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Abstract
In this study, the toxicity of three compounds of emerging concern (CEC) belonging to different classes [metolachlor (herbicide),
erythromycin (antibiotic) and triclosan (antiseptic)], were evaluated and compared using the freshwater alga Pseudokirchneriella
subcapitata and the marine alga Dunaliella tertiolecta. Toxicity assays were performed by exposing algal cells, in exponential
phase of growth, to the toxicants for 72 h (P. subcapitata) or 96 h (D. tertiolecta). The toxicant concentrations that induced an
inhibition of 50% of algal growth (EC50) of P. subcapitata or D. tertiolecta were 118 and 11.3 × 103 μg L−1 for metolachlor
(MTC), 38 and 5.75 × 103 μg L−1 for erythromycin (ERT) and 27.1 and 93 μg L−1 for triclosan (TCS), respectively. Based on
these EC50 values, it was possible to hierarchize (decreasing order) the toxicity of the CEC studied: TCS > ERT >MTC. The
EC50 values achieved for P. subcapitata were between 3.4- and 151-fold lower than those observed with D. tertiolecta, which
demonstrated the higher sensitivity of the freshwater alga comparatively to the marine alga. All 72 h-EC10 or 72 h-EC50 values
determined in this study with P. subcapitata are within the concentration range of these pollutants described in the literature, in
ground and surface waters, which underlines the significance of this alga in the ecotoxicity assessment of freshwaters.
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Introduction

Many organic pollutants, namely alkyl phenols, flame retardants,
personal care products, pharmaceuticals, steroids and pesticides,
are being introduced in the environment as result of human ac-
tivities. These compounds are generally referred as contaminants
of emerging concern (CEC). According to theUSEnvironmental
Protection Agency (US-EPA), CEC are Bchemicals and other

substances that have no regulatory standard, have been recently
‘discovered’ in natural streams (often because of improved ana-
lytical chemistry detection levels), and potentially cause deleteri-
ous effects in aquatic life at environmental relevant
concentrations^ (US-EPA 2008).

In fact, environmental monitoring has detected CEC in sur-
face waters, ground waters and drinking waters (Boxall 2012).
The major sources of CEC in aquatic systems are wastewater
treatment plant effluents, aquaculture, animal husbandry, horti-
culture and leaching from soils and/or waste disposal (Gerecke et
al. 2002; Gaw et al. 2014). The most frequently detected CEC
include some pesticides (agricultural herbicides), antibiotics and
non-prescription personal care products (Rykowska and Wasiak
2015; Fairbairn et al. 2016; Manamsa et al. 2016).

Pesticides are used to combat pests. Nevertheless, 98–99.9%
of insecticides and 95%of herbicides attain other destination than
its main targets, namely air, water and soil (Miller 2004).
Metolachlor is a popular herbicide, belonging to the
chloroacetanilide family, being used in the control of certain
weed species on agricultural crops. This pesticide has a large
potential to contaminate ground waters due to its mobility and
persistence in soil (Rivard 2003).Metolachlor is frequently found
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in surface and ground waters usually associated with agricultural
areas and can reach a concentration in the order of 100 μg L−1.

Antibiotics have been used, in the last decades, in human and
veterinary medicine and in aquaculture. Thus, a variety of anti-
biotics, namely fluoroquinolones, macrolides, sulphonamides
and tetracyclines, have been detected in effluents and in natural
waters at levels from ng L−1 to μg L−1 (Hoa et al. 2011;
Gonzalez-Pleiter et al. 2013; Liang et al. 2013). Erythromycin,
a macrolide, is one of the most common antibiotics found in
surface waters, being widely used in human medicine and in
animal production (Alexy and Kϋmmerer 2006). Considering
the environmental risk, macrolides can be considered one of
the most harmful antibiotics for aquatic systems (Isidori et al.
2005).

Personal care products, consumption of which is increasing
continuously, contain a series of chemicals (such as, fragrances,
UV-blockers and antiseptics) that are released in aquatic systems.
Triclosan is an antiseptic agent largely used in personal care
products like soap, toothpaste, deodorant and cosmetics. It has
also other industrial applications namely in adhesives, plastics
(toys, toothbrushes), textiles and rubber (Dhillon et al. 2015).
Due to its extended use, triclosan has been found in surface,
ground and drinking water, at concentrations ranging from ng
L−1 to μg L−1 (Dhillon et al. 2015). Additionally, due to its
physicochemical properties, triclosan is considered
bioaccumulative and persistent in the environment and can also
react to form dioxins (Dhillon et al. 2015).

Many studies have been detecting the presence of CEC in
aquatic systems, namely in freshwaters (Rykowska and Wasiak
2015; Fairbairn et al. 2016; Manamsa et al. 2016). However, due
to their large number their impact in aquatic organisms has not
been deeply investigated. Furthermore, knowledge of the occur-
rence, distribution and toxic effect of CEC in marine environ-
ment is even more limited. The negative impacts of these com-
pounds in aquatic organisms and, as a consequence, in all food
chains, led to the need to study the effect of these compounds in
the different aquatic systems.

Phytoplankton form the base of most aquatic food chains.
Therefore, changes in the phytoplankton will have a huge im-
pact on all aquatic ecosystems. The green algae
Pseudokirchneriella subcapitata and Dunaliella tertiolecta
have been widely utilised for evaluation of pollutant toxicity
and environmental assessment. Pseudokirchneriella
subcapitata is common in freshwaters, can be easily cultured
in the laboratory, is quite sensitive to a large variety of toxic
substances (Janssen and Heijerick 2003; Cho et al. 2009) and is
a test organism recommended by the standard methods of the
USA (US-EPA 2012) and the European Union (OECD 2011).
Dunaliella tertiolecta has the ability to grow in severe environ-
ments (extreme saline conditions) and lacks a rigid cell wall
(Borowitzka and Siva 2007), eliminating a potential barrier to
the passage of pollutants into the cell, thus making it a good
option on the evaluation of toxicity of compounds present in

marine waters (Nikookar et al. 2005; Sacan et al. 2007; Manzo
et al. 2013).

In the present study, it was our objective to compare the sus-
ceptibility of P. subcapitata and D. tertiolecta to three com-
pounds of emerging concern: metolachlor (herbicide), erythro-
mycin (antibiotic), and triclosan (antiseptic). In addition, the tox-
icity of the three compounds was hierarchised considering the
concentration of the toxicants that induced an inhibition of 50%
of algal growth (EC50). The environmental relevance of these
algae in the assessment of ecotoxicity of freshwaters and marine
waters, taking into account the concentration of these pollutants
(described in the literature) in the environment is also discussed.

