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Abstract Copper is an essential metal, but its toxic
effects are pronounced when organisms are exposed to it in
excessive amounts. However, information about the effects
of chronic copper exposure on the cuticle ultrastructure of
organisms is insufficient. Studies of the model organism,
Caenorhabditis elegans, could further our understanding of
the effect of chronic excessive copper exposure on human
health. In this study, the cuticle surface ultrastructure of
C. elegans was observed using scanning electron micros-
copy after excessive copper exposure. In addition to this,
some biological functions, such as chemotaxis, reproduc-
tion, and development, were also analyzed. After chronic
excessive copper exposure, the worms’ body surface from
vulva to tail was extensively wrinkled and folded along
with the annulus. The worm’s vulva size was significantly
decreased, and the middle ridge of the alae was disrupted.
Furthermore, some of the biological functions of nema-
todes were also affected: the chemotaxis index was par-
tially changed, bags-of-worms were induced, development
was delayed, and egg-laying number was decreased by
copper treatment. The results of the present study shed new
light on the effects of copper on C. elegans cuticle as well
as some biological functions.
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Copper occurs naturally in the environment; however, its
contamination rates are accelerating with various anthropo-
genic activities. Copper was widely used in coinage and
weapons in the Chinese feudal era, and approximately 0.65
million tons of copper were released into the atmosphere (Yan
et al. 2010). Recently, a number of copper-containing com-
pounds in China, including copper sulfate, copper sulfate plus
citric acid, and chelated copper compounds (e.g., Cutrine-
Plus Algaecide/Herbicide; Guangzhou yiooo Biological
Technology Co., Ltd., China), have become oversupplied as
additives in fertilizers, pesticides, and manure with the rapid
development of agriculture; thus, the risk of soil copper pol-
lution has become more serious (Xiong et al. 2010). As a
result, copper can accumulate in biological tissues and
increase human exposure through bioaccumulation in food
chains (Subathra and Karuppasamy 2008). Information
regarding the negative impacts of excessive copper to
organisms, e.g., lipid metabolism, decreased growth,
decreased reproduction, and acute and chronic toxicity, is
currently being addressed by ongoing research (Chen et al.
2013; Rogevich et al. 2009; Hashemi et al. 2008). Even low
levels of chronic copper intake can produce oxidative harmful
effects and DNA damage in humans (Jomova and Valko
2011; De Olivera et al. 2012). Information regarding the
impact of excessive copper sulfate exposure on the cuticle
surface ultrastructure is still insufficient.

Caenorhabditis elegans, one of the important model
organisms, has a number of features (free-living, soil-dwell-
ing, efc.) that make it quite powerful as a model for toxico-
logical research. It has also been used as an indicator of
diverse pollutants (Donkin and Dusenbery 1993; Peredney
and Williams 2000; Graves et al. 2005; Chu et al. 2005; Ma
et al. 2009). The indicator end points used generally were
lethality, development, intestinal development, egg-laying,
reproduction, behavior, and fluorescence levels. Some
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toxicological biology processes have also been documented
(Anderson et al. 2001; Leung et al. 2008; Zhao et al. 2013).
For almost all multicellular organisms, a surface barrier is
essential for maintaining the organism’s internal environ-
ment. It generally has been considered to be impervious to
most substances. For C. elegans, the annulus is indented in the
cuticle surface. The alae are composed of three closely spaced
tread-like projections and run along the lateral sides of the
worm (Cox et al. 1981). The cuticle becomes wrinkled with
age, and antioxidant enzymes play important roles in that
process (Masaki 2010). In addition, it has been noted that
many metals affect behaviors of C. elegans, such as feeding,
movement, learning, chemotaxis, and frequency of swing
(Anderson et al. 2001; Boyd and Willams 2003; Boyd et al.
2003; Wang and Wang 2008; Wang et al. 2009; Zhang et al.
2010). Excessive amounts of copper are known to cause nerve
damage in C. elegans, which slows the speed of the organism
(Williams and Dusenbery 1990b; Graves et al. 2005; Gaggelli
etal. 2006). Cerium oxide nanoparticles can cause significant
growth inhibition (Arnold et al. 2013). In response to harsh
environmental conditions, including high population density,
limited food supply, and increased temperature, C. elegans
larvae undergo dauer development to increase their resistance
to multiple stress factors, and the eggs are retained and hat-
ched inside the body of the parent (Golden and Riddle 1984;
Trent et al. 1983).

