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Abstract

Perfluorooctanesulfonic acid (PFOS) is an organic contaminant ubiquitous in the environment,

wildlife, and humans. Few studies have assessed its chronic toxicity on aquatic organisms. The

present study defined the effects of long-term exposure to PFOS on zebrafish development and

reproduction. Specifically, zebrafish at 8 h postfertilization (hpf) were exposed to PFOS at 0, 5,

50, and 250 μg/L for five months. Growth suppression was observed in the 250 μg/L PFOS-treated

group. The sex ratio was altered, with a significant female dominance in the high-dose PFOS

group. Male gonad development was also impaired in a dose-dependent manner by PFOS

exposure. Although female fecundity was not impacted, the F1 embryos derived from high-dose

exposed females paired with males without PFOS exposure developed severe deformity at early

development stages and resulted in 100% larval mortality at 7 d postfertilization (dpf).

Perfluorooctanesulfonic acid quantification in embryos indicated that decreased larval survival in

F1 offspring was directly correlated to the PFOS body burden, and larval lethality was attributable

to maternal transfer of PFOS to the eggs. Lower-dose parental PFOS exposure did not result in

decreased F1 survival; however, the offspring displayed hyperactivity of basal swimming speed in

a light-to-dark behavior assessment test. These findings demonstrate that chronic exposure to

PFOS adversely impacts embryonic growth, reproduction, and subsequent offspring development.
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INTRODUCTION

Perfluorinated compounds (PFCs) are a group of chemicals widely used as surfactants,

lubricants, polymers, and firefighting foams. They are ubiquitous in the environment,

wildlife, and humans; and they have recently emerged as a group of persistent organic

pollutants [1]. Perfluorooctanesulfonic acid (PFOS) is an end product of the breakdown of

many PFCs and also has been one of the most prevalent PFCs detected in wildlife and

humans [2,3]. Although PFOS is generally found at low levels over a range of 0.1 to 100 ng/

L in surface water, concentrations up to 600 ng/L have been reported in downstream rivers
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of fluorochemical manufacturing facilities [4]. The total PFCs downstream of spills can also

range up to 17,000 μg/L [5]. In addition, this compound is characterized by high

bioaccumulation and negligible elimination. For example, PFOS detected in the liver was up

to 9,031 μg/kg wet weight for the freshwater eel Anguilla anguilla in Flanders (Belgium),

yet such high concentrations of hepatic PFOS were not shown to be linked to fish growth

[6].

The toxicity of PFOS has been studied in a number of fish and mammalian model species.

Previous studies with aquatic model fish revealed that PFOS exposure causes developmental

toxicity in oviparous fish such as medaka Oryzias latipes [7], zebrafish Danio rerio [8–10],

and viviparous fish such as the green swordtail Xiphophorus helleri [11]. Analysis of gene

expression [12], protein profile [13], and micro-RNA expression [14] showed that PFOS

exposure affected multiple pathways involved in development, reproduction, and stress

response. In particular, PFOS-induced oxidative stress has been suspected to be one of the

main causes for its developmental toxicity in zebrafish embryos [9,15]. Moreover, elevated

expression of vitellogenin gene was reported in male fish exposed to PFOS [11,16].

However, most of these observations were derived from acute high PFOS exposures. The

impact of long-term continuous exposure to PFOS, which would more accurately resemble

the real situation of aquatic animals dwelling in a PFOS-contaminated environment, remains

largely unknown. Furthermore, the effects of chronic PFOS exposure on gamete quality

have not been defined. Finally, the persistent adverse effects from parental exposure on

unexposed offspring have not been explored.

The use of zebrafish as an appropriate vertebrate model for investigating various

environmental pollutants has increased in popularity in recent years; however, studies

related to PFOS toxicity are limited [8,9]. The present study employed the zebrafish model

to define the developmental and reproductive toxicity associated with long-term chronic

PFOS exposures. Specifically, we evaluated the effect of long-term PFOS exposure on F0

parental growth and their reproductive potential as assessed by sperm quality in males and

fecundity in females, and F1 offspring development, growth, and behavior. A strong

correlation between F1 larval mortality and PFOS body burdens was identified. The findings

of the present study showed that long-term exposure to PFOS result in altered sex ratio in

the F0 generation and maternal-related total mortality in F1 offspring.

