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Per- and polyfluoroalkyl substances (PFASs) have captured worldwide attention due to
their persistent and bioaccumulative characteristics. The bullfrog is a highly nutritious and
edible aquatic product, but the PFAS accumulation characteristics of bullfrogs had not
been paid attention. The present study analyzed the PFAS concentrations in different
tissues of cultured bullfrogs and relevant water and sediments collected from the
aquaculture region in the coastal area of South China. Results showed that total PFAS
concentrations were 50.26–364.25 ng/L in water, with a mean of 135.58 ng/L;
concentrations in effluent water were significantly higher than those in influent water,
which means bullfrog farming could increase contaminants into the surroundings. The total
PFAS concentrations varied from 2.89 to 162.26 ng/g·dw in sediment. The distribution
profile of PFASs in sediment was similar to that of water, with short chain playing a
significant role. Total PFASs in bullfrog tissues were 3.36–84.07 ng/g·dw, with the highest
values in the digestive system (intestines and stomach). As for one novel PFAS alternative,
chlorinated polyfluorinated ether sulfonate (F-53B) was found at high detectable levels in all
habitat samples and had a higher value of logarithmic bioaccumulation factors. The
estimated dietary intake (EDI) for residents in the study area was generally higher than
that in other regions; however, the hazard ratios (HRs) for most detected PFASs were far
below the safety threshold value “1.” These results suggest that frequent consumption of
these bullfrogs would basically not cause severe health effects on local residents in terms
of PFASs.
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1 INTRODUCTION

Perfluoroalkyl and polyfluoroalkyl substances (PFASs) are recognized as emerging contaminants
capturing worldwide attention (Pan et al., 2018; Long et al., 2021; Troger et al., 2021). They are
primarily transported in the environment and spread around the globe due to their persistent and
bioaccumulative characteristics (Conder et al., 2008; Simon et al., 2019). PFASs have been found in
the air, water, and soil around the world and have been detected even in polar regions (MacInnis
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et al., 2019; Lin et al., 2020; Xie et al., 2020). Perfluorooctane
sulfonate (PFOS), perfluorooctanoate carboxylate (PFOA), and
perfluorohexanesulfonic acid (PFHxS), as well as their salts, are
listed as persistent organic pollutants (POPs) under the
Stockholm Convention (UNEP, 2009; Stockholm Convention,
2017). However, they are still used in the manufacture of liquid
crystal displays, semi-conductors, pulp, paper, fabric, and
clothing, and have been widely utilized in electrochemical
fluorination and telomerization in China (Buck et al., 2011).

It means that these traditional PFASs can only be used for
specific exemptions and acceptable purposes, and this trend has
led to a shift to the production and usage of fluorinated
replacements of short-chain PFASs and other PFAS
alternatives, including perfluorobutanesulfonic acid (PFBS) and
chlorinated polyfluorinated ether sulfonic acids (Cl-PFESAs).
PFASs and their precursors, as anthropogenic organofluorine
chemicals, have been manufactured for more than 50 years
(Wang et al., 2013; Shi et al., 2017; Ankley et al., 2021).
Sustained PFASs will increasingly contribute to global
emissions of legacy and novel perfluorinated compounds in
the environment. It was reported that 20–6,420 tons of
emissions would be emitted from 2016 to 2030 (Wang et al.,
2014). The alternative perfluorochemicals have been detected
ubiquitously in the environment matrix recently, and even higher
than traditional PFASs, especially in areas with high-intensive
anthropogenic activities (Yamazaki et al., 2019; Brase et al., 2021;
Sun et al., 2021).

Many studies focused on potential toxic effects and
bioaccumulation of PFASs on humans (Liu et al., 2011a; Zhao
Xiang et al., 2011; Hong et al., 2015; Skogheim et al., 2020).
Dietary intake is considered as one of the major routes for human
exposure, including drinking water directly and consumption
indirectly in aquaculture food (Dassuncao et al., 2018; Lu et al.,
2018; Zhou et al., 2021; Zhou et al., 2019). Previous studies have
shown that consumption of fish is a significant contributor to
human intake of PFASs due to their presence in the aquatic
environment and their accumulation (Zhang et al., 2019;
Fauconier et al., 2020). However, very few studies had
investigated PFAS contamination in bullfrog (Rana catesbiana)
and relevant risk towards human health. Bullfrogs play a crucial
part ecologically, utilizing both aquatic and terrestrial
environments, providing an important prey base in each, and
are also commonly used as indicator species for ecosystem health
(Smalling et al., 2015). Bullfrog activities can stir and affect the
transportation of contamination from sediment to water and then
further affects ecological health. Meanwhile, bullfrog also
bioaccumulates PFAS contamination from biota and bait.
Ingestion is a vital pathway for PFASs to transmit to humans
especially through aquatic products such as bullfrog. It is worth
noting that the bullfrog is a popular, delicious, and nutritious
aquatic product not only in China but also worldwide. Therefore,
understanding the occurrence, bioaccumulation of PFAS
contamination in bullfrog farming, and potential risk towards
human health is critical, especially in rapidly developing South
China.