Material and methods

Strain, media and culture conditions

The algae Pseudokirchneriella subcapitata (strain 278/4) and
Dunaliella tertiolecta (strain 19/6B), used in this study, were
purchased from the Culture Collection of Algae and Protozoa
(CCAP), UK.

Pseudokirchneriella subcapitata was preserved in OECD
medium with 20 g L−1 agar (Merck) at 4 °C in the dark.
Stock solutions for culture medium preparation were made
and stored according to the Organisation for Economic Co-
operation and Development (OECD) guidelines (OECD
2011). Starter cultures, pre-cultures, and cultures with an ini-
tial cell concentration of ~5 × 104 cells mL−1 were prepared as
previously described by Machado and Soares (2012) and in-
cubated at 25 °C on an orbital shaker at 100 rpm under con-
tinuous Bcool white^ fluorescent light (fluorescent lamps with
a colour temperature of 4300 K) with an intensity of 54 μmol
photons m−2 s−1 at the surface of the flask.

Dunaliella tertiolectawas cultured in Guillard’s (f/2) enriched
seawater medium. Artificial seawater was prepared as described
by US-EPA (US-EPA 2002) and enriched with f/2 medium
(Guillard and Ryther 1962), with minor modifications: final con-
centration of ethylenediaminetetraacetic acid (EDTA) disodium
salt dehydrate and iron (III) chloride hexahydrate of 0.08 and
0.1 mg L−1, respectively. The concentrations of these two com-
ponents were adjusted to be similar to those of the OECD medi-
um used for the growth of P. subcapitata. Then, the pH was
adjusted to 8.0 and sterilised by filtration. In order to ensure D.
tertiolecta axenic cultures, the alga was pre-cultured in 20 mL of
f/2 enriched seawater medium containing an extra amount of
sodium chloride (2 mol L−1), in 100-mL Erlenmeyer flasks.
Cultures were prepared in 100 mL of f/2 enriched seawater me-
dium (with 0.36 mol L−1 sodium chloride), in 250 mL
Erlenmeyer flasks. Pre-cultures and cultures were inoculated
with 5 × 104 cells mL−1 and incubated at 25 °C, for 96 h (4 days),
on an orbital shaker at 100 rpm, under continuous Bcool white^
fluorescent light (fluorescent lamps with a colour temperature of
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4300 K), with an intensity of 54 μmol photons m−2 s−1 at the
surface of the flask.

Algal cell concentration was determined using an automat-
ed cell counter (TC10, Bio-Rad).

Chemicals

Metolachlor (97.6%) (PESTANAL, analytical standard, Ref:
36163), erythromycin (Ref: E5389) and triclosan (≥ 97%) (Ref:
72779) were from Sigma-Aldrich. The metolachlor stock solu-
tion (11.8 g L−1) was prepared in deionised water. The stock
solutions of erythromycin (12.6 g L−1) and triclosan (1.0 g L−1)
were prepared in dimethyl sulfoxide (DMSO). Toxicity assays
for erythromycin and triclosan presented a DMSO concentration
no higher than 0.007% for P. subcapitata and 0.5% for D.
tertiolecta. Control experiments showed that, at these concentra-
tions, the solvent DMSO did not affect the growth of P.
subcapitata or D. tertiolecta (Fig. S1, Supplementary Material).

Growth curves

Cultures in exponential phase of growth (48 h for P. subcapitata
and 96 h for D. tertiolecta) were centrifuged at 2500×g (P.
subcapitata) or 300×g (D. tertiolecta) for 5 min and resuspended
in the respective medium. Growth curves were performed in
250 mL Erlenmeyer flasks containing 100 mL of OECD medi-
um (P. subcapitata) or f/2 enriched seawater medium (D.
tertiolecta) with an initial cell concentration of ~ 5 × 104 cells
mL−1 and incubated under the conditions described above. At
defined intervals of time (given in the Fig. 1), samples were
withdrawn and cell number determined as described above.

The specific growth rate (μ) and the generation time (dou-
bling time) (g) was calculated as previously described
(Machado and Soares 2014).

Toxicity assays

Toxicity assays were performed individually with nominal con-
centrations of each CEC arranged in a geometrical series. For P.
subcapitata, the following concentration ranges were tested: 16–
400 μg L−1 metolachlor; 2.2–460 μg L−1 erythromycin and 3.7–
72 μg L−1 triclosan. The alga D. tertiolecta was exposed to the
toxicants in the following concentration ranges: 460–46 ×
103 μg L−1 metolachlor, 4 × 103–63 × 103 μg L−1 erythromycin
and 10–1 × 103 μg L−1 of triclosan. As control, algal cells were
inoculated in the samemedia but without the toxic. One-hundred
millilitre Erlenmeyer flasks containing OECD medium or f/2
enriched seawater medium and various toxic concentrations
(geometrical series) were inoculated with 5 × 104 cells mL−1 of
P. subcapitata or D. tertiolecta from cultures of 48 h or 72 h,
respectively, in a final volume of 40mL. Cultureswere incubated
as described above. After incubation, cell concentration was de-
termined. The algal growth (yield) was used as endpoint; it was

calculated considering the cell concentration at the end of the
assay minus the starting cell concentration.

Toxicity was expressed as EC10, EC25, EC50, EC75 and
EC90, which represent the concentration of each chemical that
caused 10, 25, 50, 75 and 90% of growth inhibition, respec-
tively, when compared with the control (cells not exposed to
toxics) after an exposure of 72 h for P. subcapitata or 96 h for
D. tertiolecta. EC values were calculated by the linear inter-
polation using the software TOXCALC version 5.0.32
(Tidepool Scientific Software).

Microscopy

Algal cells were observed using an epifluorescence microscope
equipped with a HBO-100 mercury lamp and a filter set I3 from
Leica. The images were acquired with a Leica DC 300F camera,

1

10

100

1000

0 24 48 72 96 120 144 168 192 216 240

01xsllec(
ht

worG
4

m
L-1

)

Time (h)

A

B

○ P. subcapitata
● D. ter�olecta

Fluorescence Phase-contrastFluo. + Ph.-contrast

P.
 su

bc
ap

ita
ta

D.
 te

r�
ol

ec
ta

Fig. 1 Morphology and growth of the algae P. subcapitata and D.
tertiolecta. a Microphotographs illustrative of the algal cells. In
fluorescence and fluorescence plus contrast-phase photos, it can be ob-
served the typical auto fluorescence of algal cells. bAlgal growth. Cells in
the exponential phase of growth were inoculated at 5 × 104 cells mL−1 in
OECD medium (P. subcapitata) or in seawater-enriched f/2 medium (D.
tertiolecta) and incubated at 25 °C on an orbital shaker at 100 rpm under
continuous Bcool white^ fluorescent light. These experiments were per-
formed two times in triplicate (n = 6). The standard deviations (error bars)
were calculated with 95% confidence limits; where no error bars are
shown they are within the points
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using a N plan × 100 objective, and were processed using Leica
IM 50-Image manager software. Cells of D. tertiolecta were
previously fixed with 1% (v/v) glutaraldehyde at 4 °C.