MATERIALS AND METHODS

Fish husbandry and embryo collection

Adult zebrafish (Danio rerio) of the wild-type strain (AB) were raised and kept at standard

laboratory conditions of 28°C with a 14:10 h light:dark cycle (lights on at 8:00 AM) in a

recirculation system according to standard zebrafish culture protocols [17]. Water supplied

to the system was filtered by reverse osmosis (pH 7.0–7.5), and Instant Ocean® salt was

added to the water to raise the conductivity to 450 to 1,000 μS/cm (system water). The adult

fish were fed twice daily with live artemia (Jiahong Feed) and dry flake food (Zeigler). The

use of zebrafish for research protocol was approved by the Institutional Animal Care and

Use Committee at the Wenzhou Medical College.

Zebrafish embryos were obtained from spawning adults in tanks overnight with a sex ratio

of 1:1. Embryos were collected within 1 h after spawning and rinsed in embryo medium

[17]. The fertilized embryos were inspected and staged using a stereomicroscope (Nikon,

Japan) according to the descriptions of Kimmel et al. [18].
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PFOS stock solutions and exposure protocols

Perfluorooctanesulphonic acid (CAS 1763-23-1, purity > 96%) was purchased from Sigma-

Aldrich Chemical, and stock solutions were prepared by dissolving in 100%

dimethylsulfoxide (DMSO). High-quality 8 h postfertilization (hpf) embryos were divided

into four treatment groups: DMSO vehicle control (0.01% v/v), and PFOS at 5, 50, and 250

μg/L. Embryos were first exposed to PFOS in a petri dish (100 embryos/treatment) for 5 d

without media change, and all embryos hatched and survived in this stage. After 5 d, the fish

were transferred into 2-L tanks for the period of 5 d postfertilization (dpf) to 30 dpf, and

after that were raised in 9-L tanks (30 fish/tank) until the end of experiment at 150 dpf. Fish

were kept in a static system, and 50% water was renewed with freshly prepared solutions

every 5 d. Each tank was checked for morbid fish on a daily basis, and water quality was

monitored on a weekly basis. Feeding was initiated at day 5. Between 5 and 14 dpf, fish

were fed three times daily with zebrafish larval diet (Aquatic Habitats), and after 14 dpf they

were fed twice daily with freshly hatched live Artemia. The experiment was repeated three

times with embryos derived from different parental stocks.

Evaluation of F0 adult fish

At the end of exposure period (150 dpf), all fish were checked for their sex. A subsample of

10 male and 10 female fish from each batch were also measured for standard body length

(from snout to the fork point of caudal fin) and wet weight. Condition factor (K = weight (g)

× 100/length (cm)3) was also tabulated to determine their overall fitness.

To evaluate sperm quality in male F0 fish after chronic PFOS exposure, sperm were

collected by surgical removal of testis and prepared in Hanks’ balanced salt solution (see

Jing et al. [19] for details). Sperm motility was determined by a computer-assisted sperm

analysis system (CASA, IVOS ver 12.0, Hamilton Thorne Bioscience) following our

previous published method [20]. The total motility indicates the percentage of all motile

sperm, and the progressive motility indicates the percentage of motile sperm that expressed

vigorous swimming. Sperm membrane was extracted for lipids to characterize the

membrane lipid ratio. Lipid extraction was based on the method of Bligh and Dyer [21], and

quantification was carried out on an Agilent 1200 liquid chromatography system equipped

with an ultraviolet detector. A reversed-phase Zorbas Extend-C18 column (4.6 × 250 mm, 5

μm particle size) was used for cholesterol separation, and a normal-phase Rx-SIL analytical

high-performance liquid chromatography column (4.6 × 250 mm, 5 μm particle sizes) was

used for detection of phospholipids (phosphatidylethanolamine, phosphatidylcholine, and

sphingomyelin). The ratio of cholesterol to phospholipids (C/P) was used as an end readout

for membrane lipid composition. A total of 30 male fish with 10 fish per replicate were used

for each treatment group.

Evaluation of F1 embryos and larvae

Breeding trials were carried out to produce F1 offspring. Six different crosses were

employed between F0 females and males; namely, females were paired with males in the

same treatment groups of DMSO control and PFOS-exposed concentrations of 5, 50, and

250 μg/L. Females from the 250-μg/L PFOS treatment group were paired with males from

the DMSO controls, and females from the controls were paired with males from the 250-μg/

L PFOS treatment group. For each of these crosses, eight randomly selected female fish

were paired with four male fish in two separate spawning tanks with four females and two

males per tank. Spawning was induced every other day for 5 d, and embryos were used for

monitoring their developmental progress. All eggs from each spawn were evaluated for

fertilization success. Percent fertilization was expressed as the number of fertilized eggs

divided by total number of eggs. Fifty fertilized embryos from each spawn were further

monitored for continuous development. Percent hatch was calculated at 72 hpf. Larvae were
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also assessed for their morphological appearance. Percent survival was monitored until 8

dpf.

