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Abstract
In order to study toxicological effects of perfluorononanoic acid (PFNA), perfluorooctane sulfonate (PFOS), and their mixtures (PFNA/
PFOS) on Daphnia magna (D. magna), a suite of comprehensive toxicity tests were conducted, including a 48-h acute toxicity test, a 21-day
chronic test, a feeding experiment, and a biomarker assay. D. magna were exposed to aqueous solutions of PFNA and PFOS (alone and in
combination) at concentrations ranging from 0.008 to 5 mg/L. The survival, growth, and reproduction of D. magna were monitored over a 21-
day life cycle. The biomarkers, including acetylcholinesterase (AChE), superoxide dismutase (SOD), and catalase (CAT) activities, were
determined after seven days of exposure. PFOS was more toxic than PFNA based on the results of the acute toxicity test. Perfluorinated
compounds (PFCs) inhibited both growth and reproduction of D. magna during the testing period. The ingestion rates and the biomarkers,
including AChE, SOD, and CAT activities, were significantly inhibited by PFCs in most cases. Moreover, the combined effects related to the
growth and reproduction showed the antagonistic effects of PFCs.
© 2015 Hohai University. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Perfluorinated compounds (PFCs) with different functions
have been extensively used in many technologies, either
individually or as composites in manufactured products (Giesy
and Kannan, 2002). For examples, PFCs were used as water-,
oil- and grease-repellents or as surfactants (Renner, 2001). In
recent years, PFCs have become a focus of public health
concern due to their ubiquitous presence in environmental
media (air, water, soil, sediment, and house dust), food and
drinking water, and in wildlife, including fish, birds, and
mammals (Mommaerts et al., 2011; Murakami et al., 2011;
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Rudel et al., 2011; Zhang et al., 2011; Tatum-Gibbs et al.,
2011). PFCs have been detected in urban and remote areas
around the world, and some researchers have indicated that
PFCs accumulate in animals, including humans (Powley et al.,
2008; Cai et al., 2010; Leondiadis et al., 2010).

Of the PFCs, perfluorooctane sulfonate (PFOS) and per-
fluorononanoic acid (PFNA) have been found to be the
representative PFCs in the environment and in biota (Guruge
et al., 2005; Kannan et al., 2004), and PFOS is regarded as the
final metabolite of many PFCs by degradation or metabo-
lization (Olsen et al., 2004; Calafat et al., 2006). The ionic
nature, high solubility, and negligible vapor pressure when
PFOS and PFNA are dissolved in water, make them highly
mobile, and they exist in groundwater (Plumlee et al., 2008),
surface water (Eschauzier et al., 2010), drinking water (Flores
et al., 2013), and ocean water (S�anchez-Avila et al., 2010) with
a concentration ranging from ng/L to several mg/L. A higher
concentration of PFOS (about 43.5 mg/L) has been detected in
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the Langat River, Malaysia (Zainuddin et al., 2012). A
composition profile of total PFC concentrations showed that
the composition was dominated by PFOS and PFNA in the
Yodo River system of Japan (Shivakoti et al., 2011). In sedi-
ment, the contents of PFOS were shown to be 28e145 pg/g of
the dry weight at Kogaigawa and Sakuragawa cities in Ibaraki
Prefecture, in Japan (Ahrens et al., 2011). Kratzer et al. (2011)
found that PFOS was the predominant compound
(9.57e1 444 ng/g of wet weight), followed by PFNA
(0.47e109 ng/g of wet weight), in liver tissue of grey seals
(Halichoerus grypus) collected from the Baltic Sea. In addi-
tion, a study revealed that insect larvae, fish, and crabs con-
tained levels ranging from 0.23 to 144 ng/g of wet weight of
PFOS and from 0.07 to 7.5 ng/g of wet weight of PFNA
(Fernandez-Sanjuan et al., 2010). PFOS is also listed as a
chemical contaminant on the Final Third Drinking Water
Contaminant Candidate List (CCL3) considered for future
regulation (US EPA, 2009). Clearly, more information is
required to guide decisions about regulations of PFOS and
PFNA.

