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Abstract

The toxic effects of Triclosan (2,4,4′-trichloro-2′-hydroxydiphenyl ether) on morphology and sexual and asexual reproduction ofC. ehren-
bergiiwere examined. In addition, the genotoxic effects of Triclosan were evaluated on the same alga using the microgel electrophoresis test,
also-called Comet assay. Increasing Triclosan concentrations in the range 0.125–5 mg L−1 did not affect size and shape of the cells but had
relevant effects on both chloroplast morphology and dimension. Triclosan inhibited the vegetative growth ofC. ehrenbergiiat 0.5 mg L−1.
The effects on sexual reproduction indicate that the number ofC. ehrenbergiizygospores was significantly reduced by the application of
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.937 mg L−1. The Comet assay showed that Triclosan treatments led to a dose-dependent DNA damage ofC. ehrenbergii; 0.25 mg L−1caused
ignificant genotoxic effects and higher concentrations irreversibly altered the DNA strands. These results suggest thatC. ehrenbergiicould
epresent a useful organism to evaluate the whole toxicity of pharmaceuticals and personal care products (PPCPs), giving valuable
or a risk assessment.

2005 Elsevier B.V. All rights reserved.
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. Introduction

The occurrence of pharmaceuticals and personal care
roducts (PPCPs) in the aquatic environment has been world-
ide reported in the last years[1]. To produce data for risk
ssessments of these substances, laboratory acute and chronic

oxicity assays have been carried out on different organisms,
anging from bacteria to microalgae, invertebrates and fishes.
s far as concern microalgae, conventional toxicity tests on
PCPs have been mainly performed onPsuedokirchneriella
ubcapitata(formerly namedSelenastrum capricornutum),
he standard test microalga recommended by US EPA and
ECD guidelines[2,3]. Recently[4], it has been shown that

he extention to other algal strains belonging to Cyanophyta
nd Bacillariophyceae enhances the possibility of generating
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a sound risk assessment procedure for PPCPs, as alrea
ported for other toxic compounds[5]. However, standardize
protocols for microalgae, so far used in toxicity assessm
for PPCPs, are limited to inhibition tests on asexual re
duction, with 72–96 h exposure time.

The aim of this study deals with the combined appl
tion of algal growth and zygospore inhibition test (AGZI) a
Comet assay onClosterium ehrenbergiito estimate cytotoxi
and genotoxic potential of PPCPs. The so-called AGZI a
has been specifically developed in the past decade[6] for the
desmidiacean unicellular algaC. ehrenbergii. This alga re
produces with two modes: asexually and sexually. The A
test is actually composed by two tests, the growth inhib
(GI) test, a standard assay on asexual reproduction, an
zygospore inhibition (ZI) test, planned to reveal interferen
of xenobiotics on sexual reproduction. In this way, the AG
test fulfils the requirement of focusing on the entire life
cle of the test organism, giving additional information fo
risk assessment. This assay was developed to evalua
effect of the exposure to microcontaminants of wastew
304-3894/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2005.03.002
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from sewage treatment plant (STP), such as surfactants or
mutagenic compounds[7,8], but it has never been carried
out on PPCPs. In addition to AGZI test, we have also per-
formed onC. ehrenbergiithe single cell gel electrophoresis
(SCGE), or Comet assay, which is used to assess the geno-
toxic potential of single substances, or mixtures from differ-
ent sources (chemical industries, agricultural drainage, mu-
nicipal wastewaters). The Comet assay allows the estimation
of the genotoxic potential of a compound also in cells which
do not show proliferative activity[9], and for this reason it
is preferred to other genotoxicity assays. The occurrence of
genotoxicity was also compared to the results of GI and ZI
assays, to evaluate the relative sensitivity to toxicants of each
test.