To bridge this knowledge gap, we investigated the
concentrations of legacy and emerging PFAS in water,

sediments, baits, and bullfrogs during different growth periods
from typical bullfrog bases in South China to determine critical
contaminants and relevant ecological risk and health effects. The
specific objectives of the present study were (1) to measure and
compare legacy and emerging PFASs in multi-matrixes including
water, sediments, baits, and bullfrogs from the bullfrog
aquaculture region in the coastal area of South China; (2) to
investigate bioaccumulation of target compounds in various
organs during different growth periods of bullfrog; and (3) to
assess the potential risks of legacy and emerging PFASs to local
residents via aquatic product consumption. Conclusions were
proposed that the current study can help better understand food
safety, provide fundamental information for risk assessments,
and assist local governments to control strategies of legacy and
emerging poly- and perfluoroalkyl substances.

2 MATERIALS AND METHODS

2.1 Sample Collection
All samples including water, sediments, baits, and bullfrogs in
different growth periods were collected from typical bullfrog
bases around the coast of the South China in June
2021(Figure 1). Water samples were stored in 1-L
polypropylene (PP) containers with a narrow mouth and a
screw cap, which were collected from downstream and
upstream of the water supply river, effluent and influent of the
culture ponds in bullfrog base. Corresponding sediment samples
were collected with a bottom grab and stored in PP containers
from the corresponding locations of water. To reduce individual
differences, all mixed biological samples were obtained for
tadpoles, juvenile bullfrogs, young bullfrogs, and adult
bullfrogs, which were stored in sealed bags and frozen at
−20°C in a refrigerator until treatment. All containers and
tools were cleaned before use by rinsing sequentially with
methanol and Milli-Q water from the sampling site.

2.2 Materials and Reagents
All mass-labeled internal standards and native standards were
purchased from Wellington Laboratories (Guelph, ON, Canada),
including PFBS, PFHxS, PFOS, perfluorodecane sulfonate
(PFDS), PFBA, perfluoropentanoic acid (PFPeA), PFHxA,
perfluoroheptanoic acid (PFHpA), PFOA, perfluorononanoic
acid (PFNA), perfluorodecanoic acid (PFDA),
perfluoroundecanoic acid (PFUnDA), perfluorododecanoic
acid (PFDoDA), perfluorotridecanoic acid (PFTrDA),
perfluorotetradecanoic acid (PFTeDA), perfluorohexadecanoic
acid (PFHxDA), and perfluorooctadecanoic acid (PFODA).
Four perfluorinated sulfonic acids (PFSAs), 13 perfluorinated
carboxylic acids (PFCAs), and chlorinated polyfluorinated ether
sulfonate (9Cl-PFONS; F-53B) were measured for all of the
samples. 13C4PFBA, 13C4 PFHxA, 13C4 PFOA, 13C4 PFNA,
13C4 PFDA, 13C4 PFUdA, 13C2 PFDoA, 18O2 PFHxS, and
13C4 PFOS were used as internal standards with purity >98%.
Methanol (HPLC grade) and acetonitrile were purchased from
J.T. Baker (Phillipsburg, NJ, United States). Detailed information
is given in Supplementary Table S1.
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2.3 Sample Treatment
2.3.1 Water Samples
PFASs were analyzed in this study following previous methods
(Wang et al., 2016a; Zhou et al., 2018; Meng et al., 2019a; Du et al.,
2021). Water samples were filtered using glass fiber filters (GFF,
Whatman, O.D. 47 mm, 0.7 μm); then, 800 ml of water with 5 ng
of mass-labeled standards was extracted by solid-phase extraction
(SPE) processes with OASIS WAX cartridges. Firstly, the Oasis
WAX cartridges were conditioned with 4 ml of 0.1% NH4OH in
methanol, 4 ml of methanol, and 4 ml of Milli-Q water. After
loading the sample at a rate of one drop/s, the cartridges were
washed with 4 ml of 25 mM ammonium acetate and eluted with
4 ml of methanol and 4 ml of 0.1% NH4OH in methanol. Eluents
were collected and then concentrated to 0.5 ml under a gentle
stream of high-purity nitrogen. Finally, they were filtered through
a nylon filter into a 1.5-ml PP snap top auto-sampler via
polyethylene (PE) septa. Details of the extraction processes are
given in the Supplementary Information.