Recent studies have indicated unintended biological activ-
ity of PFCs toward non-target organisms. The no-observed
effect concentration (NOEC) of PFOS determined for Daphnia
magna (D. magna) is reported to be 5.3 mg/L (Boudreau et al.,
2003). PFOS has also been found to decrease the heart rate of
zebrafish embryos (Ding et al., 2012a). Huang et al. (2012)
determined the transcription profiling of Oryzias melastigma
embryo exposed to PFOS, and indicated that the differentially
expressed genes were related to neurobehavioral defects,
mitochondrial dysfunction, and the metabolism of proteins and
fats. Thyroid-disrupting effects of long-term PFNA exposure
have been observed on the levels of genes and proteins in
zebrafish (Liu et al., 2011). However, toxicity information
regarding PFNA, and especially information on its toxicity
when combined with PFOS, is still lacking with regard to D.
magna. D. magna, designated by the U.S. Environmental
Protection Agency (U.S. EPA) as a model organism, is widely
accepted as an indicator for assessing the toxicity of envi-
ronmental contaminants because of its high rate of reproduc-
tion and sensitivity to different conditions (Ventura et al.,
2010). Acute and chronic toxicity tests are simple, cost-
effective, and sensitive, and are a widely accepted method for
toxicity determination, providing a fast yet accurate estimate
of toxicity of a compound (Ventura et al., 2010). The feeding
behavior of aquatic organisms has been studied as a physio-
logical response to toxic effects of chemicals (Barata et al.,
2008; de Schamphelaere et al., 2007). In addition, antioxidant
enzymes such as catalase (CAT) and superoxide dismutase
(SOD) have also been widely used for both characterization of
the defense mechanisms and evaluation of the toxicity induced
by oxidative stressors (Kim et al., 2012).

In order to investigate the biological effects of PFCs on D.
magna after different exposure periods, we conducted a
comprehensive toxicity test of PFOS, PFNA, and their mix-
tures (PFNA/PFOS), including a 48-h acute toxicity test and a
21-day chronic toxicity test. A feeding experiment was con-
ducted to explore whether the two target compounds could
interfere with food intake and ultimately cause toxicity to D.
magna. Finally, the activities of acetylcholinesterase (AChE),
SOD, and CAT were synchronously determined in order to
investigate single and combined effects of the two PFCs on
multiple biomarkers during a seven-day exposure period. All
of the above are important for ecotoxicological risk assess-
ments of PFOS and PFNA.

2. Materials and methods
2.1. Chemicals
PFNA (98% purity) was purchased from the Alfa Aesar
Co., Ltd. (Los Angeles, USA). PFOS (98% purity) was pur-
chased from the Matrix Scientific Co., Ltd. (Basel,
Switzerland).

The test solution was prepared immediately prior to use by
diluting the stock solution with a daphnia culture medium
(consisting of 64.75 mg/L of NaHCO3, 5.75 mg/L of KCl,
123.25 mg/L of MgSO4$7H2O, and 294 mg/L of CaCl2$2H2O)
reconstituted according to the guideline formulated by the
Organization for Economic Cooperation and Development
(OECD, 2004).

Acetylthiocholine iodide (ATChI) and 5,50-dithiobis (2-
nitrobenzoic acid) (DTNB) were purchased from the Sino-
pharm Chemical Reagent Co., Ltd. (Shanghai, China). Bovine
serum albumin was purchased from the Shanghai Huixing
Biochemistry Reagent Co., Ltd. (Shanghai, China) with a
purity of more than 98%. All other chemicals were of
analytical grade and were obtained from the Shanghai
Chemical Reagent Co., Ltd. (Shanghai, China).
2.2. Animals
D. magna, a common zooplankton found in freshwater
lakes and ponds, is one of the most sensitive organisms used in
toxicity tests (Alberdi et al., 1996). In this study, D. magna
were originally obtained from the Chinese Center for Disease
Control and Prevention (Beijing, China). It was cultured in
dilution water according to the International Organization
for Standardization (ISO, 1996). The culture medium was
renewed three times weekly. D. magna were fed daily with the
green algae, Scenedesmus obliquus, which was supplied by the
Wuhan Institute of Hydrobiology of the Chinese Academy of
Sciences. Exposure water quality was checked daily and
maintained at conditions suitable for D. magna (temperature
of (20 ± 1)�C, pH value of 7.2 ± 0.3, and dissolved oxygen
(DO) of (6.5 ± 0.5) mg/L). A daily 16/8-h light/dark photo-
period cycle was used throughout the experiment.