Reproducibility of the results and statistical analysis

Data presented are the mean values of two independent exper-
iments carried out in duplicate for toxicity tests and in tripli-
cate for growth kinetics. Results were expressed as the mean ±
standard deviation, presented with 95% confidence limits.

Results

Growth profile of freshwater and marine algae

In the present work, two unicellular algae were used: P.
subcapitata, immobile, with a sickle-like shape (Fig. 1a),
commonly present in freshwater environments (Guiry and
Guiry 2017) and D. tertiolecta, motile (presenting flagella)
with ovoid shape (Fig. 1a), which are common in marine
habitats (Borowitzka and Siva 2007). The typical autofluores-
cence exhibited by algal cells, due to the presence of chloro-
phyll a, can be observed as shown in Fig. 1a.

The susceptibility of algal cells to toxicants is influenced by
its physiological status, which, in turn, is dependent on their
growth phase (Machado and Soares 2013). In order to know,
in detail, the growth profile of D. tertiolecta, the evolution of
cell concentration of this alga was followed over the time.
Since the two algae under study will be exposed to the toxi-
cants in the same cultural conditions (except culture medium),
namely, light, agitation speed, and temperature, for compara-
tive purposes, the growth of P. subcapitatawas also followed.

When inoculated in f/2 seawater enriched medium, at 5 ×
104 cells mL−1, D. tertiolecta grew exponentially for about
96–120 h (4–5 days), with a specific growth rate of
0.029 h−1, which corresponded to a doubling (generation)
time of 24 h; this alga reached the stationary phase after
144 h (6 days) (Fig. 1b). The alga P. subcapitata grown expo-
nentially for 48–72 h (2–3 days), with a specific growth rate of
0.071 h−1 and reached the stationary phase after 96 h (4 days)
(Fig. 1b). Under the culture conditions used, P. subcapitata, in
OECD medium, displayed a faster growth than D. tertiolecta
and presented a doubling time of 10 h.

In order to ensure that the algal cells are in exponential
phase of growth and taking into account the growth curves
presented (Fig. 1b), the inoculum for the toxicity tests should
be conducted with pre-cultures up to 3 days (72 h) for P.
subcapitata and up to 5 days (120 h) for D. tertiolecta.

In the toxicity assays described below, in the case of
P. subcapitata, we used a 72-h period for the toxicity
test, which is in agreement with the OECD recommen-
dation (OECD 2011). For D. tertiolecta, the time of the

toxicity assay was expanded to 96 h, due to the slower
growth of this alga (Fig. 1b).

Evaluation of the toxicity of metolachlor,
erythromycin and triclosan, using P. subcapitata
and D. tertiolecta

For assessing the toxic effects of CEC, algal cells were ex-
posed to a series of geometric concentrations of the herbicide
metolachlor (MTC), the antibiotic erythromycin (ERT) and
the antiseptic triclosan (TCS). The dose-responses curves,
expressed as the percentage of growth inhibition (yield) versus
toxicant concentration, were plotted (Fig. 2).

TCS and ERT inhibited the growth of P. subcapitata
even at very low concentrations (Fig. 2). For these two
compounds, a 10% of growth inhibition (72 h-EC10

values), comparatively to the control (cells non-exposed to
toxicants), was observed for 3.0 ± 0.5 μg L−1 TCS and 5 ±
4 μg L−1 ERT (Table 1). The 72 h-EC10 value of MTC
(45 ± 3 μg L−1) was approximately ten times higher than
those observed for ERT and TCS (Table 1). However, this
herbicide was also very toxic to P. subcapitata since it
inhibited growth at ppb level (μg L−1) (Fig. 2). Using the
72 h-EC50 values as the criterion for ranking the toxicity of
the CEC, the decreasing order of toxicity, evaluated using
P. subcapitata, is TCS > ERT >MTC (Table 1).

The evaluation of toxicity for the three CEC, using D.
tertiolecta, considering the 96 h-EC50 values, revealed the
same decreasing order of toxicity observed with P.
subcapitata (Table 1). However, P. subcapitata is much more
sensitive to toxicants than D. tertiolecta. For instance, for
MTC, D. tertiolecta had 96 h-EC values from 91 to 132 times
higher than 72 h-EC values observed with the freshwater alga
P. subcapitata (Table 1). In the case of ERT, 96 h-EC values
for D. tertiolecta were between 127 and 376-fold higher than
those observed for P. subcapitata. In other words, it was ob-
served that P. subcapitata was sensitive to MTC and ERT at
ppb level (μg L−1), while D. tertiolecta was sensitive to these
toxicants at ppm level (mg L−1). Within the three CEC tested,
D. tertiolecta is more sensitive to TCS (96 h-EC values at μg
L−1 level) (Fig. 2). For TCS, D. tertiolecta displayed similar
EC values, or in the same order of magnitude, as those of P.
subcapitata (Table 1).

A detailed comparison of the toxic impact (expressed
by the respective EC10, EC25, EC50, EC75 and EC90

values) of MTC, ERT and TCS over the two algae tested
is presented in Table 1. The pictorial representation of
the toxicity of MTC, ERT and TCS to P. subcapitata and
D. tertiolecta, based on their EC50 values, is presented in
Fig. 3; in this figure, it can be clearly observed the
higher sensitivity of P. subcapitata, compared to D.
tertiolecta, to the three CEC under evaluation.
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Discussion

Over the last decade, many organic compounds have been
detected in aquatic environments, not only as result of im-
proved analytical methods for its determination but also due
to its increasing frequency and concentration. They are con-
sidered compounds of emerging concern (CEC) mainly due to
the fact they may cause serious effects on non-target
organisms.

The regulation for these substances has in consideration its
occurrence, environmental fate and toxicity. Nevertheless, as
CEC represent a wide range of chemicals for which limited
data are available, most of CEC do not have regulatory status.
Therefore, it is essential to determine the concentration of each
CEC that can have a toxic effect, particularly in aquatic organ-
isms. In the case of marine environments, data about the oc-
currence of CEC is very scarce (Bedoux et al. 2012; Zhang et
al. 2013; Gaw et al. 2014; Brumovský et al. 2016) and there

are few ecotoxicological studies about the impact of CEC in
marine and estuarine organisms when compared with fresh-
water ones. Additionally, several researches substituted
ecotoxicity tests with saltwater organisms by data extrapolated
from freshwater organisms, namely on risk assessment deter-
mination (Leung et al. 2001;Wheeler et al. 2002, 2014). Thus,
some care should be taken on the use of these data, since a
chemical can have different modes of action in different
species.