2.3.2 Sediment Samples
Sediment samples were freeze-dried, homogenized with mortar
and pestle, and extracted by alkaline digestion and ultrasonic
extraction methods (Hong et al., 2015; Meng et al., 2018; Gao
et al., 2020; Sun et al., 2021). Samples were sonicated in 10 ml of
methanol and shaking (250 rpm) and centrifugation, and then the
supernatant was concentrated to 1 ml under nitrogen. The
supernatant was transported into a 50-ml PP tube and
evaporated with a nitrogen stream and subjected to clean up
with the SPE method. Eluents were concentrated up to 0.5 ml
under a constant and stable high-purity nitrogen airflow and then

passed through a nylon filter before being transferred into a 1.5-
ml PP snap-top brown glass vial via a sterile syringe. Details of the
extraction processes are given in the Supplementary
Information.

2.3.3 Biological Samples
All bullfrogs were dissected and divided into heart, skin, liver,
muscle, stomach, and intestines. All samples were frozen at
−80°C, air-dried, and homogenized in order. One milliliter of
0.5 M tetrabutylammonium hydrogensulfate (TBAHS) solution
and 2 ml of 0.25 M sodium carbonate buffer (pH 10) were added
into a 50-ml PP centrifuge tube for extraction (Meng et al., 2019b;
Zhang et al., 2019). After mixing, add 5 ml of methyl-tert-butyl
ether (MTBE) and shake the mixture at 250 rpm for 15 min.
Organic and aqueous layers were separated by centrifugation at
3,000 rpm for 10 min. Then 5 ml of MTBE was taken and
transferred to a new 50-ml PP tube, and the extraction was
repeated twice as above. SPE procedures were the same as those
for the sediment samples (Loi et al., 2011; Zhou et al., 2014).
Details of the extraction processes are given in the
Supplementary Information.

2.4 Instrumental Analysis
PFASs analysis was performed using a Thermo Ultimate 3000
Infinity HPLC System equipped with a Thermo TSQ ENDURA
LC/MS System, which was operated with electrospray ionization
(ESI) in negative ionmode and withmultiple reactionmonitoring
(MRM) of the target analytes. The column used was Agilent
ZORBAX Eclipse Plus C18, 2.1 × 100 mm, 3.5 μm (Agilent)
connected with a guard column (Agilent). The gradient

FIGURE 1 | Study area and distribution of sampling sites.
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elution of the mobile phase was 2 mM ammonium acetate (A)
and 100% acetonitrile (B). The flow rate was 0.3 ml/min and a 5-
μl aliquot of the extracts was injected into the column. Chemical
formula, parent ion, quantitative ion, and qualitative ion of
PFASs used in study are listed in Supplementary Table S1.
Detailed descriptions of instrument conditions are shown in
Supplementary Table S2.

2.5 Quality Assurance and Control
To strictly control background pollution, polytetrafluoroethylene
or other fluoropolymer materials were prevented from
preliminary treatment and analytical processes, and all
containers in the laboratory were rinsed with methanol and
Milli-Q water before use. There were analyzed in solvent
blanks, process blanks, and duplicate samples to make the
data reliable. Matrix spikes were based on an internal standard
method, which was applied to quantify PFASs shown in
Supplementary Table S3. The calibration curve consisted of a
series of concentration gradients (0.1, 0.2, 0.5, 1, 2, 5, 10, 20, 50,
100, 150, and 200 μg/L), ensuring that the deviation between the
determined value of each point and its theoretical value did not
exceed 20%. The limit of detection (LOD) was determined using a
signal-to-noise ratio of 3:1 and the limit of quantification (LOQ)
was identified as the analyte peak that yielded a signal-to-noise
ratio of 10:1. In the statistical analysis, all values lower than LOD
were specified as LOD/√2, and in the case of concentrations
lower than LOQ, the value of LOQ/√2 was used. The results of
LOD and LOQ are shown in Supplementary Table S3.

2.6 Daily Intake Calculation and Data
Analysis
The distribution coefficient (Kd) is used to analyze the ability of
chemical substances adsorbed by the solid phase (sediment) from
the liquid phase (water) (Zhou et al., 2013). The field-based Kd

was calculated as follows:

Kd � Csediment/Cwater

where Csediment is the concentration of PFASs in sediment (ng/g
dw), Cwater is the concentration of PFASs in water (ng/L), and Kd

is in L/g.
Bioaccumulation factors (BAFs) were used to investigate the

accumulation of PFASs in bullfrogs, which represents chemical
uptake from water. BAF is defined as the ratio of the
concentrations of PFASs in biota and concentrations in water
(Chevreuil, 2010; Wilkinson et al., 2018; Burkhard, 2021). The
field-based BAF was calculated as follows:

BAF � Corganism/Cwater

The intake of PFASs from bullfrog was identified as important
exposure for human. Therefore, the estimated dietary intake
(EDI) of PFASs for local residents was calculated in order to
evaluate the human exposure.

EDI � (Cbullfrog × CR)/BW

where C is the concentration of PFASs in bullfrog (ng/g dw), CR is
the consumption rate of different pathways (g/day), and BW is
the body weight (kg).