Offspring of D. magna were separated at regular intervals
from culture dishes that were 3e5 weeks old and the test
animals were less than 24 h old.
2.3. Acute and chronic toxicity tests
The 48-h acute toxicity test of D. magna was performed
according to OECD (2004). Six concentrations of PFC (1, 3,
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10, 30, 100, and 300 mg/L) were selected. Ten neonates less
than 24 h old from a designated brood were placed in a
100 mL glass beaker containing 45 mL of PFC solution for
each test concentration and control group. No PFC was added
in the control group. Test D. magna were not fed during the
testing period. Each treatment was replicated three times
simultaneously. Water quality parameters (pH value, temper-
ature, conductivity, and DO) were measured at the very
beginning and end of the test. The statuses of immobilization
and mortality were checked at 48 h, and results were recorded.
D. magna that were unable to swim within 15 s after gentle
agitation of the test container was considered to be immobile.
Those animals whose heartbeats had stopped were considered
dead. The heartbeats were observed with a stereomicroscope
with a magnification of four.

The effects of two kinds PFCs on the reproductive output
were assessed with a semi-static test according to the standard
procedure for D. magna reproduction testing (OECD, 2012).
Based on the results of acute toxicity tests, neonates less than
24 h old were exposed to various concentrations of PFOS and
PFNA (0.008, 0.04, 0.2, 1, and 5 mg/L). The solutions of
PFNA and PFOS were also mixed with the same concentra-
tions at 0.004, 0.02, 0.1, 0.5, and 2.5 mg/L. Single D. magna
was cultured in 100 mL glass beakers filled with 45 mL of
solution for a 21-day period at (20 ± 1)�C. The test was
performed in 20 replicates for each exposure concentration.
D. magna were fed with 1 � 106 cells/mL of Scenedesmus
obliquus per day for each animal. The test solution was
renewed every other day. Water quality parameters were
measured after changing the test solution. Survival, growth,
and reproduction (fecundity) of D. magna were monitored for
each of the 20 replicates. Growth of the surviving adults
under each treatment was determined after 21 days of expo-
sure. The body length of each surviving animal was measured
from the apex of the helmet to the base of the tail spine. Days
to the first pregnancy, days to the first brood, the quantity of
the first brood per female, and the average number of
offspring in each brood were the criteria used to evaluate the
fecundity. Neonates were counted daily and were removed
from the beakers.

This study also examined the intrinsic rate of population
growth (r) in order to estimate the effect of toxicant expo-
sures on population growth (Pestana et al., 2010; Zhao et al.,
2012). It was calculated using the following formula (Lotka,
1913):

X
lxmxe

�rx ¼ 1 ð1Þ

where lx is the ratio of individuals surviving to age x, mx is the
age-specific fecundity (number of neonates produced per
surviving female at age x), and x is in days. As r calculated
based on the number of D. magna after 21 days is indistin-
guishable from r estimated for the entire lifespan, due to the
great importance of early reproduction (van Leeuwen et al.,
1985), all calculations were based on the 21-day experiment.
2.4. Feeding experiment
The feeding experiment was run according to a method
described by Zhu et al. (2010). Filtration and ingestion rates
were used as measures of the feeding experiment. Ten neo-
nates less than 24 h old were placed in a 100 mL glass beakers
containing 45 mL of test solution in a dark time period for 5 h
at (20 ± 1)�C. During the exposed period, D. magna were fed
with 1 � 106 cells/mL Scenedesmus obliquus per day for each
animal. Then final food concentration was measured with a
hemocytometer under an electron microscope with a magni-
fication of 400. The filtration rate (F ) was defined as the
volume of medium swept clearly by a D. magna in a unit of
time, and the ingestion rate (I ) as the number of cells
consumed by a D. magna organism during a specific time
interval. Eqs. (2) through (4) from Gauld (1951) were used to
calculate the average F in mL/(ind$h) and I in cells/(ind$h):