As a model, PPCPs was selected the bisphenol known as
Triclosan, a broad-spectrum disinfectant, possessing not only
mostly antibacterial but also antifungal and antiviral proper-
ties[10]. As a result of its bacteriostatic activity against a wide
range of both gram-negative and gram-positive bacteria it has
found increasing and recent popular use in personal care prod-
ucts (i.e. toothpaste, deodorant soaps, deodorants, antiperspi-
rants, detergents, cosmetics and anti-microbial creams, lo-
tions and hand soaps). It is also used as an additive in plas-
tics, polymers and textiles to give these materials antibac-
terial properties[10]. The progressively increasing use of
Triclosan during the last two decades has led to its detec-
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2.1. Preparation of tested stock solution

For all the experiments, Triclosan (CAS nos. 3380-34-
5, purity >97%) was purchased from Sigma–Aldrich. The
stock solutions of Triclosan were prepared by dissolving a
known quantity of compound in 80% of a specified volume
of Closteriummedium. Then, solutions were stirred for 48 h
in the dark at room temperature. After this time, solutions
were adjusted at the specified volume with the same medium
and stored at 4◦C in the dark for 2 weeks at the most. These
stock solutions (pH 7.5) were used for experiments. A wide
range concentration was developed for asexual reproduction,
in order to find the adequate range of toxicity forClosterium.
For all the experiments, the toxic Triclosan concentrations
fell in the range 0.125–5 mg L−1.

2.2. Asexual reproduction test (GI test)

Aliquots of preculture ofC. ehrenbergiistrain 228 con-
taining around 2000 cells were inoculated in 50 mL of MIH
medium with Triclosan at each established concentration.
Each test, performed in three replicates, was incubated at
room temperature under a 16:8 h light/dark cycle. Observa-
tions on cell morphology were registered after 2, 24, 48 and
96 h. The cell number was counted after 5 days.
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ion in the environment, inducing bacterial resistance,
ery similar mechanisms to those involved in antibiotics
istance, and some of these mechanisms can also ge
ross-resistance with antibiotics[10]. Estimates of predicte
nvironmental concentration (PEC) values of Triclosa
urface waters were 0.009–0.303�g/L for high technology
lants, and 0.149–1.26�g/L for low technology plants[11],
alues which are among the highest PEC estimated
PCPs in surface waters. On the basis of aquatic tox

ests performed with the three main groups of aquatic or
sms (algae, crustaceans and fishes), the resulting PEC/
atios for surface waters were≥1 for low technology plant
nd for part of the modern plants[11]. Data on Triclosan tox
ity towards microalgal strains available in literature[11,12],
hall allow us a sound comparison with the results obta
ith theC. ehrenbergiitoxicity tests and to evaluate the p

entiality ofC. ehrenbergiias an assay organism complem
ary to the standard algal test.

. Materials and methods

Both plus and minus strains ofC. ehrenbergii, respec
ively nos. 228 and 229 of National Institute of Environm
al Studies, Tsukuba, Japan, were grown into 100mL fl
ontainingClosteriummedium[13]. The flasks were place
t 20±1◦C under illumination of light of 80�E m−2 s−1 for
4 h. A logarithmic growth phase preculture was applie

he asexual and sexual reproduction tests and to the C
ssay.
e

.3. C. ehrenbergii cell size measurement

A minimum of 20 cells from an exponential-phase
rowth control culture were randomly selected to determ
ean cell volume and surface area. An appropriate geo

ic shape was selected and cell volume (V) and surface are
S) were calculated using the formulae from Hillebrand
l. [14]. Cellular dimensions were measured at light mi
cope using the software package LUCIA measuremen
ion 4.80.

.4. Sexual reproduction test (ZI test)

Aliquots of each preculture were first washed three ti
n MIH medium[13] lacking in nitrogen source and inoc
ated with the same medium. After 2 weeks, aliquots con
ng about 2000 cells of both mating type ofClosteriumwere
noculated in 20 mL of MIH medium containing Triclosan
ach established concentration. This test also included
eplicates at each test concentration. The tests were c
ut at 24± 1◦C under continuous light. The number of n
al zygotes was counted using an inverted microscope (
iavert) after 5 days.