The health risks of PFASs for local residents were calculated by
the hazard ratios (HR) using the following equation:

HR � EDI/RfD

where RfD is the reference dose (RfD, ng/kg/day), defined as an
acceptable daily exposure without apparent toxicity. RfDs for
PFHxA, PFOS, PFOA, PFBS, and PFBA were 320, 2, 3, 430, and
2,900 ng/kg/day, respectively (ANSES, 2017; MDH, 2017). HR
higher than 1.0 means a potential risk towards human; however,
value under 1.0 means low risk.

3 RESULTS AND DISCUSSION

3.1 Per- and Polyfluoroalkyl Substances in
Bullfrog Habitat From Aquaculture Base
3.1.1 Concentration and Composition of Per- and
Polyfluoroalkyl Substances in Water
The compositions and concentrations of target PFASs were
detected in effluent and influent water of the culture ponds,
upstream and downstream of the water supply river around the
bullfrog aquaculture base (Figure 2). The concentrations of
PFASs in water samples ranged from 50.26 to 364.25 ng/L
with a mean of 135.58 ng/L. PFASs have four classifications in
terms of carbon chain length and functional group of the
molecular structure, i.e., short-chain PFCAs (C4–C7), long-
chain PFCAs (>C8), short-chain PFSAs (C4), and long-chain
PFSAs (C8). The concentration of PFASs decreased in the
following order: short-chain PFCAs > long-chain PFCAs >
short-chain PFSAs> long-chain PFSAs. Short-chain
polyfluoroalkyl substances were found in high concentration
among most water samples, reaching 97%, while long-chain
polyfluoroalkyl substances only accounted for 3%. The short-
chain PFASs played a crucial part in water samples, in contrast to
the different conclusions from previous reports several years ago
(Kelly, 2009; Ahrens et al., 2010; Naile et al., 2010; Schultes et al.,
2020). It was reported that short-chain PFASs had a high
detection level in recent years, which was consistent with these
studies (Xu et al., 2014; Wang et al., 2016a; Li et al., 2020a). As
noted above, those could mean that perfluorinated-related
industries in China began to take action for the gradual novel
substitution effect.

In addition, the concentration of PFCAs was obviously higher
than that of PFSAs, which can be explained by the fact that
PFCAs could easily transport to a water environment because
they are relatively highly water soluble. PFBA had the highest
concentrations (37.41–201.53 ng/L) among the tested PFCAs,
followed by PFOA (ND to 4.27 ng/L). For PFSAs, PFBS had
maximum concentrations ranging from ND to 4.70 ng/L with a
mean value of 1.98 ng/L. Among those PFSAs with traditional
long carbon chains, mean PFOS concentrations were detected at
0.48 ng/L. Interestingly, F-53B, as novel polyfluoroalkyl
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substances replaced PFOS, was detected in all water samples,
whose concentration ranged from 0.01 to 0.05 ng/L.

Compared to different sampling sites, it can be seen that total
concentrations of PFASs in effluent water of the culture ponds
were significantly higher in influent water of the culture ponds
from bullfrog base (Table 1). Concentrations of PFBA ranged

from 93.44 to 201.53 ng/L with a mean of 141.90 ng/L in effluent
water at Deff, Feff, and Heff sites; corresponding values were
between 51.42 and 79.27 ng/L with a mean of 61.31 ng/L in
influent water at Cinf, Einf, and Ginf sites. There were similar
trends that PFPeA had a high concentration level in effluent
water, with PFPeA concentrations of 232.52, 167.16, and

FIGURE 2 | PFASs in water and sediment from the typical bullfrog bases in South China.

TABLE 1 | Concentration of individual PFASs in water (ng/L) and sediment (ng/g·dw).

Water Sediment

Influent water Effluent water Upstream Downstream Influent water Effluent water Upstream Downstream

PFBA 61.31 141.90 54.61 51.30 17.27 8.52 2.87 92.47
PFPeA ND 172.76 ND 0.91 4.54 2.44 1.65 6.05
PFHxA 1.01 0.31 1.03 0.94 6.49 1.11 0.70 16.99
PFHpA 1.09 ND 1.22 0.60 0.15 0.03 0.56 6.45
PFBS 2.46 ND 2.71 2.99 0.07 0.20 0.31 ND
PFOA 2.14 1.50 2.37 3.18 5.03 0.46 0.30 4.68
PFNA 0.14 ND 0.53 0.13 0.97 0.34 0.92 0.82
PFDA 0.29 0.30 0.30 0.19 0.12 0.11 0.44 1.29
PFUdA 0.15 0.19 0.18 0.12 0.36 0.24 0.74 0.76
PFDoA 0.05 0.04 0.02 0.05 0.37 0.11 0.23 0.30
PFTrDA 0.05 0.06 0.03 0.03 0.52 0.19 0.43 0.54
PFTeDA 0.01 0.00 0.05 0.03 0.17 0.11 0.02 0.26
PFHxDA 0.02 0.01 0.02 0.05 0.07 0.05 0.11 0.15
PFODA ND ND ND ND ND ND 0.04 0.12
PFOS 0.70 0.49 0.49 0.23 0.12 0.20 0.21 0.51
F-53B 0.03 0.03 0.03 0.03 0.07 0.02 0.07 0.07
PFASs 69.45 317.58 63.58 60.79 36.33 14.12 9.59 131.44