F ¼ V

n

ln C0 � ln Ct

t
�A ð2Þ

A¼ lnC0 � ln Ct
0

t
ð3Þ

I ¼ F
ffiffiffiffiffiffiffiffiffiffi
C0Ct

p
ð4Þ

where C0 and Ct are the initial and final food concentrations
(cells/mL) respectively, t is time (duration of the experiment in
hours), n is the number of D. magna in volume V (mL), and A
is a correction factor varying with the final concentration Ct

0

after time t. The expression
ffiffiffiffiffiffiffiffiffiffi
C0Ct

p
represents the geometric

mean of food concentration during time t.
2.5. Biomarker assays
Sixty neonates less than 24 h old from a designated brood
were placed in a 1 L glass beaker for each test concentration of
PFCs and control group, and the test solution was renewed
daily. All experiments were performed in triplicate. Cultured
D. magna aged seven days were used for determination of
AChE, SOD, and CAT activities.

Antioxidant enzymes analyses were conducted according to
the procedure of Barata et al. (2005). After exposure, D.
magna were homogenized in 100 mmol/L of phosphate buffer
at a pH value of 7.4, containing 100 mmol/L of KCl and
1 mmol/L of ethylene diamine tetraacetic acid (EDTA) with a
1:4 volume ratio, using a glass homogenizer (Kimble Kontes,
Vineland, NJ, USA). After centrifugation at 10 000g for
10 min at 4 �C, the supernatants were used as the enzyme
extract for AChE activity determination. AChE activity was
determined at a wavelength of 405 nm using a microplate
reader (Molecular Device VersaMax, USA) with the method of
Guilhermino et al. (1996), by adding 50 mL of homogenate
and 250 mL of the reaction solution (1.0 mL of DTNB solution
with the concentration of 10 mmol/L, 0.2 mL of ATChI so-
lution with the concentration of 0.075 mol/L, and 30 mL of
phosphate buffer) in micro plates, and this activity was
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measured at 30 �C for 3 min. AChE activity was expressed in
nmol/(mg pro$min). SOD activity was determined at a
wavelength of 420 nm by the method of Marklund and Mar-
klund (1974). Three hundred microlitres of Tris-HCl buffer
were added to the micro plates, which were warmed at 25 �C
for 10 min, then 10 mL of homogenate and 6 mL of preheated
pyrogallol were added, and the rate of pyrogallol auto-oxida-
tion was measured for 3 min. SOD activity was expressed in
U/mg pro. U was defined as the amount of enzyme required to
cause 50% of inhibition of pyrogallol auto-oxidation. CAT
activity was determined using ammonium molybdate (G�oth,
1991). Two hundred microlitres of the homogenate were
incubated with 1 mL of substrate (65 mmol/L of hydrogen
peroxide in 60 mmol/L of potassium phosphate buffer, pH
value of 7.4) at 37 �C for 60 s. The enzymatic reaction was
terminated by adding 1 mL of ammonium molybdate with the
concentration of 32.4 mmol/L and the yellow complex of
molybdate and hydrogen peroxide was measured at a wave-
length of 405 nm. CAT activity was expressed in mmol/(mg
pro$min). Protein concentrations were determined at a wave-
length of 595 nm using a method developed by Bradford
(1976), with bovine serum albumin as the standard.
2.6. Statistical analysis
All data were tested for the normal distribution with Sha-
piro-Wilk's test and for homogeneity of variances with Lev-
ene's test. The results were expressed as the mean with the
standard deviation (SD). In the 48-h acute toxicity test for D.
magna, the median effective concentration (EC50) and median
lethal concentration (LC50) were calculated with probit
analysis using SigmaPlot 12.5. To analyze reproduction,
ingestion, and biomarker data, one-way analysis of variance
(ANOVA) and t-test with Dunnett's test were performed with
the SPSS statistical package (SPSS Co., Chicago, IL, USA).
Table 1
Size and fecundity of D. magna exposed to PFOS, PFNA, and PFNA/PF