Survival larvae at 5 dpf with normal morphology were further subjected to behavior

assessment as detailed in our previous study [10]. In brief, larval swimming speeds were

recorded when they responded to a 70-min dark to light (10 min for each period) transition

stimulation. The test was performed in a ZebraLab behavior monitoring station (ViewPoint

Life Sciences).

Quantification of PFOS in fish tissues

The PFOS concentrations in whole-body tissues of larvae or adult zebrafish were

determined with waters Acquity UPLC combined Quattro Premier XE Micmass (Waters

Corp) modified from So et al. [2]. The method for sample preparation was detailed in our

previous study [10]. For adult fish, PFOS content in six females and six males were

measured individually after 150 d exposure. For F1 embryos, a total of 40 embryos were

pooled as a single sample, and measurements were replicated six times for each of the

different crosses.

Immunohistochemistry

Embryos from each breeding scheme were raised in embryo medium supplemented with

0.003% 1-phenyl-2-thiourea to inhibit pigmentation until 5 dpf. Larvae were fixed in

paraformaldehyde, washed in phosphate-buffered saline Tween-20 three times, and blocked

in 10% goat serum overnight at 4°C. Samples were then stained with the monoclonal

antibodies S58 for slow myofibrils and znp1 for primary motor neurons (Abnova).

Data analysis

One-way analysis of variance and Turkey’s multiple range tests were used to determine

significant differences between control and exposure groups. Cholesterol-to-phospholipids

ratio was tested with the chi-squared test (χ2 test). All statistical analyses were performed

using SPSS 16.0 software, and p <0.05 was considered a statistically significant difference.

The data were reported as mean ± standard error.

RESULTS

Altered F0 sex ratio

The sex ratio of the F0 population decreased with increasing PFOS expose concentration,

and a significant difference was found between the DMSO control (1.56 ± 0.02) and the

250-μg/L treatment group (0.61 ± 0.07) (Fig. 1). Perfluorooctanesulfonic acid accumulation

in body tissue increased with exposure concentration, and a significant difference was seen

between males (11.1 ± 1.3 μg/g wet wt) and females (7.7 ± 0.7 μg/g) in the 250-μg/L

treatment group (Fig. 1).

F0 growth

Significant reduction in body length and wet weight was found in males and females for the

treatment of 250 μg/L, but only in the males for the treatment of 50 μg/L (Table 1). A

significant increase in condition factor was only found at 250 μg/L for both males and

females (Table 1).

Sperm quantity and quality in F0 males

Chronic exposure of PFOS reduced sperm density in a dose-dependent mode (Table 2). Both

total and progressive motility exhibited significant reduction at high PFOS treatment groups
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of 50 and 250 μg/L. Elevated C/P ratio of sperm plasma membrane was only found at 50 μg/

L (Table 2).

Development and survival of F1 embryos/larvae

Spawning trials showed no significant difference in egg production of F0 females among all

treatment groups (data not shown). Reduction in percent fertilization of F1 embryos was

found in the 250-μg/L PFOS treatment group of F0 females and males (Fig. 2). Percent

hatch at 72 hpf was above 96% for all groups, and no difference was found among them

(data not shown).

Percent malformation was elevated in F1 larvae at 4 dpf derived from F0 females exposed to

250 μg/L PFOS paired with males from the same PFOS treatment group or the DMSO

controls (Fig. 2). F1 larvae derived from parental PFOS exposure to lower concentrations of

5 and 50 μg/L or females of the control group paired with males at 250 μg/L did not exhibit

significant increases in malformation when compared with controls. Uninflated swim

bladder and bent spine were the predominant malformation observed. Other deformations

included pericardial edema, yolk sac edema, and necrosis. Residue PFOS in embryos

exhibited similar trends as percent of malformation (Fig. 2).

All larvae died at 7 dpf for the treatment groups of F0 females exposed to 250 μg/L PFOS

paired with males from the same group or the DMSO controls (Fig. 3). Percent survival in

larvae derived from parental PFOS exposure at 50 μg/L decreased 35% from 5 dpf (99.2 ±

0.8%) to 8 dpf (64.4 ± 11.2%). All larvae survived to adulthood for the controls and parental

exposure to 5 μg/L PFOS or control females paired with males exposed to 250 μg/L (Fig. 3).