In this study, we evaluated the toxicity of three compounds
of emerging concern: metolachlor (herbicide), erythromycin
(antibiotic) and triclosan (antiseptic), to the green algae
(chlorophytes) P. subcapitata and D. tertiolecta. Toxicity as-
says performed for MTC resulted in a 72 h-EC50 of
118 μg L−1 for P. subcapitata (Table 1). This value is close
to the 96 h-EC50 described for P. subcapitata by Juneau et al.
(2001), using as endpoint the chlorophyll autofluorescence
(Table 2). The EC50 values described in the literature for
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Fig. 2 Dose-response curves for
P. subcapitata and D. tertiolecta.
Algal cells (left panel: P.
subcapitata; right panel: D.
tertiolecta) were exposed to
metolachlor (MTC),
erythromycin (ERT) or triclosan
(TCS). Insets: chemical structure
of the toxicants. These experi-
ments were performed two times
in duplicate (n = 4). The standard
deviations (error bars) were cal-
culated with 95% confidence
limits; where no error bars are
shown they are within the points
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MTC varies widely (among 44 and 5.51 × 103 μg L−1) (Table
2). Some of these variations can be associated with the oper-
ating conditions used, namely initial cell density, physiologi-
cal conditions of algal cells, time of exposure to toxicants,
culture medium, temperature, agitation, light intensity and
wavelength and toxicity endpoint used.

In the case of D. tertiolecta, for MTC, a 96 h-EC50 of
11.3 × 103 μg L−1 was observed (Table 1). However, in the
literature, a 120 h-EC50 of 1.47 × 103 μg L−1, for MTC (Table
2) is described, using D. tertiolecta (Thakkar et al. 2013); this
value is almost 8 times lower than the one that we obtained.
The absence of indication of the initial cell concentration used
by the authors limits the direct comparison between the value
here obtained and the value described. A survey in the litera-
ture regarding the use of different marine microorganisms in
the evaluation of MTC toxicity revealed that EC50 values also
vary widely according to the alga used. Thus, a higher EC50

value (lower sensitivity to MTC than D. tertiolecta) was de-
scribed for the marine chlorophyte alga Tetraselmis suecica
(72 h-EC50 of 21.3 × 103 μg L−1) (Ebenezer and Ki 2013).
However, different marine algae displayed higher sensitivity
than D. tertiolecta to MTC. This is the case of the marine
diatoms Skeletonema costatum (120 h-EC50 of 61 μg L−1)
and Navicula pelliculosa (120 h-EC50 of 380 μg L−1)
(Erickson and Turner 2002), the dinoflagellate Prorocentrum
minimum and the diatomDitylum brightwellii with 72 h-EC50

of 73 and 423 μg L−1, respectively (Ebenezer and Ki 2013).
The different EC50 values observed for the marine algae may
reflect the different sensitivity of the test species as well as
different cultural conditions used, namely the time of exposure
to toxicant.

MTC is frequently detected in surface and ground waters in
the North of America and in Europe with maximum values
occurring during high rain events, after pesticide application
(Vallotton et al. 2008). For instance, in Lake Erie St. Clair
Basin (USA), MTC was detected in 90% of 315 samples col-
lected from 10 streams from March of 1996 to February of

Table 1 Effect concentration
(EC) values for metolachlor,
erythromycin and triclosan, eval-
uated using the alga P.
subcapitata or D. tertiolecta

EC (μg L−1)

10 25 50 75 90

Metolachlor

P. subcapitata 45 ± 3 57 ± 3 118 ± 4 156 ± 6 235 ± 6

D. tertiolecta 5.62 × 103 7.51 × 103 11.3 × 103 17.6 × 103 21.4 × 103

± ± ± ± ±

0.14 × 103 0.21 × 103 0.5 × 103 0.2 × 103 0.1 × 103

Erythromycin

P. subcapitata 5 ± 4 24 ± 1 38 ± 1 76 ± 2 197 ± 4

D. tertiolecta 1.88 × 103 4.23 × 103 5.75 × 103 9.62 × 103 >63 × 103

± ± ± ±

0.41 × 103 0.25 × 103 0.09 × 103 0.22 × 103

Triclosan

P. subcapitata 3.0 ± 0.5 20.3 ± 0.3 27.1 ± 0.4 33.2 ± 0.2 37 ± 1

D. tertiolecta 14 ± 1 21 ± 2 93 ± 10 207 ± 4 456 ± 4

EC10, EC25, EC50, EC75 and EC90 values represent the toxicant concentration that induces an inhibition of 10, 25,
50, 75 or 90%, respectively, of algal growth, after 72 h (P. subcapitata) or 96 h (D. tertiolecta), when compared
with the control (cells not exposed to toxicant). The mean values were obtained from two experiences performed
in duplicate (n = 4). Standard deviations are presented with 95% confidence limits
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Fig. 3 Pictorial representation of the toxicity of metolachlor (MTC),
erythromycin (ERT) and triclosan (TCS) to P. subcapitata and D.
tertiolecta. The position in the graphic reflects their sensitivity to the
toxicant, based on their EC50 value
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1998; a maximum of 78 μg L−1 MTC was observed (Frey
2001). In 14 states of the USA,MTC is present in surface waters
samples at a maximum concentration of 138 μg L−1 (Rivard
2003). The values of MTC described above are in the range of
the 72 h-EC50 value (118 μg L−1) obtained for P. subcapitata,
which underline the significance of this algal species in the
assessment of MTC ecotoxicity in freshwater environments.
The movement of organic pollutants in the aquatic environment
can also present a serious threat to marine ecosystems.MTC has
been detected in marine environment (Skagerrak, North Sea) at
a very low concentration (1.49 ng L−1) (Brumovský et al. 2016).
This value of MTC found in coastal waters is several orders of
magnitude lower than 96 h-EC50 values obtained in the present
study and in the studies described in the literature (reported
above) with marine algae.