In C. elegans, it has been reported that copper could not
only cause lethality, decreased brood size, decreased life
span, decreased feeding, and abnormal behavior as with other
metals (Anderson et al. 2004; Harada et al. 2007; Song et al.
2008; Yang et al. 2012), it can also induce germline apop-
tosis; all of these defect are transferable between generations
(Wang and Wang 2007; Wang et al. 2009). Currently, there
are few studies about the ultrastructure of the cuticle surface
and chemotaxis defects after copper exposure. This study
investigated the following after copper exposure: (1) ultra-
structure of the cuticle, (2) relationship between bags-of-
worms (BW) and F1 larvae survival, (3) chemotaxis behav-
ior, (4) internal physiological development, and (5) repro-
duction. The results of this study may shed light on the
effects of excessive copper exposure on human health and
aid in the development of a copper-pollution monitor.

Materials and Methods
Preparation of Nematode Cultures

Experiments were performed with worms originally
obtained from the Caenorhabditis Genetics Center. They
were maintained on agar nematode growth medium (NGM
1.7 % agar, 2.5 g/L peptone, 25 mmol/L NaCl, 25 mmol/L
KPO, buffer [pH 6.0], 5 mg/L cholesterol, I mmol/L CaCl,,

and 1 mmol/L MgSQ,) plates seeded with Escherichia coli
OP50 at 20 °C (Brenner 1974). Age-synchronous popula-
tions of worms (stage L4 larvae) were collected as previously
described (Donkin and Williams 1995). Only wild-type N2
and unc-2(ra612) were used in this study.

Copper Exposure

Copper sulfate salt and an analytical reagent (Sigma-Aldrich
[St. Louis, MOJ]; Shanghai Zhizhen Chemical Co., Ltd.) with
>99 % purity was used to make the 1 mol/L stock solutions in
sterilized distilled water. Cuticle surface, BW photographs
and chemotaxis behavior were observed with chronic copper
exposure (Khanna et al. 1996), which was performed in NGM
with 2.5 mmol/L copper sulfate for 20 generations to test
transferable bioaccumulation effect. The BW frequencies,
large vacuole, shriveled germlines, and spermatheca were
observed with acute copper exposures, which were performed
in K-medium (50 mmol/LL NaCl and 30 mmol/L KCI) with
live OP50 (Williams and Dusenbery 1990a) and 800 pmol/L
CuSO, for 24 h. Body length and development experiments
were performed in K-medium with 0, 100, 200, 250, 300, and
350 pmol/L CuSOy for 4 days. Egg-laying experiment was
performed with 0, 100, and 200 umol/L CuSO, for 6 days.
The worms were observed and photographed using an
Olympus Bx51 microscope.

Examined Cuticle Surface Ultrastructures Using
Scanning Electron Microscopy

Epidermal ultrastructures were mainly observed with a
scanning electron microscope (SEM) as previously described
(Cox et al. 1981). Twelve to 16 h after stage L4 hermaphro-
dites developed, they were transferred to unseeded plates and
washed with M9 buffer 5-6 times (2,000 r/m, 1 min) to
remove bacteria. The worms were fixed overnight with 3 %
glutaraldehyde in 0.1 M sodium phosphate buffer (pH 7.2)
and stained in 1 % osmium tetroxide in 0.1 M sodium phos-
phate buffer (pH 7.2). Then the worms were dehydrated in a
series of ethanol solutions (35, 55, 75, 85,95, and 100 %) and
tert butyl alcohol. The worms were critical point-dried with
CO; and coated with gold using a Sputter JEC-1100. The
worms were observed and photographed on a JSM-35CF
SEM. Vulva size was measured by Image J software.