PFCs Concentration

(mg/L)

Body length

(mm)

Time to first

pregnancy (d)

Time to firs

brood (d)

PFNA Control 2.78 ± 0.09 6.56 ± 0.73 9.17 ± 1.3

0.008 2.69 ± 0.24 6.93 ± 1.38 9.94 ± 2.0

0.04 2.49 ± 0.25* 7.13 ± 1.31 10.50 ± 2.0

0.2 2.47 ± 0.27* 7.24 ± 0.83 10.63 ± 1.5

1 2.41 ± 0.13* 7.47 ± 2.13 10.67 ± 2.0

5 2.35 ± 0.36* 7.69 ± 1.35* 10.72 ± 1.9

PFOS Control 2.72 ± 0.11 7.29 ± 1.57 10.00 ± 1.3

0.008 2.57 ± 0.22* 7.77 ± 2.22 10.35 ± 1.7

0.04 2.55 ± 0.14* 7.82 ± 1.07 10.88 ± 2.2

0.2 2.48 ± 0.36* 8.06 ± 1.59 11.06 ± 1.8

1 2.47 ± 0.21* 9.00 ± 3.00* 12.06 ± 1.5

5 2.45 ± 0.22* 9.06 ± 1.51* 12.24 ± 3.3

PFNA/PFOS Control 2.81 ± 0.31 7.51 ± 1.37 10.30 ± 1.7

0.008 2.57 ± 0.17 7.91 ± 3.33 10.46 ± 3.2

0.04 2.48 ± 0.41 8.31 ± 1.20 10.63 ± 1.6

0.2 2.42 ± 0.37* 8.50 ± 2.24 10.75 ± 2.1

1 2.39 ± 0.45* 8.94 ± 1.75* 11.24 ± 1.9

5 2.26 ± 0.47* 9.06 ± 1.06* 11.33 ± 1.4

Note: * indicates significant difference from the control group (P < 0.05
Tests for other types of toxicity data were also performed
using SPSS. All differences were considered significant at
P < 0.05.

3. Results
3.1. Acute toxicity of PFOS and PFNA
Potassium dichromate was used as a reference chemical. The
EC50 for D. magna at 24 h of 0.96 mg/L was obtained for po-
tassium dichromate, which conforms to the ISO standard (ISO,
1996). Throughout the testing process, the pH values of test
media ranged from 7.7 to 8.4, and the DO was 5.3 mg/L. No
mortality occurred in the control group in the acute toxicity test.

The immobilization and mortality of D. magna increased
continuously with elevated PFC concentrations. The EC50 and
LC50 values of PFCs were calculated with one-dimensional
linear regression analysis of the negative logarithm of exposed
PFC concentrations against the immobilization and mortality
rates. The EC50 values of PFNA and PFOS for D. magna were
43.42 and 23.41 mg/L, and their LC50 values were 80.93 and
49.27 mg/L, respectively.
3.2. Chronic toxicity of PFOS, PFNA, and PFNA/PFOS
The survival, body length, reproduction, and population
parameters of adult D. magna were assessed after 21 days of
exposure and the results are shown in Table 1. The mortality of
D. magna for all the concentrations of PFOS, PFNA, and
PFNA/PFOS never exceeded 20%. No mortality occurred in
the control group during the period of experiment. The body
length and r of D. magna decreased significantly at the con-
centrations greater than or equal to 0.04 mg/L of PFNA,
greater than or equal to 0.008 mg/L of PFOS, and greater than
or equal to 0.2 mg/L of PFNA/PFOS (P < 0.05). Higher
OS in 21-day life study.

t Number of first brood

per female (ind)