The 72 h-EC50 value obtained in this study for ERT using
P. subcapitata was 38 μg L−1 which is in the range described
in the literature (Table 2), being very close to the value de-
scribed by Eguchi et al. (2004). Nonetheless, in the literature,
a 72 h-EC50 value is given which is approximately ten times
higher, when chlorophyll fluorescence was used as toxicity
endpoint (Gonzalez-Pleiter et al. 2013). These data suggest
that growth inhibition is a more sensitive endpoint for the
evaluation of erythromycin toxicity in P. subcapitata. A
96 h-EC50 of 5.75 × 103 μg L−1 was obtained for ERT, using
D. tertiolecta (Table 1). This EC50 value is more than 150

times higher than the one for P. subcapitata. Comparing the
EC50 values of the algae used in this study, P. subcapitata
showed a higher sensitivity to erythromycin and metolachlor
than D. tertiolecta (Table 1).

Erythromycin is one of most common antibiotics used in
health care (substitute of penicillin) and also in aquaculture
(economic antibiotic) resulting in residual levels in surface wa-
ters (Xue et al. 2013). For instance, in the USA, 139 streams
presented a level of ERT of 1.7 μg L−1 (Kolpin et al. 2002b),
while in a river of Madrid (Spain), the presence of ERT at a
concentration of 3.98 μg L−1 has been detected (Rodríguez-Gil
et al. 2010). These concentrations of ERT found in freshwaters
are within the range of the 72 h-EC10 value obtained for P.
subcapitata (5 ± 4 μg L−1) (Table 1), which again emphasises
the importance of this alga in the evaluation of toxicity in fresh-
water environments. Additionally, erythromycin and other an-
tibiotics have been detected at significant distances from their
sources. Antibiotics could be transported to marine environ-
ments via river inputs and sewage treatment plants (Zhang et
al. 2013). In this context, ERT has been detected in Victoria
Harbour (South China Sea) at 1.9 μg L−1 (Minh et al. 2009).
However, this concentration of ERT is much lower than the
96 h-EC10 determined with D. tertiolecta (Table 1). As far as
we know, the toxicity of erythromycin inmarinemicroalgae has
not been evaluated, making the present work the first studywith
marine green microalgae.

Table 2 Example of toxicity studies described in the literature for metolachlor, erythromycin and triclosan, using the alga P. subcapitata or D.
tertiolecta

Toxic Test organism Toxicity (EC50, μg L−1) Cell density (cells mL−1) Endpoint Time of exposure (h) Reference

Metolachlor

P. subcapitata 72 1 × 104 Growth yield 72 Sbrilli et al. (2005)

44.3 5–10 × 103 Chl fluorescence 72 Souissi et al. (2013)

98.0 3 × 104 Growth rate 72 Pérez et al. (2011)

5.51 × 103 5 × 104 Growth yield 96 Ma et al. (2006)

116 1 × 104 Chl fluorescence 96 Juneau et al. (2001)

84 2 × 104 Chl fluorescence 96 Fairchild et al. (1998)

77 2 × 104 Chl fluorescence 96 Fairchild et al. (1997)

55.5 2 × 104 Growth yield 96 St. Laurent et al. (1992)

D. tertiolecta 1.47 × 103 n.d. Growth yield 120 Thakkar et al. (2013)

Erythromycin

P. subcapitata 20 1 × 104 Growth yield 72 Isidori et al. (2005)

36.6 1 × 104 Growth yield 72 Eguchi et al. (2004)

350 n.d. Chl fluorescence 72 Gonzalez-Pleiter et al. (2013)

Triclosan

P. subcapitata 0.53 1 × 104 Growth yield 72 Yang et al. (2008)

4.46 1 × 104 Growth yield 96 Orvos et al. (2002)

D. tertiolecta 3.55 5 × 104 Growth yield 96 DeLorenzo and Fleming (2008)

Growth rate—biomass increase per unit of time. Growth yield—biomass at the end of the assay minus the starting biomass

Chl chlorophyll, n.d. not defined, EC50 toxicant concentration that induces an inhibition of 50% of algal growth, when compared with the control (cells
not exposed to toxicant)
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For TCS, the EC50 values here determined were of
27.1 μg L−1 for P. subcapitata and 93 μg L−1 for D.
tertiolecta. These values are higher than those described in
the literature (Table 2), but in the same order of magnitude.
Concentrations of TCS up to 5.4 μg L−1 have been mea-
sured in effluents of municipal sewage treatment plants
(Savannah, Georgia, USA) (Kumar et al. 2010). Kolpin et
al. (2002a) reported the presence of TCS in aquatic environ-
ment at a concentration of 2.3 μg L−1. In Tamiraparani,
Kaveri and Vellar rivers (India), TCS reached the concentra-
tion of 5.16 μg L−1 (Ramaswamy et al. 2011), which is
higher than the 72 h-EC10 value (3.0 μg L−1) determined
using the freshwater alga P. subcapitata (Table 1). This
means that P. subcapitata growth is inhibited under environ-
mentally relevant concentrations of TCS. Regarding marine
levels of TCS, this compound has been detected at 6.9, 13.6
and 29.0 ng L−1 in European, North American and Asian
waters, respectively (Bedoux et al. 2012). These levels of
TCS found in marine waters are much lower than 96 h-EC
values found in this work (Table 1) and in the literature
(Table 2) using D. tertiolecta. A 96 h-EC50 > 66 μg L−1

was reported for the marine Skeletonema costatum (Orvos
et al. 2002) which is also a high value when compared with
marine water concentration of TCS.

The different level of toxicity of each CEC studied, as well
as the different sensitivity of the two algae to a given toxicant,
may be due to different (1) cellular targets of each toxicant, (2)
culture medium composition and culture conditions used for
the growth the algae species and (3) homeostatic mechanisms
presented by algae to cope with each toxicant. Thus,
metolachlor is a typical herbicide (broad-leaved grassy
weeds) used in the USA that acts as a growth inhibitor by
preventing chlorophyll, protein, fatty acid, lipid, isoprenoid
and flavonoid synthesis in the target plants (Rivard 2003).
Metolachlor exposure also has several effects on non-target
organisms, such as growth and photosynthesis inhibition in
algae (Deng et al. 2015). It has been reported that the growth
inhibition of the alga Scenedesmus acutus induced by
metolachlor was directly correlated with the effect of the com-
pound on fatty acid synthesis (Couderchet et al. 1999).
Erythromycin, a macrolide antibiotic, inhibits bacterial protein
synthesis by binding to 50S ribosomal subunit. Although it is
expected that erythromycin has as target prokaryotic organ-
isms (bacteria), eukaryotic organisms such as algae can also
be adversely affected due to the presence of prokaryotic-like
ribosomes in their chloroplasts and mitochondria (Vannini et
al. 2011). Thus, Liu et al. (2011) reported that erythromycin
inhibited the growth of Selenastrum capricornutum as conse-
quence of photosynthesis perturbation due to protein biosyn-
thesis inhibition. Triclosan is a common antimicrobial agent
that blocks the active site of the enzyme enoyl-acyl carrier-
protein reductase avoiding the bacterial fatty acid synthesis
necessary for cell membrane building (Bedoux et al. 2012).