.5. Comet assay

The Comet assay withClosteriumwas performed on cel
rom GI test (see Section2.4), after 5 days, according to t
odified method of Singh et al.[9]. Treated and untreat

ells were collected by precipitation and embedded in a t
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layered microgel, on a fully frosted microscopic slide, com-
posed as following: (1) a bottom layer of 1% normal melt-
ing agarose; (2) a second layer of 0.5% low-melting agarose
containing 50�L of tested and untested algal solutions; (3)
an upper layer of 0.7% low-melting agarose. The slides
were dipped into a lysis solution containing 300 mM NaOH,
30 mM Na2EDTA and 0.01% sodiumdodecylsulphate (SDS)
for 1 h and then in an electrophoresis buffer (300 mM NaOH
and 1 mM Na2EDTA) for 15 min at 4◦C, to allow unwind-
ing of DNA. Electrophoresis was carried out using the same
buffer at 4◦C for 20 min at 25 V and 300 mA. Then, the gels
were neutralized embedding the slides twice in 400 mM Tris
buffer (pH 7.5); DNA molecules were stained with ethid-
ium bromide. The DNA images were observed using epi-
fluorescent microscopy (Nikon Eclipse E800) equipped with
a digital camera. Tail length, head DNA% and tail moment
were measured from 30 comets per sample, with an auto-
matic analyzing system (TriTek CometScore version 1.0.1.1).
The viability ofC. ehrenbergiicells was assessed along the
treatment, by chlorophyll autofluorescence, and after stain-
ing with neutral rot and metylene blue. The first method has
revealed to be more useful for differentiating living and dead
cells. The numbers of live cells (autofluorescent) and dead
cells were counted in approximately 100 cells, using epi-
fluorescent microscopy (Nikon Eclipse E800).
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Table 1
Cell viability (autofluorescence) ofC. ehrenbergiiduring the treatment with
Triclosan

Triclosan
concentration
(mg L−1)

Viability (percentage of living cells)

2 h 24 h 48 h 96 h

0 100 100 100 100
0.125 100 98 98 92
0.187 98 75 75 80
0.25 98 60 60 80
0.5 98 12 14 2
1 98 10 10 2

to occupy a peripheral position, and irregular-shaped chloro-
plasts were frequently observed, with dark green colour, more
intense than in chloroplasts of control cells (Fig. 1a and b).
During the following 2 days, around 20% of the affected cells
showed a tendency to resume the normal morphology, and at
the end of the test they were quite similar to the control ones
(not shown).

At 0.5–1 mg L−1, 2 h of exposure to Triclosan caused ef-
fects on chloroplast morphology but not on cell viability. Af-
ter 48 h, only 10% of the cells was still viable; these cells
showed a smaller and shapeless chloroplast, in which several
narrowings were evident (Fig. 1c).

The modifications of cell morphology observed in the ex-
periments with Triclosan seem to be comparable to those
observed with toxic compounds as Mitomicine C and other
mutagens[7]. However, also at the highest concentrations
tested Triclosan did not cause increasing of cell dimension
and abnormal cell shape, which were observed in the case of
mutagenic compounds.

In Fig. 2a the effects of Triclosan on the asexual repro-
duction ofC. ehrenbergii(GI test) are shown. The NOEC
corresponded to 0.25 mg L−1 and the LOEC to 0.5 mg L−1

(P= 0.007); the EC50 was found at 0.62 mg L−1.
These data indicate that Triclosan affected to a much larger

extent the growth rate of the standard organismP. subcapi-
tata, which showed an EC50of 4.46× 10−3 mg L−1 [11]. The
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.6. Statistical analysis

