single metals, while copper had a significant lower
mortality than the CuCd mixture of LC204s 1. Zinc seemed to have a neutral effect on cadmium,

since no obvious increase in toxicity was noticed, which is supported by earlier studies [e.g. 27].
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For the ZnCu combination, a higher mortality compared to copper (LC2024 24 h) and to both
metals (LC204s and LC202448 h) was noticed. The CuCd and ZnCu mixtures did not differ
significantly from the expected mortality, indicating that these metals appear to have an additive
effect in combination. This corresponds to the findings of a 6-month soil test with different
nematode communities [26], where an additive or less than additive effect of copper and zinc
was observed. However, in another study [27] the interaction between copper and cadmium and
between copper and zinc appeared synergistic. In that study the combination of LC20 of copper
and cadmium even led to 100% mortality after 48 h. Furthermore, the mortality rate of the
ZnCuCd mixture was significantly higher compared to the single compounds (LC2024 124 h and
48h) and to copper and zinc (LC204g1). In this tertiary mixture, an additive effect was seen at 24
h, but after 48 h (for both LC2024 1 and LC204s1) this effect became antagonistic. These
interactive effects were also observed in a soil toxicity test, using a transgenic strain of C.
elegans, carrying a stress-inducible B-galactosidase reporter, where the combination of copper
and cadmium led to a larger response than cadmium alone, while the ZnCd mixture caused a
lower B-galactosidase activity than cadmium alone [19]. They also tested for the internal metal
content of C. elegans tissues, which was only fraction of the total metal content. Differences in
uptake route, assimilation efficiency, bioavailability, etc. may result in various metal toxicities
[12, 43]. Zinc, copper and cadmium may compete for the entry into nematodes, eliciting different
résponses than for the individual metals. Another hypothetical explanation for the interactions is
based on the stability indexes of metal ions and their binding sites [44], the covalent index and
ionic index. Metals with a high ionic index are being displaced by metals with high covalent
indexes for the binding sites. Copper and cadmium have a similar ionic index, while copper has

the highest covalent index followed by cadmium and zinc. This sequence corresponded to the
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observed toxicity in that study, when metal concentrations were expressed in mmol/L. Metals
with higher covalent index tend to have a synergistic effect, while metals with a low covalent
index seem to have a variable impact [27]. Furthermore, it was seen that zinc tends to neutralize
the toxic effect of other metals with a low covalent index, e.g. cadmium. Finally, it is possible
that deviations from addivity are only seen under certain conditions: in the study of Jonker et al.
[31]synergism was only observed at high dose levels, i.e. higher than LC50, while we only
considered the combinations of LC20 concentrations in this study. Furthermore, for the ZnCu
and CuCd mixtures additive effects were observed after 24 h and 48 h of exposure, while the
effects of the tertiary mixture changed from additive to antagonistic after 48 h of exposure,
suggesting that a longer exposure period can induce other interactive effects. The differences in
toxicity indicate the importance of testing mixtures and their individual metals simultaneously to
obtain a reliable insight in the combined actions.

Many C. elegans behaviours, such as locomotion and chemosensation are modulated by
the presence of food [45]. When nematodes are fed on a bacterial lawn, they switch between two
different behaviour patterns. Around 80% of the time, the nematodes are moving slowly and
staying in a restricted area (“dwelling”), but they can suddenly switch into rapid locomotion
across the lawn (“roaming”). Besides speed lowering, the presence of a food source enhances
avoidance responses to soluble repellents.

Like in many animals, copper and cadmium have been found to affect movement in C.
elegans [e.g. 14, 24, 46]. In the study of Dhawan and co-workers [24], fed nematodes exposed to
copper and cadmium for 24 h showed a change in movement at much lower concentrations than
the concentration at which they showed lethality. The behavioural EC50 values for nematodes

were between 20 and 50 times lower than LC50 values. Behaviour was much more sensitive to
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cadmium and copper than lethality, while for nematodes exposed to zinc, the opposite was true.
This was also observed in our study: nematodes exposed to LC2024 1 of copper and cadmium had
assignificant lower crawling speed and showed a diminished thrashing behaviour compared to
control, in contrast to nematodes exposed to zinc. The number of thrashes corresponds to the
control finding of Li et al. [47] and a similar effect for copper (150uM, 12 h) was observed in the
study of Xing et al. [48]. However, in an earlier study using 2.5, 75 and 200 uM zinc (without
food), C. elegans showed less body bends after 72 h compared to control [10], suggesting that a
starvation period can severely increase the toxic effect of zinc on thrashing behaviour. The
shorter exposure period and/or presence of food can be an explanation why we did not see an
effect of zinc on locomotion (yet).