Number of offspring per

brood per female (ind)

r

4 7.10 ± 1.10 7.46 ± 1.01 0.288 ± 0.010

2 5.60 ± 2.50 7.46 ± 1.02 0.275 ± 0.028

7 5.33 ± 3.75 7.41 ± 1.30 0.231 ± 0.030*
* 4.94 ± 1.91* 7.21 ± 1.08 0.227 ± 0.036*
2* 4.88 ± 2.16* 6.78 ± 2.76 0.222 ± 0.035*
0* 4.33 ± 2.17* 5.52 ± 1.31* 0.212 ± 0.043*
7 6.53 ± 1.99 6.91 ± 1.24 0.233 ± 0.026

3 6.11 ± 2.08 6.22 ± 1.35 0.204 ± 0.028*
9 4.67 ± 2.11* 5.00 ± 1.57* 0.198 ± 0.048*
3 4.65 ± 2.69* 4.92 ± 1.23* 0.195 ± 0.047*
1* 3.77 ± 1.86* 4.55 ± 1.16* 0.183 ± 0.045*
2* 3.47 ± 1.63* 4.37 ± 1.60* 0.166 ± 0.049*
3 5.93 ± 1.53 6.44 ± 1.30 0.243 ± 0.036

4 6.13 ± 2.68 6.44 ± 2.14 0.226 ± 0.041

7 6.08 ± 2.23 6.40 ± 1.95 0.216 ± 0.030

8 5.41 ± 2.34 6.26 ± 2.05 0.213 ± 0.043*
5 5.07 ± 1.58 5.55 ± 1.57* 0.200 ± 0.053*
0 4.09 ± 2.63* 4.58 ± 1.69* 0.178 ± 0.055*

).



Table 2
NOEC, LOEC, and MATC values of PFOS, PFNA and PFNA/PFOS
to D. magna (mg/L).

PFC NOEC LOEC MATC

PFOS <0.008 0.008 <0.008
PFNA 0.008 0.04 0.018

PFNA/PFOS 0.04 0.2 0.09
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concentrations of PFCs significantly prolonged the time to first
pregnancy and the time to first brood of D. magna and
decreased the number of offspring of first brood. Compared
with PFNA, the reproductive toxicity of PFOS seemed to be
stronger in D. magna. PFNA/PFOS significantly decreased the
body length and r of D. magna at higher concentrations which
were greater than or equal to 0.2 mg/L (P < 0.05). However,
PFNA/PFOS did not change significantly the time to first
brood at all the test concentrations.

The maximum acceptable toxicant concentration (MATC)
was calculated as the geometric mean of the NOEC and the
lowest observed effect concentration (LOEC). The NOEC,
LOEC, and MATC values of PFNA, PFOS, and PFNA/PFOS
to D. magna are shown in Table 2.
3.3. Ingestion effect
The effects of PFCs on the feeding behavior of D. magna
are shown in Fig. 1. The ingestion rates were significantly
inhibited by PFOS and PFNA/PFOS at concentrations greater
than or equal to 0.2 mg/L, while even at the lowest concen-
tration of 0.008 mg/L, the ingestion rate was significantly
inhibited by PFNA (P < 0.05). The highest concentration of
PFNA, PFOS, and PFNA/PFOS exposures led to maximal
reduction of ingestion rates, and the inhibition rates were 59%,
55%, and 72% compared with control group values, respec-
tively. The median inhibitory concentrations of ingestion
(IC50) were estimated through one variable linear regression
analysis, and were 10.78, 14.86, and 7.48 mg/L for PFNA,
PFOS, and PFNA/PFOS, respectively. The IC50 values were
much lower than the corresponding EC50 for immobilization
after 48 h of exposure.
Fig. 1. Ingestion rate of D. magna after exposure to PFNA, PFOS, and
PFNA/PFOS (* indicates significant difference from control group
with P < 0.05).
3.4. Biomarker response
AChE, SOD, and CAT activities in D. magna are shown in
Fig. 2. No mortality occurred during experiments. AChE ac-
tivity was significantly inhibited by all the test concentrations
of PFOS and PFNA/PFOS and concentrations of PFNA greater
than or equal to 0.04 mg/L (P < 0.05). The inhibition rate of
AChE activity matches the concentration increase, and the
maximum inhibition rates were 87%, 84%, and 67% respec-
tively, produced by the highest concentrations of PFNA,
PFOS, and PFNA/PFOS. SOD activity decreased significantly
at concentrations greater than or equal to 0.2 mg/L (P < 0.05),
and the maximum inhibition rates were 51%, 44%, and 32%
for PFNA, PFOS, and PFNA/PFOS, respectively. However, the
two lowest concentrations of PFCs increased SOD activity.
Fig. 2. Biomarker responses of D. magna exposed to PFNA, PFOS,
and PFNA/PFOS (* indicates significant difference from control
group with P < 0.05).
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The response pattern of CAT activity was similar to that of
SOD activity. CAT activity was significantly inhibited by all
test concentrations except for the lowest concentration. The
highest concentrations of PFNA, PFOS, and PFNA/PFOS
induced maximal CAT activity reduction values, which were
76%, 72%, and 75%, respectively. In general, the two PFCs
(alone or in combination) induced similar biological re-
sponses. Furthermore, the change of enzyme activities
exhibited obvious concentration dependence.