Chemotaxis Assay

Chemotaxis assay was performed as previously described
(Emily et al. 1997). The tested media were 10 mmol/L
CuSOy4, 0.05 mmol/LL methomyl, 10 mmol/L quinine,
100 mmol/L NH4Cl, and 10 mmol/L histidine. The worms
were collected with K-medium and then placed into che-
motaxis medium composed of control medium and test
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medium. The worms were numbered separately on control
medium and test medium after 2 h. The worms between the
1 cm middle lines were not counted. The chemotaxis index
was Iche = (Nt — Nc)/(Nt + Nc).

Development and Egg-Laying Assay

Eggs were put on K-medium with different copper con-
centrations (0, 100, 200, 250, 300, 350, and 400 pmol/L).
Body length was measured every day for a total of 4 days.
The worms were simply placed on the pad and photo-
graphed using the microscope. The length of the worms
was measured using Image J software. Eggs were num-
bered after being transferred from the parent to fresh agar
plates (0, 100, 200 pmol/L, respectively) every 12 h for a
total of 96 h after reaching the L4 stage.

Statistical Analysis

All data were expressed as mean £ SE. Graphs were
generated using Sigmaplot 10.0 software (Systat Software,
Inc., USA). Analysis of variance (ANOVA [one-way])
followed by Dennett’s ¢ test that was used to determine
the significance of the differences between the groups
in microsoft excel (Excel version in Microsoft Office 2010
for Windows). A probability level of 0.05 was considered
statistically significant. Three to four replicates for each
treatment were performed for all experiments.

Results
Cuticle Ultrastructure After Chronic Copper Exposure

In the chronic copper treatment group, the front of the body
was smooth, but the rest of the body was severely wrinkled
from vulva to tail (Fig. le) compared with the control
group (Fig. 1a). In addition, the skin was wrinkled and
folded along with the annulus, which was more extensively
indented (Fig. 1f) than that in the control group (Fig. 1b).
The middle ridge of the alae was disrupted (Fig. 1g)
although it was continuous in the control group (Fig. 1c).
The vulva was dried and wrinkled to the extent that eggs
could not be laid normally, and the overall size of the vulva
was smaller (Fig. lh) than that in the control group
(Fig. 1d). The vulva size was decreased by approximately
47 % (Fig. 2b) compared with that in the control group.

BW Were Induced by Chronic and Acute Copper
Treatment

BW were also observed during the 4-day reproductive
period after chronic copper exposure for 20 generations.

@ Springer

Internal egg-hatching in worms (i.e., BW) was induced by
chronic exposure to copper, whereas the control eggs hat-
ched outside of the parent’s body (Fig. 2a). BW were also
induced by acute copper exposure (Fig. 3h), whereas this
phenomenon was absent in the control group (Fig. 3d). To
understand the relationship between BW and the survival
ratio of F1 larvae, we tested differences in BW frequency
and survival ratio of F1 larvae under exposure to copper
between N2 and unc-2(ra612) treatments. BW frequencies
were significantly increased dependent on copper concen-
tration in both N2 and wunc-2(ra612) treatments (Fig. 2c).
However, BW frequencies were greater in wunc-2(ra612)
compared with N2 at copper concentrations of 50, 100,
200, and 400 pmol/L, respectively. At the same time, the
umber of surviving F1 larvae per parent worm were also
greater in unc-2(ra612) compared with N2 at copper con-
centrations of 100, 200, and 400 pmol/L, respectively
(Fig. 2¢). At the 800 pmol/L copper treatment, there was
greater BW frequency and decreased numbers of surviving
F1 larvae in unc-2(ra612) compared with N2.

Chemotaxis Behavior Was Partially Changed
by Chronic Copper Treatment

The avoidance index of the chronic copper treatment group
was the same as that of the control group for the quinine,
methomyl, and copper sulfate treatments. The attraction to
histidine and ammonium chloride of the chronic copper
treatment group was opposite that of the control group
(Table 1).

Other Phenotypes After Excessive Copper Exposure

In addition, after acute copper exposure (800 pmol/L) for
24 h, a fraction of the worms displayed osmoregulatory
alterations, such as large vacuoles in the cavity (Fig. 3e),
which could be related to kidney and bladder defects
observed in humans (Huang and Lin 2004), whereas in
control group there were some pinocytotic vacuoles
(Fig. 3a). The morphology of the spermatheca and germ-
lines was shriveled more extensively (Fig. 3f, g) compared
with those in the control group.