In our study both locomotory responses of nematodes decreased more in binary and
tertiary mixtures, which was in line with the findings of the lethality tests. After 24 h of exposure
the average speed in the ZnCu and ZnCd mixture, was lower compared to zinc alone, while the
average speed of the nematodes exposed to the CuCd mixture was significantly different from
nematodes exposed to only copper. C. elegans exposed to copper had a slightly higher speed
than in the ZnCu mixture, while cadmium induced a similar speed as the CuCd mixture, but a
slightly lower speed than in the ZnCd mixture. For thrashing behaviour, a non-significant trend
was observed, when nematode exposed to ZnCu and CuCd mixture showed less thrashes
compared to the single metals, while for nematodes exposed to the ZnCd mixture thrashing
behaviour was similar to that of nematodes exposed to the single metals. This again suggests that
zinc has a neutral effect on cadmium and that copper and zinc or cadmium have additive effects

on locomotion.
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A 48 h exposure to LC204s n did not affect the movement of nematodes exposed to the
single metals. When the nematodes were exposed to the CuCd mixture, their average speed
decreased compared to both control and single compounds. A declined thrashing behaviour was
observed after an exposure to the CuCd, ZnCu and tertiary mixture.

C. elegans uses a sinusoidal-like locomotion to crawl forward in an unobstructed
environment, which is modulated by a number of processes including omega-turns, pirouettes
and gentle turns. This locomotion pattern is controlled by interneurons, which receive and
integrate input signals from various chemo- and mechanosensory neurons [49]. When C. elegans
encounters a potentially harmful chemical, it avoids this compound by reversing its movement,
which is mediated by sensory amphid neurons. These reversals are suppressed by antagonistic
inputs from phasmid neurons [50]. Hilliard and co-workers [50] suggested that C. elegans
utilizes a simple head-tail chemical sensory map for avoiding toxic compounds, whereas a more
tlexible temporal strategy that can locate signals in any direction is used for chemotaxis to food
sources and mates. Chemosensation represents thus a complex and important response of the
animal to its environment. In the present study, copper exposed nematodes showed a slightly
altered chemotactic index, although this was not significant. In the study of Moore et al. [51], the
chemotactic index showed a huge variation. Furthermore, control nematodes started a backward
motion within 1 s of the delivery of the drop, which corresponds to the findings of Hilliard et al.
[50]. All animals reacted within 4s, causing positive responses to each drop. The non-significant
trend, observed for the chemotactic index, was significant in the drop test. Nematodes exposed to
LC2048 1 of copper needed significantly more time to start a backward movement, compared to
control, although the reaction was still very fast and positive. This result suggests that an

exposure to LC20 of copper slightly affects the neurons. A longer exposure period, absence of

This article is protected by copyright. All rights reserved



food or higher concentrations probably may induce more significant results. Since movement of
exposed nematodes was reduced, a slower or no avoidance response to octanol was expected, but
almost no difference with control was observed: chemosensation still seemed strong enough to
elicit chemotactic and fast avoidance response. In contrast to locomotion, chemosensation
seemed not sensitive enough as an endpoint for assessing toxicological effects of C. elegans.
CONCLUSION

The results of our study showed that the toxicity of copper was higher compared to
cadmium and zinc, resulting in higher mortality rates and reduced locomotion. Under mixed-
metal exposure conditions, the interaction effects were dependent on the metal combinations
employed. For both mortality and locomotion, toxicity was higher for the CuCd and ZnCu
mixture than in the single metal exposures. Zinc seemed to have a neutral effect on Cd, since no
clear mortality increase or reduction in locomotion was observed. Since the same trend of
mixture effects was noted in locomotion and in lethality tests, locomotion could probably be
considered as a sensitive endpoint in metal toxicity studies. Moreover, for Cu and Cd survival
declined by 20% after 24 h of exposure, while locomotion already decreased by 34% and 86%
respectively. Despite considerable research efforts in recent years, the effects of metal mixtures
aremot well understood yet. There is a notable paucity of information on mixed-metal effects in
soil invertebrates such as C. elegans. In this regard we highlight that environmental quality
standards are still based on single metal toxicity and do not take into account the physiochemical
conditions in the exposure medium. More research on metal mixture effects at different levels
(molecular, survival, reproduction, population etc.) is needed to elucidate the mechanistic basis
of'toxic effects. Such knowledge will establish a robust scientific basis for the setting of

standards for environmental protection and environment risk assessment.
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Figure 1. Concentration-response relationship for exposure to zinc (A), copper (B) and cadmium
(C) at different exposure times. Dotted line denotes 95% survival. Survival proportions are
shown with their 95% confidence intervals represented as error bars.