Note: The sites in influent water of the culture ponds includedCinf,, Einf, and Ginf. The sites in effluent water of the culture ponds included Deff, Feff, and Heff. The sites in upstream of the water
supply river included A and B. The sites in upstream of the water supply river included I, J, and K.
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118.60 ng/L, respectively, but these were not found in influent
water. We should pay more attention to pollutants from the
bullfrog aquaculture base. The mean concentration of PFASs was
slightly higher in upstream (63.58 ng/L) than in downstream
(60.79 ng/L), potentially caused by river dilution. A number of
studies have noted that the total concentration of PFASs in river
are higher than those in sea because estuaries could reduce the
transfer of PFASs to the sea via the action that PFASs sink into
sediments and thus preventing direct entry into marine
environments (Cundy and Croudace, 2017; Celis-Hernandez
et al., 2021). The concentration of PFASs in study river was at
a lower level than that in the Daling River Basin and Maozhou
River Basin (Wang et al., 2016a; Li et al., 2020a).

3.1.2 Concentration and Composition of Per- and
Polyfluoroalkyl Substances in Sediment
The sediment samples were tested at the same sites as the water
(Figure 2). The total concentration of the PFASs varied from 2.89
to 162.26 ng/g·dw. The distribution profile of the PFASs in
sediment was similar to that of water in that short-chain
PFASs played a significant role in samples. Among the tested
compounds, the detection rate of the PFASs with shorter chains,
i.e., PFBA, PFPeA, and PFBS, reached 100%, 82%, and 64%.
Thereinto, PFBA was dominant in sediment samples, whose
concentration ranged from 1.17 to 124.77 ng/g·dw with a
mean concentration of 35.28 ng/g·dw. Note that the detection
rate of PFOS (a traditional contaminant of international concern)
was only 82%; however, F-53B was detected in all
samples (100%).

The total concentration of PFASs was 16.47–71.94 ng/g·dw in
sediment in the influent site and 4.42–30.81 ng/g·dw in the
effluent site. Contrary to the trend in water samples shown in
Table 1, total concentrations of PFASs in sediment samples of
effluent sites were significantly lower in influent water due to the
fact that bullfrogs stir contaminants from sediment to water and
accumulate those into the body. There are some granular sands in
sediment instead of slushes that absorb less contaminants in
sediment and migrate PFASs to water phase. The concentration
of PFASs was 50.03–162.26 ng/g·dw with a mean of 131.44 ng/
g·dw in downstream of the water supply river. Comparison with
literature showed that the observed PFAS concentration in
downstream was much higher than the ΣPFASs of the
Songhua River (0.143–1.41 ng/g·dw), the Baiyangdian Lake
(0.48–30 ng/g·dw), the southern Beaulieu River (0.2–5.3 ng/
g·dw), the Danjiangkou Reservoir (0.07–1.62 ng/g·dw), and the
Taihu Lake (1.11–8.21 ng/g·dw) (Guo et al., 2015; Guo et al., 2020;
Li et al., 2020b; Celis-Hernandez et al., 2021). Besides, the
sediment concentration of PFBA was at a high level compared
with the situations of other parts of the world. The pollutant could
increase through bullfrog farming, which should be taken
seriously and source control measures should be taken to
reduce further contamination.

The distribution coefficient was studied for the ability of
chemical substances adsorbed by sediment from water, which
impacts their environmental behavior and fate (Supplementary
Table S4). The results in Supplementary Figure S1 show that Kd

values of long-chain compounds were higher than those of short-

chain compounds, in agreement with previous findings (Ahrens
et al., 2010; Li et al., 2011; Wang et al., 2019); the difference in Kd

values shows the change in detection concentration and
frequencies between water and sediment for short-chain and
long-chain PFASs. In this study, the long-chain PFASs were
not the dominant structure in water and sediment, which is
not in accordance with other references (Kwadijk et al., 2010;
Labadie Chevreuil, 2011; Wang et al., 2017). As stated earlier,
perfluorinated industries in China began to take action for the
gradual short-chain substitution effect and industry-discharged
short-chain contaminants into the environment such that
concentrations were increasing sharply in the surroundings.