Larval behavior of F1 offspring

Larvae at 5 dpf with normal morphology derived from F0 DMSO control or 5 or 50 μg/L

PFOS exposed groups were subjected to the light stimulation motor behavior test. A rapid

transition from light-to-dark resulted in a similar, brief burst of swimming in all groups, and

the parental PFOS-exposed groups elicited a higher basal swim rate than the DMSO controls

in both light and dark periods (Fig. 4A; Fig. 5A). However, this hyperactive trend was

abolished when F1 larvae continued to be exposed to the same PFOS concentration as their

parents (Fig. 4B; Fig. 5B).

Muscle and neuron development in F1 larvae

Parental PFOS exposure led to disordered and loosened array in slow muscle fiber of 72-hpf

F1 larvae (Fig. 6) in comparison with the lathy and compact array observed with normal

larvae in controls (Fig. 6A). Primary motor neurons also exhibited slower development in

larvae derived from PFOS-exposed parents (Fig. 6D–F).

DISCUSSION

In this study, we continuously exposed zebrafish to PFOS from embryonic stage to

adulthood, and F1 offspring were further evaluated with or without continuous PFOS

exposure. Such an exposure scheme could more closely simulate environmental exposures

of aquatic animals living in PFOS-contaminated waterways. The present study demonstrated

that chronic PFOS exposure altered the sex ratio of the F0 parental population, decreased

sperm motility in male fish, and led to maternal-related mortality and behavioral deficits in

F1 offspring.

Estrogenic effects of PFOS have been reported in many studies [22,23]. However, no study

has yet reported PFOS-induced sex ratio changes. The present study showed a clear trend
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from a male-dominated population in the control group toward a female-dominated

population with increased exposure concentration in PFOS-treated groups. Chronic PFOS

exposure of zebrafish at similar concentrations from 14 d larvae to 70 d adulthood; however,

did not alter sex ratio, though vitellogenin messenger RNA expression was significantly up-

regulated [16]. This suggests that early or persistent long-term exposure is necessary for

PFOS to induce sex changes. In zebrafish, no apparent heteromorphy chromosome has been

seen [24], and sex determination is thought to be controlled by multiple environmental and

genetic factors [25]. Gonad development starts with a juvenile ovary stage in all fish, and in

those that develop into males, testis development is initiated at approximately 21 to 30 dpf

accompanied by simultaneously immature oocytes loss via apoptosis [24]. How PFOS

affected sex determination in this study remains unclear. Recent studies suggest possible

regulation of aromatase [26] or involvement of sex genes [27] in zebrafish sex

differentiation. Perfluorooctanesulfonic acid could either increase aromatase activities, thus

increasing estrogen production, or reduce the expression of male genes such as ar (androgen

receptor), sox 9a (SRY-related genes containing a HMG box), and dmrt 1 (the sex-

determining gene dmy) and subsequently lead to female-biased sex differentiation. In

fathead minnows, PFOS decreased aromatase activities in adult males [28]. However, the

expression of aromatase and these male genes during the sex differentiation period after

PFOS exposure is unknown. Further investigation is necessary to elucidate the mechanism

underlying the PFOS-induced sex changes. In particular, gonad development along with

gene expression profiles should be monitored continuously for the sex determination

window during development.

Exposure to PFOS affects body weight in rats [29], mice [30], and monkeys [31]. In this

study, reduction in body weight and length in females was significant only at the highest

exposure concentration of 250 μg/L, but in males it was significant for both 50 and 250 μg/

L–treated groups. The higher sensitivity displayed by male fish is most likely related to their

higher PFOS body burden than the females. However, the sex difference of PFOS

concentration in fish tissue may result mainly from higher excretion rate of females through

spawning (see later discussion) rather than higher accumulation rate in males. A similar

situation exists in humans: menstrual bleeding, pregnancy, and lactation in women are the

routes for PFOS excretion and contribute to their lower PFOS body burden than men [32].