Figure 2. Scatterplots of the fraction of survival plotted against the log10 [metal concentration].
Solid lines represent the linear regression slopes of zinc (A), copper (B) and cadmium (C) at
different exposure times.

Figure 3. Regression slopes of the CuCd mixture at different exposure times. Graphs represent
combinations when cadmium was added to log10 [Cu concentrations].

Figure 4. Regression slopes of the CuCd mixture at different exposure times. Graphs show the
mixtures when copper was added to log10 [Cd concentrations].

Figure 5. Mortality (%) of nematodes exposed to LC20 concentrations of metals and their
mixtures. Nematodes were exposed to the LC2024 1 concentrations for 24 h (left), 48 h (middle)
or to LC204g 1 for 48 h (right). Data are shown as mean + SD. Asterisks (*) denote significant
differences (P<0.05) compared to the mixture.

Figure 6. Average speed (mm/s) of nematodes exposed to LC20 concentrations of metals and
their mixtures. Nematodes were exposed to LC2024 h (A) or to LC2048 h (B) concentrations.
Individual data are shown as well as the median and interquartile range. Asterisks denote
significant differences (*P<0.05; **P<0.01; ***P<0.001) compared to the corresponding control
(a) and to the corresponding single metals Zn (b), Cu (¢), Cd (d).

Figure 7. Thrashing behaviour of nematodes exposed to LC20 concentrations of metals and their
mixtures. Nematodes were exposed to LC2024 h (A) or to LC2048 h (B) concentrations.

Individual data are shown as well as the median and interquartile range. Asterisks denote
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significant differences (*P<0.05; **P<0.01; ***P<0.001) compared to the corresponding control
(a).and to the single metals Zn (b) and Cu (c).

Figure 8. Chemotactic index of nematodes exposed to LC20 concentrations of Cu and Cd and
their mixture. Left: exposure to the LC2024 h concentrations at 24 h. Right: Exposure to the
L.C2048 h concentration at 48 h. Values are mean + SD. No significant differences were
observed.

Figure 9. Reaction time (s) of nematodes exposed to LC20 concentrations of metals and their
mixtures. Exposure to the LC2024 h concentrations (left) and to the LC2048 h concentration
(right). Individual data are shown as well as the median and 95% confidence intervals. Asterisks
denote significant differences (*P<0.05; **P<0.01; ***P<0.001) compared to the corresponding

control.
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Table 1: LC10, LC20 and LC50 of zinc, copper and cadmium after 24 h and 48 h of exposure.Error! Not a valid link.

This article is protected by copyright. All rights reserved

LC10 LC20 LC50
Time (h) (mg/L) (mM) (mg/L) (mM) (mg/L) (mM)
Zn 24 3:528 + 1.488 0.054 £0.023 9.501 £2.841 0.145 +0.043 51.689 +9.746 0.791 +0.149
48 1.481 +0.670 0.023 £ 0.010 3.596 + 1.213 0.055+0.019 16.380 +3.112 0.251 +£0.048
Cu 24 0.523 + 0.203 0.008 + 0.003 1.299 + 0.409 0.020 + 0.006 6.146 = 1.393 0.097 +0.022
48 0.051 + 0.020 0.001 +0.001 0.146 + 0.047 0.002 + 0.001 0.884 + 0.221 0.014 £ 0.003
Cd 24 1.696 = 0.802 0.015 +0.007 7.110 +2.315 0.063 = 0.021 72.476 + 18.681 0.644 £ 0.166
48 1.600 + 0.525 0.014 £ 0.005 4.121 £ 1.052 0.036 = 0.009 20.765 £3.971 0.185 +0.035
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Fig. 1. Concentration-response relationship for exposure to zine (A). copper (B) and cadmium

‘ (C) at different exposure times. Dotted line denotes 95% survival. Survival proportions are

shown with their 95% confidence intervals represented as error bars.
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LC204gn for 48 h (right). Data are shown as mean = SD. Asterisks (*) denote significant

differences (P<0.05) compared to the mixture.
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Fig. 9. Reaction time (s) of nematodes exposed to LC20 concentrations of metals and their
mixtures. Exposure to the LC2024} concentrations (left) and to the LC204g n concentration (right).
Individual data are shown as well as the median and 95% confidence intervals. Asterisks denote

significant differences (*P<0.05: **P<0.01: ***P<0.001) compared to the corresponding
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control.
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