3.2 Concentration and Composition of Per-
and Polyfluoroalkyl Substances in Bullfrogs
Distribution and concentration of PFASs in bullfrog samples
during different growth periods were detected from the typical
bullfrog bases around the coasts in South China (Figure 3). Total
PFASs in all bullfrog tissues were 3.36–84.07 ng/g·dw; PFBA,
PFOS, PFOA, PFUdA, PFTrDA, and PFDoA are the
predominant PFASs detected in the biota samples. F-53B,
which was found at detectable levels in all habitat samples
from the aquaculture base, also had a high detection level,
reaching 95% with an average concentration of 0.36 ng/g·dw in
bullfrog tissues. PFBA, as a short-chain PFAS, was found in all
tissues with a concentration of 2.47–48.98 ng/g·dw. Meanwhile,
PFBA among all PFASs had the highest concentration in three
different particles of baits, which explains why detection level and
concentration were high in effluent water at Deff, Feff, and Heff

sites. Baits were manufactured by a compressor with a lot of
lubricants, possibly containing numerous PFASs, and then biota
could ingest contaminated baits or bioaccumulate PFASs via
polluted habitats from putting into contaminated baits and
industrial pollution (Supplementary Table S5).

PFAS level differences were observed in frogs during different
growth periods: adult bullfrog, juvenile bullfrog, young bullfrog,
and tadpole. It was evident that sum concentrations of PFASs in
adult bullfrog were markedly higher than those in juvenile
bullfrog, which could be due to the fact that PFASs had a
long-half-life and persistent and bioaccumulative
characteristics. Concentrations of PFASs were 184.45 ng/g·dw
in the sum of all tested tadpole tissues and 142.65 ng/g·dw in
juvenile bullfrog tissues. This result implied the higher total PFAS
concentrations observed in tadpoles, which may be responsible
for the varying bait between tadpole and juvenile bullfrog.
Tadpoles ingested the smaller grain contaminated baits
(PFASs: 95.74 ng/g·dw), and juvenile bullfrog ingested the baits
of medium grain size (PFASs: 24.77 ng/g·dw). Interestingly, it can
be seen that intestines had higher PFAS levels in tadpole than that
in juvenile bullfrog on account of undigested contaminated bait
in intestines. The concentration of PFOA in tadpole and juvenile
bullfrog tissues was 0.01–26.59 ng/g·dw and ND-4.11 ng/g·dw,
respectively. As short-chain PFASs, PFHpA (mean
concentration: 25.73 ng/g·dw) and PFBA (mean concentration:
6.91 ng/g·dw) had a high detection ratio (100%) and
concentration in all tadpole tissues. The current research is

Frontiers in Environmental Science | www.frontiersin.org November 2021 | Volume 9 | Article 7862976

Sun et al. Novel/Legacy PFASs in Bullfrogs

https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


not in accordance with previous studies in that PFHxA was the
predominant contaminant (80.50 ± 58.31 ng/g and 19.17 ±
12.57 ng/g ww), followed by PFOS (55.02 ± 34.82 and 14.79 ±
6.24 ng/g ww) in both fish from Lake Chaohu, China (Wu
et al., 2019).

The distribution in different tissues after uptake largely
determines the fate of a chemical and is of great importance
for understanding the underlying mechanisms of
bioaccumulation. Concentrations of PFASs in samples varied
greatly among the different tissues, with the greatest
concentrations in the digestive system (intestines and
stomach) no matter what stage of growth the bullfrog is in.
The concentrations of PFASs in the digestive system (intestines
and stomach) were 52%, 45%, 65%, and 52% in adult bullfrog,
young bullfrog, juvenile bullfrog, and tadpole, respectively,
closely associated with ingesting contaminated bait. It was
consistent with other studies in that the highest level in the
digestive system among the different tissues was observed in carp
and green eel goby, suggesting that PFASs can accumulate by diet
from water, sediment, and contaminated bait intake (Hong et al.,
2015; Wu et al., 2019). Moreover, liver, as a vital organ for fat
metabolism and protein synthesis, also had a higher
concentration level of PFASs than muscle. The possible reason
for this is that liver could affect the binding of lipid and protein,
and the protein content was generally at a higher level in liver
while it was at a lower level in muscle (Chevreuil, 2010;Wen et al.,
2019; Wu et al., 2019).

Despite the difference in levels, PFASs were found to have the
same trend among nearly all muscles of bullfrogs from different
growth periods, with PFBA being the most predominant
compound in terms of concentration and frequency of
detection. The proportion of F-53B in biota samples changed
among the different tissues, with the greatest concentrations in
liver (0.19–0.74 ng/g·dw). It is worth noting that F-53B was also
analyzed from different areas in China, supporting previous
findings that this contaminant is widely distributed in the
bullfrog tissues from Changshu, Huantai, Zhoushan, and
Quzhou (Cui et al., 2018), and consumption of bullfrog may
expose humans to PFASs. The scanned diversification among the

tissues should be put down to the diverse binding affinity of
PFASs for tissue-specific proteins.