Triclosan exhibits multiple target sites in different algal spe-
cies (Franz et al. 2008). The higher sensitivity to the toxicants
presented by P. subcapitata (EC50 values were 3.4–151-fold
lower than those observed with D. tertiolecta) can also be due
to the pH of algal media (pH 7.5 for P. subcapitata and pH 8.0
for D. tertiolecta). pH can affect the ionisation level of the
compounds which, in turn, can affect their level of toxicity
(Guo et al. 2016). The highest pH of the culture medium used
for marine species promotes the ionisation of weak acids like
erythromycin (pKa 8.88) and triclosan (pKa 7.9) reducing their
bioavailability and uptake into algal cells (Halling-Sorensen
2000). This fact can explain, at least partially, the lower tox-
icity of these compounds on the marine alga D. tertiolecta.
The available information regarding the toxicity mechanisms
of the three compounds studied over the two green algae spe-
cies used are very scarce. The improvement of the knowledge
about these mechanisms deserves further attention. In this
context, studies are currently underway to elucidate the mode
of action of these compounds on algae.

In conclusion, using the green algae P. subcapitata and D.
tertiolecta and considering the respective EC50 values, it was
possible to hierarchise the toxicity of the three compounds of
emerging concern studied. The decreasing order of toxicity of
these compounds is TCS > ERT >MTC. The differential tox-
icity of the studied CEC to the green algae can be attributed to
distinct targets and mechanisms of action in algal cells. In
addition, for the same alga, EC50 values can vary by a factor
higher than 10, which can result from different protocols, cul-
ture media and operational conditions used in EC determina-
tions. Therefore, toxic concentrations cannot simply be ex-
trapolated from one species to others or from freshwater spe-
cies to marine ones. The growth ofD. tertiolecta is inhibited in
a dose-dependent way by the CEC studied, which suggests
that this marine alga can be used in the evaluation of
ecotoxicity of these compounds. All 72 h-EC10 or 72 h-EC50

values determined, for the three CEC evaluated, using P.
subcapitata, are within the range of the concentrations of these
pollutants detected in surface and groundwaters. These results
highlight the importance of the use of this alga in the assess-
ment of chronic toxicity of CEC in freshwaters.

Acknowledgments This study was supported by the Portuguese
Foundation for Science and Technology (FCT) under the scope of the
strategic funding of UID/BIO/04469/2013 unit and COMPETE 2020
(POCI-01-0145-FEDER-006684) and BioTecNorte operation (NORTE-
01-0145-FEDER-000004) funded by the European Regional
Development Fund under the scope of Norte2020—Programa
Operacional Regional do Norte. Manuela D. Machado gratefully ac-
knowledges the post-doctoral grant from FCT (SFRH/BPD/72816/2010).

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflicts of
interest.

406 J Appl Phycol (2019) 31:399–408



References

Alexy R, Kϋmmerer K (2006) Antibiotics for human use. In: Reemtsma
T, Jekel M (eds) Organic pollutants in the water cycle. Wiley-VCH,
Weinheim, pp 65–86

Bedoux G, Roig B, Thomas O, Dupont V, Le Bot B (2012) Occurrence
and toxicity of antimicrobial triclosan and by-products in the envi-
ronment. Environ Sci Pollut Res 19:1044–1065

Borowitzka MA, Siva CJ (2007) The taxonomy of the genus Dunaliella
(Chlorophyta, Dunaliellales) with emphasis on the marine and hal-
ophilic species. J Appl Phycol 19:567–590

Boxall ABA (2012) New and emerging water pollutants arising
from agriculture. In: Water Quality and Agriculture: Meeting
the Policy Challenge, OECD Joint working party on agricul-
ture and the environment of the Committee for Agriculture
and the Environment Policy Committee. Paris, France. and
emerging water pollutants arising from agriculture. Paris,
France. http://www.oecd.org/tad/sustainableagriculture/
waterqualityandagriculturemeetingthepolicychallenge.htm.
Accessed Dec 2017

Brumovský M, Bečanová J, Kohoutek J, Thomas H, Petersen W,
Sørensen K, Sáňka O, Nizzetto L (2016) Exploring the occurrence
and distribution of contaminants of emerging concern through un-
manned sampling from ships of opportunity in the North Sea. J Mar
Syst 162:47–56

Cho C-W, Pham TPT, Kim S, Kim Y-R, Jeon Y-C, Yun Y-S (2009)
Toxicity assessment of common organic solvents using a biosensor
based on algal photosynthetic activity measurement. J Appl Phycol
21:683–689

Couderchet M, Schmalfub J, Böger P (1999) A specific and sensitive
assay to quantify the herbicidal activity of chloroacetamides.
Pestic Sci 52:381–387. h

DeLorenzo ME, Fleming J (2008) Individual and mixture effects of se-
lected pharmaceuticals and personal care products on the marine
phytoplankton species Dunaliella tertiolecta. Arch Environ
Contam Toxicol 54:203–210

Deng L, Senseman SA, Gentry TJ, Zuberer DA, Camargo ER, Weiss TL,
Devarenne TP (2015) Effect of selected herbicides on growth and
lipid content ofNannochloris oculata. J Aquat PlantManag 53:28–35

Dhillon GS, Kaur S, Pulicharla R, Brar SK, Cledon M, Verma M,
Surampalli RY (2015) Triclosan: current status, occurrence, envi-
ronmental risks and bioaccumulation potential. Int J Environ Res
Public Health 12:5657–5684

Ebenezer V, Ki JS (2013) Quantification of toxic effects of the herbicide
metolachlor on marine microalgae Ditylum brightwellii
(Bacillariophyceae), Prorocentrum minimum (Dinophyceae), and
Tetraselmis suecica (Chlorophyceae). J Microbiol 51:136–139

Eguchi K, Nagase H, OzawaM, Endoh YS, Goto K, Hirata K, Miyamoto
K, Yoshimura H (2004) Evaluation of antimicrobial agents for vet-
erinary use in the ecotoxicity test using microalgae. Chemosphere
57:1733–1738

Erickson W, Turner L (2002) Metolachlor—analysis of risks to endan-
gered and threatened Salmon and Steelhead. Washington, DC