4. Discussion

In the acute toxicity test, our results showed that PFOS is
more toxic than PFNA to D. magna. These results are com-
parable with those of a previous study by Zheng et al. (2011),
which reported that the values of 48-h EC50 of PFNA and
PFOS for D. magnawere 42.84 and 33.76 mg/L, respectively. Ji
et al. (2008) also reported that the value of 48-h EC50 of PFOS
was 17.95 mg/L for Moina macrocopa, whereas M. macrocopa
was generally much more sensitive to PFOS than D. magna.
The value of 48-h EC50 of PFNAwas 151 mg/L for D. magna,
as reported by Ding et al. (2012a). The value of 96-h EC50 of
PFOS was reported to be 78.13 mg/L, while that for 120 h was
76.53 mg/L for zebrafish embryo (Ding et al., 2012b). How-
ever, for marine shrimp, Mysidopsis bahia, the value of 96-
h LC50 of PFOS was reported to be 3.5 mg/L (Beach et al.,
2006), significantly lower than that for the freshwater organ-
isms mentioned above. Different culture conditions and test
procedures may partly account for the differences between the
reported data in the same species (Ding et al., 2012a).

The use of chronic toxicity data, especially the chronic
toxicity of PFNA/PFOS, in environmental protection is an
important part of an integrated environmental monitoring and
assessment strategy (Dao et al., 2010; Yi et al., 2010). As far
as we know, till now there have been no published data on the
response patterns of D. magna exposed to PFC mixtures,
although there are some data on single PFC. Boudreau et al.
(2003) investigated the acute and chronic toxicity of PFOS to
D. magna, and found that PFOS exposure for 21 days could
cause significant inhibition of growth and reproduction, and
even cause mortality.

Reproduction, and in particular r, has been recommended
as a superior laboratory toxicological endpoint compared to
the acute mortality, because it combines lethal and sublethal
effects into one meaningful measure (Zhao et al., 2012; Pes-
tana et al., 2010). In this study, parameter r and body length of
D. magna were confirmed to be more sensitive endpoints in
the 21-day chronic toxicity test. Pane et al. (2004) recom-
mended the use of r to estimate the chronic toxic effect due to
the sensitivity of r in chronic toxicity tests. Thus, r values were
used to estimate the MATC values for PFCs. The reproduction
LOEC value of PFNA was approximately five times higher
than that of PFOS. The fact that PFOS was found to be more
toxic than PFNA in this study is not surprising, because this
finding is similar to the results of other studies that have
evaluated the toxicity of PFOS and other PFCs in aquatic
organisms (Ji et al., 2008; Ding et al., 2012a). However, the
reproduction NOEC and LOEC values of PFNA/PFOS were
all approximately five times higher than those of a single dose
of PFNA or PFOS. A similar result was also found in the
MATC. The MATC value of PFNA/PFOS was the largest,
followed by the values of PFNA and PFOS, which suggested
that the inhibition effects of PFNA/PFOS on growth were
lower than those of the corresponding individual exposures,
suggesting that an antagonistic effect appeared to exist. Wei
et al. (2009) investigated the combined effects of six PFCs on
primary cultured hepatocytes from a rare minnow (Gobio-
cypris rarus), and found that the gene expression related to
fatty acid biosynthesis and transport showed the antagonistic
effects of PFCs. Although the possible mechanisms of com-
bined effects of PFCs have not been previously reported, the
present study indicates that the PFOS and PFNA mixture can
elicit effects differing from exposure to a single PFC. There-
fore, the effects of PFC combination in the assessment of PFC
exposure with regard to D. magna require further study.