Development Was Delayed and Egg-Laying Was
Decreased

The results showed that the development of C. elegans was
delayed depending on copper exposure concentration
(Fig. 4a, b). The percentage of worms that developed into
adults also decreased (Fig. 4c). When the CuSO, concen-
tration was increased to 300 pmol/L, the worms’ growth
was stopped, and almost all worms were arrested at the L1
stage (Fig. 4a). Growth recovery occurred after the worms
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Fig. 1 Surface of worms
exposed to excessive copper as
determined by SEM. a-d Wild-
type N2 worms. e-h Copper-
treated worms. a The body is
smooth and glossy. e The body
is wrinkled from vulvae to tail.
b The cuticle is flat and sleek.
f The cuticle is wrinkled and
folded along with the annulus.
¢ The alae is flat, sleek, and
continuous. g The alae has a
projecting ridge, and the middle
ridge is disrupted. d The vulva
is smooth and glossy. h The
vulva is small, dried, and
folded. White bar = 250 pm;
black bar = 6 pm

had been transferred to NGM from the medium with cop-
per in 4 days. All of the worms were dead when the CuSO,
concentration was increased to 400 pmol/L.

Total egg number was significantly lower for the worms
exposed to 100 or 200 pmol/L. CuSOy than for the control
worms in K-medium (Table 2). The spawning stage was
delayed from 48 to 96 h after the L4 stage in the 100 pmol/
L CuSO, treatment group. Although the 200 pmol/L
CuSO, treatment did not delay spawning, it was

significantly lower than that in the 100 pmol/L treatment
group and the control group.

Discussion
The C. elegans cuticle as a model skin (Chisholm and Xu

2012), its wrinkles in the worms exposed to copper are
similar to those seen as a result of ageing (Masaki 2010). It
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Fig. 2 Internal egg-hatching was induced by copper exposure.
a Eggs retained and hatched inside the parent’s body, a phenomenon
termed “bags-of-worms,” in the chronic copper treatment group is
marked by black arrowheads (bottom panel). Embryos inside a parent
body in the control group (marked by white arrowheads) are normal.
b Vulva size is decreased significantly as measured using Image J
software (n = 12 for the control group, and n = 15 for the treatment

can also be supported that inflammatory cytokine secretion
and necrosis were induced by CuO nanoparticles in human
skin organ cultures (Cohen et al. 2013). It is possible that
this effect on cuticle might be solely due to direct inter-
action with copper (or some combination of direct inter-
action with absorption). Furthermore, studies using
synchrotron X-ray fluorescences reported that copper
enters C. elegans mainly through the gut and not the cuticle
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group). ¢ BW frequencies greatly were increased dependent on copper
concentration in unc-2 (ra612) compared with N2, and the survival of
larval F1 was relatively increased in unc-2 (ra612) compared with
N2. BW frequencies were tested after CuSO,4 exposure for 24 h. The
survival of F1 larvae were tested after CuSO,4 exposure for 48 h. The
bar represents 20 um. *P <0.05, **P <0.01, Dunnett’s ¢ test. Error
bars represent SE

(Jackson et al. 2005). Thus, we wanted to know the internal
effect that occurred after copper exposure. The following
phenotypes were also observed in the following studies:
BW, chemotaxis behavior, development, egg-laying, and
osmoregulation.

The determination of BW (Fig. 2) allowed for advanced
insight in the degree of wrinkled cuticle (Fig. 1) and
decreased vulva (Fig. 2b) size caused by copper exposure.
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Fig. 3 Severe osmoregulation
disruption and shriveled
germlines were induced by
acute excessive copper
exposure. a—d Control worms.
e-h Treated worms (800 pmol/
L CuSO, in K-medium [24 h]).
a Pinocytotic vacuoles in the
head (white arrowheads).

e Large vacuoles (black
arrowheads). b Spermatheca
filled with densely packed round
spermatids. f Shriveled
spermatheca. ¢ Control
germlines were normal.

g Treated germlines were
shriveled. d Normal egg stage in
controls. h BW. Bar = 10 um
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Table 1 Chemotaxis index of worms on copper exposure