Fairbairn DJ, Karpuzcu ME, Arnold WA, Barber BL, Kaufenberg EF,
Koskinen WC, Novak PJ, Rice PJ, Swackhamer DL (2016)
Sources and transport of contaminants of emerging concern: a
two-year study of occurrence and spatiotemporal variation in a
mixed land use watershed. Sci Total Environ 551–552:605–613

Fairchild JF, Ruessler DS, Haverland PS, Calrlson AR (1997) Comparative
sensitivity of Selenastrum capricornutum and Lemna minor to sixteen
herbicides. Arch Environ Contam Toxicol 32:353–357

Fairchild JF, Ruessler DS, Carlson AR (1998) Comparative sensitivity of
five species of macrophytes and six species of algae to atrazine,
alachlor, and metolachlor. Environ Toxicol Chem 17:1830–1834

Franz S, Altenburger R, Heilmeier H, Schmitt-Jansen M (2008) What
contributes to the sensitivity of microalgae to triclosan? Aquat
Toxicol 90:102–108

Frey JW (2001) Occurrence, distribution, and loads of selected pesticides
in streams in the Lake Erie-Lake St. Clair basin, 1996–98.
Indianapolis, IN

Gaw S, Thomas KV, Hutchinson TH (2014) Sources, impacts and trends
of pharmaceuticals in the marine and coastal environment. Phil
Trans R Soc B 369:20130572

Gerecke AC, Schärer M, Singer HP, Müller SR, Schwarzenbach RP,
Sägesser M, Ochsenbein U, Popow G (2002) Sources of pesticides
in surface waters in Switzerland: pesticide load through waste water
treatment plants––current situation and reduction potential.
Chemosphere 48:307–315

Gonzalez-Pleiter M, Gonzalo S, Rodea-Palomares I, Leganés F, Rosal R,
Boltes K, Marco E, Fernández-Piñas F (2013) Toxicity of five anti-
biotics and their mixtures towards photosynthetic aquatic organ-
isms: implications for environmental risk assessment. Water Res
47:2050–2064

Guillard RR, Ryther JH (1962) Studies of marine planktonic diatoms. I.
Cyclotella nana Hustedt, and Detonula confervacea (Cleve) Gran.
Can J Microbiol 8:229–239

Guiry MD, Guiry GM (2017) AlgaeBase. World-wide electronic publi-
cation, National University of Ireland, Galway. http://www.
algaebase.org, Accessed 07 Dec 2017

Guo J, Selby K, Boxall ABA (2016) Effects of antibiotics on the growth
and physiology of chlorophytes, cyanobacteria, and a diatom. Arch
Environ Contam Toxicol 71:589–602

Halling-Sorensen B (2000) Algal toxicity of antibacterial agents used in
intensive farming. Chemosphere 40:731–739

Hoa PTP, Managaki S, Nakada N, Takada H, Shimizu A, Anh DH, Viet
PH, Suzuki S (2011) Antibiotic contamination and occurrence of
antibiotic-resistant bacteria in aquatic environments of northern
Vietnam. Sci Total Environ 409:2894–2901

Isidori M, Lavorgna M, Nardelli A, Pascarella L, Parrella A (2005) Toxic
and genotoxic evaluation of six antibiotics on non-target organisms.
Sci Total Environ 346:87–98

Janssen CR, Heijerick DG (2003) Algal toxicity tests for environmental
risk assessments of metals. Rev Environ Contam Toxicol 178:23–52

Juneau P, Dewez D, Matsui S, Kim SG, Popovic R (2001) Evaluation of
different algal species sensitivity to mercury and metolachlor by
PAM-fluorometry. Algae 45:589–598

Kolpin DW, Barbash JE, Gilliom RJ (2002a) Atrazine and metolachlor
occurrence in shallow groun water of the United States, 1993 to
1995: relations to explanatory factors. J Am Water Resour Assoc
38:301–311

Kolpin DW, Furlong ET, Meyer MT, Thurman EM, Zaugg SD, Barber
LB, Buxton HT (2002b) Pharmaceuticals, hormones, and other or-
ganic wastewater contaminants in U.S. streams, 1999−2000: a na-
tional reconnaissance. Environ Sci Technol 36:1202–1211

Kumar KS, Priya SM, Peck AM, Sajwan KS (2010) Mass loadings of
triclosan and triclocarbon from four wastewater treatment plants to
three rivers and landfill in Savannah, Georgia, USA. Arch Environ
Contam Toxicol 58:275–285

Leung KMY, Morritt D, Wheeler JR, Whitehouse P, Sorokin N, Toy R,
Holt M, Crane M (2001) Can saltwater toxicity be predicted from
freshwater data? Mar Pollut Bull 42:1007–1013

Liang X, Chen B, Nie X, Shi Z, Huang X, Li X (2013) The distribution
and partitioning of common antibiotics in water and sediment of the
Pearl River estuary, South China. Chemosphere 92:1410–1416

Liu BY, Nie XP, Liu WQ, Snoeijs P, Guan C, Tsui MT (2011) Toxic
effects of erythromycin, ciprofloxacin and sulfamethoxazole on
photosynthetic apparatus in Selenastrum capricornutum.
Ecotoxicol Environ Saf 74:1027–1035

407J Appl Phycol (2019) 31:399–408

http://www.oecd.org/tad/sustainableagriculture/waterqualityandagriculturemeetingthepolicychallenge.htm
http://www.oecd.org/tad/sustainableagriculture/waterqualityandagriculturemeetingthepolicychallenge.htm
http://www.algaebase.org
http://www.algaebase.org


Ma J, Wang S, Wang P, Ma L, Chen X, Xu R (2006) Toxicity assessment
of 40 herbicides to the green alga Raphidocelis subcapitata.
Ecotoxicol Environ Saf 63:456–462

Machado MD, Soares EV (2012) Development of a short-term assay
based on the evaluation of the plasma membrane integrity of the
alga Pseudokirchneriella subcapitata. Appl Microbiol Biotechnol
95:1035–1042

Machado MD, Soares EV (2013) Optimization of a microplate-based
assay to assess esterase activity in the alga Pseudokirchneriella
subcapitata. Water Air Soil Pollut 224:1358

Machado MD, Soares EV (2014) Modification of cell volume and pro-
liferative capacity of Pseudokirchneriella subcapitata cells exposed
to metal stress. Aquat Toxicol 147:1–6

Manamsa K, Crane E, Stuart M, Talbot J, Lapworth D, Hart A (2016) A
national-scale assessment of micro-organic contaminants in ground-
water of England and Wales. Sci Total Environ 568:712–726

Manzo S,Miglietta ML, Rametta G, Buono S, Di Francia G (2013) Toxic
effects of ZnO nanoparticles towards marine algae Dunaliella
tertiolecta. Sci Total Environ 445–446:371–376