Inhibition of the ingestion rate by PFNA, PFOS, and PFNA/
PFOS was observed, and showed obvious concentration
dependence in the present study. Toxicants that affect the
movement of appendages and the coordination of the nervous
system may reduce ingestion rates (Yi et al., 2010). In addi-
tion, PFCs could accumulate within the gastrointestinal tract
(Kim et al., 2010), which may interfere with normal food
intake and cause the toxicity observed in D. magna. These
findings suggest that a sensitive feeding response is required to
evaluate the effect of low-level PFCs.

AChE activity plays an important role in many physiolog-
ical functions, when the activity of the enzyme decreases,
neuronal and muscle injury may occur (Dettbarn et al., 2006).
A significant AChE activity decrease by 20% or more can be
considered a clear toxicological effect of xenobiotic exposure,
and cause reductions in the feeding activity and swimming
rate (US EPA, 2000). Xuereb et al. (2009) also found that the
feeding rate and locomotive impairment in Gammarus fossa-
rum were directly correlated to AChE inhibitions with the
correlation coefficient of higher than 50% for chlorpyrifos and
methomyl. In the present study, the AChE activity and the
ingestion rate of D. magna were both obviously inhibited in a
concentration-dependent manner. Thus, the inhibition of
AChE activity that resulted from exposure to the two PFCs
may cause disruption of the nervous system.

CAT plays a critical role in dismutation of the hydrogen
peroxide, whereas SOD dismutates the superoxide anion
radical (Kim et al., 2012). The SOD-CAT system provides the
first defense line against oxygen toxicity and is usually used as
a biomarker to indicate reactive oxygen species (ROS) pro-
duction (Li et al., 2011). However, information on the
response of the antioxidant defense system in D. magna
exposed to PFCs is still lacking. The changes in the SOD and
CAT activities were approximately the same as those observed
by Qu et al. (2010), where the toxic effects of different con-
centrations (0.1 mg/L to 200 mg/L) of PFOS on wheat were
investigated. Their results showed that low concentrations of
PFOS (0.1 mg/L to 10 mg/L) induced SOD and peroxidase
(POD) activities in wheat roots and leaves, and high
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concentrations of PFOS (200 mg/L) inhibited SOD and POD
activities. Pollution induces the expression of antioxidant en-
zymes that allow organisms to partially or totally overcome
stress resulting from exposure to an unsafe environment.
However, the decrease of SOD and CAT activities may have
been due to excessive ROS production (Xu et al., 2013). These
results indicate that treatment with PFOS, PFNA, and PFNA/
PFOS resulted in an increase of ROS. ROS, in turn, stimulated
the response of antioxidant defenses and resulted in impaired
physiological functions.

5. Conclusions

Our study demonstrated the acute and chronic toxicities of
two PFCs (single or in combination), and PFOS was found to
be more toxic than PFNA. Parental exposure of D. magna
transferred adverse effects to offspring. The body length and r
of D. magna were confirmed to be more sensitive growth and
reproduction parameters for PFCs. In addition, an inhibition of
the feeding rate was found in D. magna. AChE, SOD, and
CAT activities in D. magna were also significantly inhibited by
the two PFCs in a concentration-dependent manner. The in-
hibition action attributed to the two PFCs showed positive
correlations between the biomarker responses and the effects
on growth and feeding rates, which suggested that physio-
logical and biochemical endpoints need to be incorporated into
the current PFC regulations. The results of the present study
should help increase the base of knowledge on risk assessment
of PFCs, and additional research is required to assess the
potential adverse impacts of these compounds on aquatic
systems.
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