The difference of condition factor among all treatments was also examined, because this

parameter is often used to evaluate changes in food intake, lipid deposition, and protein

budgets [33]. Significant changes were only observed at 250 μg/L, with an increase found in

both females and males. This was partially in agreement with findings in an earlier study in

which condition factor was increased in male fish and unchanged in females [16]. Previous

study with fathead minnow also showed an elevated condition factor in males after PFOS

exposure at 300 μg/L for 28 d [34]. The consistent increase of condition factor in males

across different studies suggests that PFOS body burden could be the direct cause, because

PFOS accumulation in males is generally high. The discrepancy in females between the

present study and that of Du et al. [16] could be attributable to different exposure schemes

between these two studies; in the present study we exposed embryos at a much earlier stage

(8 hpf vs 14 dpf) and for a much longer duration period (150 d vs 70 d). Higher body burden

of PFOS associated with longer exposure period could contribute to the increased condition

factor in females of the present study.

Despite the fact that PFOS body burden was often found to be higher in males than in

females, few studies explore the potential effect of PFOS on male reproduction traits. Sperm

density reflects gamete production, and motility represents sperm quality [35]. This study

showed that both parameters were significantly reduced in a dose-dependent manner by

PFOS exposure, suggesting that PFOS affects male gonadal development. However, the
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underlying mechanism for this effect is unknown. Reduced plasma testosterone and 11-

ketotestosterone levels were found in both male and female fathead minnows after exposure

to PFOS [28]. Decreased male hormones along with increased vitellogenin expression [16]

after continuous PFOS exposure may halt male gonad development and thus lead to low

sperm production. The decreased sperm motility could result from impaired mitochondrial

membrane potential induced deficiency in adenosine triphosphate production, because PFOS

can induce production of reactive oxygen species and dissipation of mitochondria membrane

potential [36,37]. In humans, serum PFC concentrations have a negative correlation with

sperm quality [38], and earlier studies indicated that PFCs are associated with increased

serum estradiol and reduced testosterone [39].

Because PFOS partitions into lipid bilayer [40] and its exposure increases free cholesterol or

lipid drops in the liver [16,30], it also might affect lipid composition of the sperm

membrane. The C/P ratio affects sperm function through regulation of membrane fluidity

[41]; we thus measured the sperm membrane lipids. A significant increase of C/P ratio was

seen only in the 50-μg/L PFOS-treated groups. Why the C/P ratio did not show a dose-

dependent response to PFOS exposure and how PFOS altered the lipid composition of the

sperm membrane is unclear. Future studies are necessary to reveal the underlying

mechanism. Though sperm quantity and quality were both severely impaired by PFOS

exposure, the male contribution to parental PFOS-dependent offspring responses was

negligible. This is somewhat expected, because during natural fertilization sperm were often

produced in excessive numbers, and only those with vigorous swimming were able to

successfully fertilize eggs; that is, impaired or damaged sperm that resulted from PFOS

exposure were excluded for fertilization by natural selection.

Female fecundity measured by egg production was not affected by PFOS exposure (data not

shown). However, F1 offspring development and survival were severely affected by parental

PFOS treatment, in particular maternal PFOS exposure. Predominant malformation and

100% total mortality at 7 dpf were only observed in offspring derived from 250 μg/L PFOS-

exposed females paired with males with or without PFOS exposure. The PFOS

concentration measurements in embryos revealed a direct correlation between PFOS body

burden and embryonic deformity and larval mortality. For example, the fact that parental

exposure of 5 μg/L PFOS did not cause any significant reduction in F1 offspring survival

can be well explained by the low PFOS body burden in this group of embryos. Our

measurements also showed negligible contribution of sperm to PFOS burden in embryos.

All together, these findings provide direct evidence of maternal transfer of PFOS from adult

females to their eggs. This was also verified in a recent study on PFOS isomer accumulation

in zebrafish, in which an estimate of 10% (wt) adult PFOS body burden was transferred to

the developing embryos, and this maternal transfer of branched and linear PFOS is

nonisomer specific [42]. Oviparous transfer not only explained this maternal related

developmental deformity and larval mortality but also contributed to the lower PFOS body

burden in adult females than males.

Among all of the deformed phenotypes, uninflated swim bladder was the major abnormality

found in the present study, suggesting its crucial role in PFOS-induced malformation in

zebrafish. Previous studies with acute exposure also showed that the swim bladder is an

important target site for PFOS [9,10]. The swim bladder in fish is homologous to the

tetrapod lung in morphology as well as on the molecular basis [43,44]. In rodents, PFOS-

induced neonatal mortality is related to respiratory dysfunction, either through direct

interference with the function of pulmonary surfactant (see Lau et al. [45] for review) or by

alternating the epithelial walls in the lungs [46] or indirectly through the intracranial blood

vessel dilatation [47]. In zebrafish, swim bladder gas gland cells can also produce surfactant

[48], but how PFOS affects its function and whether larval lethality at high-dose PFOS
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exposure is attributable to inflated swim bladder is unknown. Inflated swim bladder was

found to be deflated at 7 dpf for F1 offspring derived from parental PFOS treatment at 50

μg/L (our unpublished data). To elucidate the underlying mechanism for PFOS-induced

uninflated swim bladder and possibly the F1 larval total mortality, future studies should look

into gene expression profile for larvae derived from chronic PFOS exposure.