Data were represented by box and whiskers plots a
owings: measured values for the tested compound
hown by a box including 50% of the data. The top and
om of the box marked 75th and 25th percentiles, respect
nd the inner line the median value; the whiskers marke
0th and 10th percentile values. To determine significan

erences among each treatment group and the control g
ata were assessed by one-way ANOVA when groups
omogeneous, and by ANOVA Kruskall–Wallis when gro
ere not homogeneous (SPSS Software Inc., Chicago). W
ignificant differences (P< 0.05) appeared, Dunnet’s mu
le comparison test was used to isolate the group(s)

rom a control group. Growth rate inhibition was also ca
ated, as following: (1− growth rate of treatment/growth ra
f control)× 100[15].

. Results and discussion

Triclosan had toxic effect onC. ehrenbergiicells, as wel
s on asexual and sexual reproduction. Autofluorescen
bility tests (Table 1) and observations on cellular morph
gy were performed after 2 h of exposure to Triclosan,
aily until the end of the experiments (96 h). At Triclos
oncentration 0.125 mg L−1, shape and size of the cells w
ever affected and viable cells were around 95–100% d
ll the experiments. At 0.187 and 0.25 mg L−1, cell viability
ecreased after 48 h from 100 to 60%; the nucleus te
ifferent sensitivity to Triclosan of these two algae is pr
bly related to their different size. According to Kent a
urrie [16], a good prediction of sensitivity to a toxicant
ased on the surface/volume ratio: the smaller the siz
igher the sensitivity. The S/V ratio ofC. ehrenbergii(0.44),
easured according to the formulae proposed by Hilleb
t al.[14], was four times higher than that ofP. subcapitata
1.64), as reported by Kent and Currie[16].

According to EU TGD on risk assessment[17] a pre-
icted no effect concentration (PNEC) was calculated
pplying an assessment factor of 1000 on the EC50 for Tri-
losan found in GI tests onC. ehrenbergii. A tentative risk
ssessment for Triclosan was subsequently attempted
iding the highest predicted environmental concentra
PEC) of Triclosan (1.2�g/L) by the PNEC previously calc
ated. The risk quotient (RQ) was higher than 1, sugge
hat the risk of Triclosan to the environment might be
egligible.
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Fig. 1. (a) Vegetative cell ofC.ehrenbergii; (b) effects of Triclosan on the vegetative cell ofC.ehrenbergiiafter 2 h; and (c) effects of Triclosan on the vegetative
cell ofC. ehrenbergiiafter 48 h.

This result is in agreement with a risk assessment on Tri-
closan based on tests performed with a battery of organisms
belonging to algae, crustaceans and fish[11]. According to
this study, a RQ > 1 in surface waters was predicted in the
case of Triclosan discharges from low technology plants to
waters with low dilution.

Triclosan also influenced the sexual reproduction ofC.
ehrenbergii(Fig. 3). The effect was calculated counting the
number of zygospores at the end of the tests (96 h), in control
and Triclosan-treated cells (ZI test). Triclosan concentrations
from 1.25 to 5 mg L−1 inhibited completely the sexual repro-

F
D

duction. At these values, many gametes apparently of normal
size and shape were found in culture, but no fusion of oppo-
site gametes occurred. At 0.9375 mg L−1 Triclosan caused
84% reduction of zygospore number, whereas cells exposed
to 0.625 mg L−1 of Triclosan gave no significant reduction of
zygospore number.