3.3 Adverse Effects of Per- and
Polyfluoroalkyl Substances Towards
Bullfrog Induced by Water
Field-based bioaccumulation factors of PFASs in various bullfrog
organizations were calculated based on concentrations in water
and biota tissues shown in Figure 4. What is noteworthy is that
log BAFs of PFTeDA, PFDoA, and PFUdA were obviously higher
than those of shorter-chain PFASs including PFBA and PFPeA.
The results of this study were generally in agreement with
previous results in that the short-chain PFASs are not
considered bioaccumulative, but long-chain PFASs with >10

FIGURE 3 | PFASs in bullfrog tissues during different growth periods from bullfrog bases.

FIGURE 4 | Logarithmic BAF of individual PFASs in bullfrog tissues
during different growth periods.
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fluorinated carbons were bioaccumulative, potentially due to
their large molecular size (Liu et al., 2011b; Hong et al., 2015).
This study indicated that the log BAF value was at a higher level in
PFOS but at a lower level in PFOA among adult, juvenile, and
young bullfrog samples. Analogously, the log BAF value of PFBS
was distinctly greater than that of PFBA in the present study, to
some extent, which explained that PFSAs could more easily
accumulate than PFCAs for similar substances of the same
fluorinated carbon chain length.

F-53B, which was supported by international organizations for
the production and substitution of PFOS, had a higher mean
value of log BAF (with a mean of 0.44) than PFOS (with a mean of
0.31). Interestingly, the half-life of F-53B in humans is longer
than that of PFOS in other studies (Loi et al., 2013). Hence, the
government and relevant departments should consider F-53B
instead of PFOS. Comparing the different ages of bullfrogs, the
values of log BAF for long-chain PFCAs (C > 9) were higher in
adult bullfrogs than in young bullfrogs; meanwhile, PFSAs,
i.e., PFOS, PFBS and F-53B, had a similar trend in that the
values of log BAF were higher in adult bullfrogs than in young
bullfrogs. The results in this research suggested that long-chain
PFCAs and PFSAs had great bioaccumulation propensity and
explained why PFSAs and long-chain PFASs had higher
concentration levels in adult bullfrogs than in young bullfrogs.
The correlation of BAFs between long-chain and short-chain
PFASs showed a helpful observation for comprehending the
relative significance of diverse bioaccumulation mechanisms.

The values of log BAF in PFASs were 0.38 and 0.13 in juvenile
bullfrogs and tadpoles, showing that the log BAFs of individual
PFASs varied during different periods of bullfrogs on account of
their complex life history following metamorphosis. The mean
log BAF of PFOS in liver was 1.18 in adult bullfrogs, which is
higher signally than that in muscle, and this was consistent with
the trend observed in other studies. In PFOS, the mean log

BAFliver in nine fish species was in the range of 3.5–4.6 from
rivers in the Pearl River Delta region, around one log unit higher
than in muscle (Pan et al., 2014). The log BAFliver of PFOS in this
research is at a lower level than that found in European chub with
log BAFliver of 4.3 and in rainbow trout with a log BAFliver of 3.7
(Martin et al., 2003; Labadie and Chevreuil, 2011; Wang et al.,
2016b; Liu et al., 2018). This could be explained by the PFAS
concentration variability in water, discharge capacity of the
surrounding industry, different nutritional habits, and physical
and chemical properties of different compounds.

3.4 Assessment of Human Health Risks via
Bullfrog Consumption
Food dietary intake is the crucial pathway of human exposure to
PFASs (Perez et al., 2014). The human exposure risk assessment
was performed by calculating the EDI based on the daily
consumption of bullfrog and the concentrations of PFASs
shown in Figure 5. As body weights and consumption rates
vary with age, the EDI of PFASs for five age groups (2–6, 7–12,
13–17, 18–45, and 46–69 years old) was estimated from China
(CN), Guangdong province (GD), and Study area (SA), in which
the daily consumptions of bullfrog were calculated to be 0.21, 1.16
and 1.89 g/day, respectively (Yan et al., 2015; Huang, et al., 2019;
Su et al., 2019).

The EDIs of PFASs via consumption of bullfrog for local
residents of CN, GD, and SA are illustrated in Supplementary
Tables S6–S8. In general, the total EDI of PFASs ranged from
1.16 × 10−2 to 4.53 × 10−2 ng/kg bw/day for residents in China,
6.84 × 10−2 to 2.26 × 10−1 ng/kg bw/day for residents in
Guangdong province, and 1.11 × 10−1 to 3.68 ×10−1 ng/kg bw/
day for residents in the Study area. The EDI decreased with age
[(2–6) > (7–12) > (13–18) > (18–45) > (45–69)], among which
the EDI of residents aged 2–6 years was 3.3 times than that of
residents aged 45–69 years, indicating that ingestion of PFASs via
bullfrog induced more severe hazards on residents aged 2–6 years
than on residents aged 45–69 years. The result was consistent
with estimations in most studies (Meng et al., 2019a). It may be
relevant that residents aged 45–69 years weighed significantly
more than residents aged 2–7 years. The bullfrog breeding scale in
Guangdong province is the largest in CN, which accounts for
about 40%. The research area is a high-density bullfrog culture
area in GD, and the local residents like to consume bullfrog,
which leads to the EDI and the intake of bullfrog being the highest
among the data.