Miller G (2004) In: Learning T (ed) Sustaining the Earth, 6th edn. Brook
Cole Inc. Pacific Grove, California, pp 211–216

Minh TB, Leung HW, Loi IH, ChanWH, SoMK, Mao JQ, Choi D, Lam
JC, Zheng G, Martin M, Lee JH, Lam PK, Richardson BJ (2009)
Antibiotics in the Hong Kong metropolitan area: ubiquitous distri-
bution and fate in Victoria harbour. Mar Pollut Bull 58:1052–1062

Nikookar K, Moradshahi A, Hosseini L (2005) Physiological responses
of Dunaliella salina and Dunaliella tertiolecta to copper toxicity.
Biomol Eng 22:141–146

OECD (2011) Test no. 201: Freshwater alga and cyanobacteria, growth
inhibition test. Paris, France

Orvos DR, Versteeg DJ, Inauen J, Capdevielle M, Rothenstein A,
Cunningham V (2002) Aquatic toxicity of triclosan. Environ
Toxicol Chem 21:1338–1349

Pérez J, Domingues I, Soares AMVM, Loureiro S (2011) Growth rate of
Pseudokirchneriella subcapitata exposed to herbicides found in sur-
face waters in the Alqueva reservoir (Portugal): a bottom-up ap-
proach using binary mixtures. Ecotoxicology 20:1167–1175

Ramaswamy BR, Shanmugam G, Velu G, Rengarajan B, Larsson DG
(2011) GC-MS analysis and ecotoxicological risk assessment of
triclosan, carbamazepine and parabens in Indian rivers. J Hazard
Mater 186:1586–1593

Rivard L (2003) Environmental fate of metolachlor. Environmental
Monitoring Branch, Department of Pesticide Regulation,
Sacramento, CA, USA

Rodríguez-Gil JL, Catalá M, Alonso SG,Maroto RR, Valcárcel Y, Segura
Y, Molina R, Melero JA, Martínez F (2010) Heterogeneous photo-
Fenton treatment for the reduction of pharmaceutical contamination
in Madrid rivers and ecotoxicological evaluation by a miniaturized
fern spores bioassay. Chemosphere 80:381–388

Rykowska I,WasiakW (2015) Research trends on emerging environment
pollutants—a review. Open Chem 13:1353–1370

Sacan MT, Oztay F, Bolkent S (2007) Exposure of Dunaliella tertiolecta
to lead and aluminum: toxicity and effects on ultrastructure. Biol
Trace Elem Res 120:264–272

Sbrilli G, Bimbi B, Cioni F, Pagliai L, Luchi F, Lanciotti E (2005) Surface
and ground waters characterization in Tuscany (Italy) by using algal
bioassay and pesticide determinations: comparative evaluation of
the results and hazard assessment of the pesticides impact on prima-
ry productivity. Chemosphere 58:571–578

Souissi Y, Bouchonnet S, Bourcier S, Kusk KO, Sablier M, Andersen HR
(2013) Identification and ecotoxicity of degradation products of
chloroacetamide herbicides from UV-treatment of water. Sci Total
Environ 458-460:527–534

St. Laurent D, Blaise C,Macquarrie P, Scroggins R, Trottier B et al (1992)
Comparative-assessment of herbicide phytotoxicity to Selenastrum
capricornutum using microplate and flask bioassay procedures.
Environ Toxicol Water Qual 7:35–48

Thakkar M, Randhawa V, Wei L (2013) Comparative responses of two
species of marine phytoplankton to metolachlor exposure. Aquat
Toxicol 126:198–206

US-EPA (2002)Methods for measuring the acute toxicity of effluents and
receiving waters to freshwater and marine organisms. EPA-821-R-
02-012, 5th edn. United States Environmental Protection Agency,
Washington, DC

US-EPA (2008) Draft white paper: aquatic life criteria for contaminants of
emerging concern - part I: general challenges and recommendations.
United States Environmental Protection Agency, OW/ ORD
Emerging Contaminants Workgroup, Washington, DC

US-EPA (2012) Algal toxicity (OCSPP 850.4500). Ecological effects test
guidelines. llution prevention. United States Environmental
Protection Agency. EPA 712-C-006, Washington, DC

Vallotton N, Moser D, Eggen RIL, Junghans M, Chèvre N (2008) S-
metolachlor pulse exposure on the alga Scenedesmus vacuolatus:
effects during exposure and the subsequent recovery.
Chemosphere 73:395–400

Vannini C, Domingo G,Marsoni M, DeMattia F, Labra M, Castiglioni S,
Bracale M (2011) Effects of a complex mixture of therapeutic drugs
on unicellular algae Pseudokirchneriella subcapitata. Aquat Toxicol
101:459–465

Wheeler JR, Leung KMY, Morritt D, Sorokin N, Rogers H, Toy R, Holt
M, Whitehouse P, Crane M (2002) Freshwater to saltwater toxicity
extrapolation using species sensitivity distributions. Environ Toxicol
Chem 21:2459–2467

Wheeler JR, Maynard SK, Crane M (2014) Are acute and chronic saltwater
fish studies required for plant protection and biocidal product active
substance risk assessment? Environ Toxicol Chem 33:703–707

Xue B, Zhang R, Wang Y, Liu X, Li J, Zhang G (2013) Antibiotic con-
tamination in a typical developing city in south China: occurrence
and ecological risks in the Yongjiang River impacted by tributary
discharge and anthropogenic activities. Ecotoxicol Environ Saf 92:
229–236

Yang LH, Ying GG, Su GC, Stauber JL, Adams MS, Binet MT (2008)
Growth-inhibiting effects of 12 antibacterial agents and their mix-
tures on the freshwater microalga Pseudokirchneriella subcapitata.
Environ Toxicol Chem 27:1201–1208

Zhang R, Tang J, Li J, Cheng Z, Chaemfa C, Liu D, Zheng Q, Song M,
Luo C, Zhang G (2013) Occurrence and risks of antibiotics in the
coastal aquatic environment of the Yellow Sea, North China. Sci
Total Environ 450–451:197–204

408 J Appl Phycol (2019) 31:399–408


	Sensitivity of freshwater and marine green algae to three compounds of emerging concern
	Abstract
	Introduction
	Material and methods
	Strain, media and culture conditions
	Chemicals
	Growth curves
	Toxicity assays
	Microscopy
	Reproducibility of the results and statistical analysis

	Results
	Growth profile of freshwater and marine algae
	Evaluation of the toxicity of metolachlor, erythromycin and triclosan, using P. subcapitata and D. tertiolecta

	Discussion
	References