The similarity observed between the results from the tests
on Triclosan inhibition of vegetative or sexual reproduction
of C. ehrenbergiihas been shown also by Okamura et al.
[8], who reported similar values of sensitivity for GI and ZI
tests on the antifouling agent Irgarol 1051. On the other hand,

F
a

ig. 2. Effects of Triclosan on vegetative reproduction ofC. ehrenbergii.
ata are presented in box- and whiskers-plot. Significance:*** P< 0.001.
ig. 3. Effects of Triclosan on zygopore production ofC. ehrenbergii. Data
re presented in box- and whiskers-plot. Significance:*** P< 0.001.
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Kim et al.[6] found that the zygospore inhibition test on non-
ionic surfactants was at least 20 folds more sensitive than
the assay on growth inhibition. It is well known that sexual
reproduction inC. ehrenbergiiis mediated by the release of
a pheromone[18]. Triclosan could be specifically effective
as inhibitor of synthesis and/or release of this pheromone. It
is interesting to note that Foran et al.[19] reported a weak
androgenic activity for this compound, and more recently
Ishibashi et al.[20] demonstrated that Triclosan could also
act as an estrogenic compound with the potential to induce
vitellogenin in male medakaOryzias latipes.

The results obtained with the Comet assay indicate that the
Triclosan can genetically impactC. ehrenbergii. Cells were
exposed for 96 h to Triclosan concentrations ranging from
0.125 to 1 mg L−1. Comet assays were performed at the end
of the experiments to evaluate the chronic genotoxic effects
of Triclosan. The DNA damage was measured as tail moment
of the comet (TM = tail length× % tail DNA)/100).

Control nuclei ofC. ehrenbergii consisted of a com-
pact nucleus, and only occasionally were observed comets,
whereas on other algae, such asChlamydomonas reinhardtii,
the presence of comets in untreated cells was constantly
found [21]. The exposure to 0.125 mg L−1 of Triclosan for
96 h was uneffective onC. ehrenberginuclei. Concentra-
tions of 0.187 mg L−1 did not cause a significant DNA dam-
age. Triclosan concentration of 0.25 mg L−1 caused a signif-
i
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Tests carried out during the first hours from the exposure to
the toxicant, coupled with specific analyses to evaluate DNA
repairing, are necessary to better define the extent of damage
on DNA strands.

4. Conclusions

Based on the observations made from this research, the
following conclusions are drawn:

1. C. ehrenbergiiis an ideal organism to apply the Comet
assay, being provided of a large nucleus easily detectable
and amenable to the routine protocol of single cell gel
electrophoresis.

2. Comet assay has evidenced a potential genotoxicity of
Triclosan onC. ehrenbergii, although at concentrations
higher than those measured in STP effluents.

3. Sexual reproduction inC. ehrenbergiiis sensitive to Tri-
closan, as already reported for other types of organisms
[19].

4. The growth rate ofC.eherenbergiiis affected only by high
Triclosan concentrations; the comparison with the results
obtained withP. subcapitataconfirms that this latter is a
very sensitive organism as far as concerns the effects of
xenobiotics on asexual reproduction.

5. The conventional set of bioassays with the standard rec-
om-
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cant increase (P= 0.001) of tail moment (Fig. 4). At 0.5 and
mg L−1, the complete dissolution of nuclei occurred in

he performed assays. The dose-dependent effect obs
ith Triclosan-treatedC. ehrenbergiicells was found also o
hlamydomonas reinhardtii[21] andEuglena gracilis[22],
ith several mutagenic compounds causing DNA dama
Comet assay onC.ehrenbergiiwas the most sensitive te

roviding valuable informations on chronic genotoxicity
riclosan. However, it is well known that the genetic dam
ccurs immediately after the addition of a toxic compou

ig. 4. Comet assay ofC. ehrenbergii treated with Triclosan. Data a
resented in box- and whiskers-plot of the comet parameter tail mo
.m., not measurable automatically by image analysis system. Signific

** P< 0.001.
ommended organisms can identify the toxicity of a c
pound along the food-net, and still play a key role in
development of a risk assessment for a xenobiotic.
application of the above-described three bioassaysC.
ehrenbergiidoes not replace the use of conventional
tery of test organisms, but provides an overall evaluatio
the toxic effects of a chemical on the same organism,
ing responses which are immediately comparable. Th
not easy to obtain when different tests organisms are
to assess cyto- and genotoxicity of a compound.
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