Behavioral analysis often serves as a more sensitive tool for detecting sublethal chemical

effects [49]. In the present study, surviving larvae showing normal morphological

appearance were subjected to a light:dark stimulation test [10]. An elevated basal swimming

rate was observed in F1 larvae derived from low-dose parental PFOS exposure. However,

continuous exposure of these larvae to PFOS abolished these hyperactivity effects. Given

that PFOS body burden was relatively low in these morphologically normal larvae (in the 5

and 50 μg/L groups), the altered larval swimming speed indicated that even a low amount of

PFOS could play a significant role in larval behavior response. Further immunohistoanalysis

indicated disorganization in muscle fiber and motor neuron development, both of which

have been shown to play significant roles in locomotor behavior [50–52] and thus could

contribute to their behavioral response. Despite this, the hyperactivity observed in the

present study could represent a more general stress response associated with chemical

exposure that are not specific to PFOS, because similar observation was found in larval

zebrafish with parental exposure to other chemicals such as polybrominated diphenyl ethers

or trimethyltin chloride (our unpublished results). Future studies should explore further the

stress-related behavioral responses in larval zebrafish, in particular their relationship with

whole-body cortisol level, because it is the main mediator of physiological response to stress

in fish [53].

In summary, the present study demonstrates that chronic PFOS exposure decreased body

length and body weight, altered sex ratio, and impaired male gamete function in parental F0

generation. For F1 offspring, parental PFOS exposure had an adverse effect on embryonic

development and larval survival. Specifically, the high-dose parental PFOS exposure

induced total larval mortality in F1, which was mainly attributable to the high PFOS body

burden derived from maternal transfer. The low-dose parental PFOS exposure caused

hyperactivity in morphological normal F1 larvae despite their lower PFOS body burden,

suggesting that low levels of PFOS impact embryonic development and function.
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Fig. 1.

Sex ratio and uptake of perfluorooctanesulfonic acid (PFOS) in male (dark bars) and female

(white bars) adult zebrafish after continuous exposure to PFOS at 0 (dimethylsulfoxide

control), 5, 50, and 250 μg/L for 5 months starting from embryos at 8 h postfertilization.
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Fig. 2.

Percent fertilization, malformation (white bars: total malformed larvae; dark gray bars:

larvae with uninflated swim bladders; hatched bars: larvae with bent spine; black bars: other

type of malformation), and perfluorooctanesulfonic acid (PFOS) residues in F1 offspring

derived from PFOS exposed F0 parental zebrafish (F = female; M = male).
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Fig. 3.

Percent survival of F1 larvae derived from perfluorooctanesulfonic acid (PFOS)–exposed F0

parental zebrafish (F = female; M = male).
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Fig. 4.

The swimming speed of F1 larvae at 6 d postfertilization when subject to 70 min dark:light

photoperiod stimulation. Treatments referred to parental perfluorooctanesulfonic acid

(PFOS) exposure concentrations. F1 larvae wereraisedeitherwithout (A) or with

continuousPFOS exposure at the same concentrations as their parental group (B). Dots

represent the mean speed in 60-s intervals of 30 larvae (three replicates each of 10 larvae).
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Fig. 5.

The average swimming speed of F1 larvae at 6 d postfertilization during the light (white

bars) and dark photoperiods (dark gray bars). Perfluorooctanesulfonic acid (PFOS) treatment

groups refer to parental F0 fish. F1 larvae were raised either without (A) or with continuous

PFOS exposure at same concentrations as their parental group (B).
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Fig. 6.

Representative pictures of 72-h postfertilization larva stained for slow myofibrils with S58

and primary motor neuron with znp1. These larvae were derived from parental

dimethylsulfoxide (DMSO) control or perfluorooctanesulfonic acid (PFOS)-treated groups.

[Color figure can be seen in the online version of this article, available at

wileyonlinelibrary.com]
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