Iche = (Nt — Nc¢)/ N2 Treatment

(Nt + Nc) (2.5 mmol/L CuSOy)
5.0 mmol/L CuSO, -0.70 + 0.10 -1+ 0.00

0.05 mmol/L Methomyl -0.82 + 0.07 -0.99 + 0.01

10.0 mmol/L Quine -0.91 £ 0.02 -0.73 £ 0.13

100 mmol/L NH4Cl 0.75 £+ 0.04 -0.92 + 0.09*

10.0 mmol/L Histidine 0.74 £+ 0.19 -0.79 £+ 0.18*

Mean of revertants obtained in three independent assays =SE

# Significant differences between the control group and treatment
groups were obtained by ANOVA for Iche, p < 0.05

To determine that the development of BW was just a defect
in egg-laying or may have been a protective mechanism of
the parent’s body for larvae against a harsh environment
with excessive copper, unc-2 was used for the test. unc-2
(ra612), which indicates a failure to adapt either to paral-
ysis by dopamine or to stimulation of egg-laying by sero-
tonin, causes hyperactive egg-laying (Schafer and Kenyon
1995). The results showed that copper exposure could
cause BW dependent on copper concentrations in both N2
and wunc-2(ra612) treatments. Although progeny hatching
inside of the mother might be a defect in egg-laying and
not a parental protective mechanism, the greater occur-
rence of BW still showed greater survival in F1 larvae in

unc-2(ra612) compared with N2. It could also indicate that
the parent’s body might protect the larvae against a harsh
environment with excessive copper. This supported the
hypothesis that BW an adaptive response of C. elegans to
excessive copper in the environment because the parent’s
body can provide physical protection and enough food in a
toxic environment for the larvae to reach the resistant dauer
stage (Mosser et al. 2011). Internal hatching also decreased
the reproductive output of the worms.

The worms adaptively responded to a variety of chem-
ical stimuli in the environment by exhibiting different
behaviors (i.e., avoidance or attraction). Changes in the
behavior of C. elegans is believed to be a more effective
indicator of neurotoxicity than morphology at low con-
centrations of toxins (Williams and Dusenbery 1990b).
Recently, copper has also been shown to be a neurotoxin
(Hedges 2010), and it was observed to cause DNA damage
in copper-melting workers (De Olivera et al. 2012). The
results showed damage in the attraction to histidine and
ammonium chloride, which is consistent with that fact
there are severe defects of chemotaxis to water-soluble
attractants (NaCl, cAMP, and biotin) after copper exposure
(Xing et al. 2009). The reversed attraction seen in worms
exposed to copper might have been caused by neuronal
damage. Wang and Wang reported that copper, zinc, lead,
and barium, efc., can affect C. elegans body bending or

The concentration of CuSOg4 (umol/L)
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Fig. 4 Dose and time-dependent development delays and lethality
were caused by supplemental CuSO,4. a Developmental stages of
worms on different at different CuSO,4 concentrations. b Worm body
length was measured at different CuSO,4 concentrations. All worms
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to adulthood died at stage L1 accompanying the time and dose
treatment. Worms that progressed to the adult stage within 4 days
were defined as surviving to adulthood. Bar = 50 pm
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Table 2 Comparison of eggs laid per worm on copper exposure

CuSO, 0 100 200

(pmol/L)

0-24 h* 9.67 &+ 0.62 10.33 £ 4.12 4.22 + 0.46%*

24-36 h?* 49.56 + 3.91 18.22 £ 0.36* 22.78 + 2.24%*

36-48 h?* 158.22 £ 11.77 33 .00 & 0.58*  39.11 £ 2.46*

48-72 h?* 77.67 £ 3.26 37.11 £ 0.42%*%  17.33 £+ 4.33*

72-96 h? 10.78 £+ 4.94 142.67 £ 5.35%* 0

Total 305.89 +3.28  241.33 £+ 8.51** 83.44 £ 5.42%*
(0-96 h)

Significant differences between the control group and each treatment
group were obtained by ANOVA for egg-laying.