PFBA, PFUdA, PFTrDA, PFOS, PFOA, PFBS, and F53-B
accounted for about 72% of total EDI of the 14 PFASs in CN,
GD, and SA. PFBA contributed most to the EDI because of its
highest concentration level, followed by PFUdA, PFTrDA, PFOS,
PFOA, PFBS, and F53-B. The EDICN, EDIGD, and EDISA of PFBA
were 3.70 × 10−3–1.45 × 10−2, 2.19 × 10−2–7.24 × 10−2, and 3.55 ×
10−2–1.18 × 10−1 ng/kg bw/day, respectively. The EDI2-6(y) of
PFBA in SA was 1.18 × 10–1 ng/kg bw/day, which was the highest
in all data. EDIs of PFOS and PFOA were also dominant in
bullfrog. The exposure of PFOS was 1.07 × 10−3–4.20 ×
10−3 ng/kg bw/day in CN, 6.32 × 10−3–2.09 × 10−2 ng/kg bw/
day in GD, and 1.03 × 10−2–3.40 × 10–2 ng/kg bw/day in SA,

FIGURE 5 | Estimated daily intake of PFASs (ng/kg bw/day) via bullfrog
for residents of different ages.
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respectively. The EDICN, EDIGD, and EDISA of F-53B were 3.93 ×
10−5–1.54 × 10−4, 2.32 × 10−4–7.69 × 10−4, and 3.77 × 10−4–1.25 ×
10−3 ng/kg bw/day, respectively. In general, humans were
exposed to F53-B in low levels via bullfrog consumption in
each age group from all study areas.

The measured EDIs in this study were at lower levels than the
values extracted from other studies in China. The mean daily intake
via farmed fish in Beijing were 2.40 × 10−1 ng/kg bw/day for PFOS
and 4.50 × 10−1 ng/kg bw/day for PFASs (Shi et al., 2012). The EDIs
of PFASs through seafood consumption were found in Lianyungang
City (59.80 ng/kg/day), in Yancheng City (54.70 ng/kg/day), and in
Rizhao City (36.00 ng/kg/day) (Zhang et al., 2019). The Scientific
Panel on Contaminants in the Food Chain within the European
Food Safety Authority (EFSA) has established tolerable daily intake
(TDI) for PFOS and PFOA, i.e., 150 ng/kg body weight/day and
1,500 ng/kg body weight/day, respectively (EFSA, 2008). The mean
estimated intakes in the present study were about 1,800 and
2,500 times lower than the TDI for PFOA and PFOS,
respectively. Therefore, we can conservatively conclude that there
is a low potential exposure risk of PFASs via bullfrog consumption
for local residents. However, PFASs were detected in bullfrog
samples of different ages, and PFASs are difficult to metabolize
and easy to accumulate in the body, which suggested that bullfrog
consumption could still bioaccumulate PFASs.

HRs were calculated for PFBA, PFOA, PFBS, PFHxA, and
PFOS, and the HRs of PFASs were far below the safety threshold
value “1” shown in Supplementary Table S9. The results suggest
that frequent consumption of these bullfrogs would not cause
severe health effects on residents. Similar results were reported in
other studies (Wu et al., 2019; Sun et al., 2021). However, besides
the bullfrog, other food species also pose risks for human
exposure, which may increase the potential risks for local
residents. Nevertheless, the possible health risk related to
fluorinate organic compounds should not be overlooked in the
future. Hence, added information are needed on the occurrence
and exposure of PFASs via aquatic product consumption to assess
its long-term risk to human health.

4 CONCLUSION

In this study, we detected the concentrations of individual PFASs in
habitat and tissues of bullfrogs during different periods from
aquaculture bases in the coastal area of South China, and assessed
their bioaccumulation and potential health risks to residents.
Generally, short-chain PFASs were found at higher concentrations
than long-chain PFASs. Meanwhile, F-53 was found at higher
detectable levels and log BAFs values than PFOS in all samples
from the aquaculture bases. Bullfrog farming activities could increase

PFASs from the water of culture ponds to river so that we should pay
more attention to pollutants from the bullfrog aquaculture base. EDIs
for local residents in the study area were generally higher than those
for residents in other regions. We can conservatively conclude that
there is a low potential exposure risk of PFASs via bullfrog
consumption for local residents. However, more systemic
investigations and additional information are still urgently needed
on related occurrence and exposure of PFASs via aquatic product
consumptions to assess their long-term risks to human health.
Meanwhile, specific countermeasures, standards, and regulations
should be paid more attention by local and national governments.
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