Mean of revertants obtained in three independent assays +=SE
*p <0.05, ** p <0.01

* Time after larva stage L4

learning behavior or cause severe deficits in neuronal sur-
vival and synaptic functions (Zhang et al. 2010; Graves
et al. 2005; Wang and Wang 2008). However, the avoid-
ance index to copper was not changed by chronic copper
exposure. Thus, there might be stabilization synaptic dif-
ferentiation of avoidance to copper that perhaps existed in
C. elegans because half of the nematodes were not able to
cross the copper barrier to move to diacetyl (Li et al. 2011).
We have also identified a gene that is involved in copper
sensing (data not shown).

The decreased egg-laying number was concordant with
that in our previous study (Song et al. 2008). Many data
exist regarding the ability of copper to decrease the
reproduction of C. elegans (Anderson et al. 2001; Boyd
and Willams 2003; Harada et al. 2007). Anderson et al.
(2001) reported that the ECs, value for reproduction defect
caused by copper was 39 pmol/L. The values not being
identical may be due to the difference caused by the fact
that we used CuSQO,4 and they used CuCL,. After exposure
to 100 pmol/L CuSQ,, the number of eggs was similar to
that reported by Harada et al. (2007). These results were
also supported by a study reporting that copper exposure
induces germline apoptosis (Wang et al. 2009), egg-laying
defects as a result of vulva protrusion (Fig. 3h), and atro-
phy of germlines and spermatheca (Fig. 3f, g) in C. ele-
gans. Because retained larvae could damage the parent’s
gonads, offspring production was significantly decreased;
however, the survival rate of the internally hatched larvae
was as high or even greater than that of externally hatched
larvae (Fig. 2c). Thus, the eggs hatched in the parent for
the long-term survival of the dauer larvae.

The development delay and recovery were the same as
those presented in a previous report (Harada et al. 2007; Yu
etal. 2012). At the same time, it was observed that C. elegans
growth is inhibited by cerium oxide nanoparticle (Arnold
et al. 2013). Thus, dauer formation might also be related to

copper sulfate exposure. Copper can also inhibit the snail’s
growth and reproduction (Rogevich et al. 2009).

In general, wrinkles are associated with ageing, and the
ageing process is believed to be influenced by the forma-
tion of reactive oxygen species (ROS) (Baumann 2007).
The influence of copper on extrinsic cuticle ageing might
also be partially caused by its role in potentially altering
the normal course of intrinsic (also known as “natural” or
“cellular”) ageing through gut uptake. Our previous stud-
ies tested this hypothesis. In C. elegans, we previously
showed that after chronic copper exposure, malondialde-
hyde content is 2.2 times greater (Song et al. 2008). Thus,
oxidative damage was caused by copper treatment and
might be relevant in copper-induced cuticle ageing,
including the formation of wrinkled cuticle, abnormal alae,
and smaller vulva. Wrinkles were also pronounced in
human skin cells after ROS stress induced by ultraviolet
radiation (Masaki 2010). The results of this research sug-
gests that wrinkles in the cuticle of C. elegans might be
associated with copper-induced ageing. In another study,
the double mutant daf-16; unc-75 C. elegans strain, which
is defective in genes controlling dauer formation, longev-
ity, and response to ROS, was identified to have a superior
sensitivity to heavy metals (Chu et al. 2005). The high
oxidative damage caused by chronic copper exposure
might induce defects in cuticle wrinkling, chemotaxis, BW
development, dauer arrest, development delay, and egg-
laying.

Conclusion

This research offers the first detailed description of the
surface ultrastructure of C. elegans exposed to excessive
copper. Copper exposure can cause multiple biological
deficits. It could be concluded that the effect of copper on
cuticle might be due to a combination of direct interaction
with the copper and the internal effect of copper absorp-
tion. The cuticle wrinkling, BW occurence, dauer arrest,
and chemotaxis behavior could be regarded as reliable
individual population-level reporters of copper toxicity.
Because there was no direct evidence correlating the
defects caused by copper exposure with ROS stress, it
cannot definitively be concluded that the structural defects
of the cuticle, vulva, and other parts of the worm were
caused by cell damage and ROS when the worms were
exposed to copper. Future works will be performed with C.
elegans antioxidant enzyme deletion mutants.
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