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A B S T R A C T

A number of bisphenol A (BPA) analogues are increasingly used as its industrial alternatives. However, their
effects on aquatic organisms at both individual and population levels have not been well understood. In this
study, effects of five bisphenol analogues (i.e., BPA, BPAF, BPB, BPE and BPS) were investigated by using the
unicellular eukaryote Tetrahymena thermophila as a model organism. All of them inhibited individual growth and
population proliferation at a concentration of 2.6 μM or 13.0 μM during the 60-h exposure period, with the
population suppression capacify ranked as: BPB > BPA≈BPAF > BPE > BPS. These analogues also exhibited
chemical-specific disruption of fatty acid profiles in single-cell eukaryotes and the transcriptional levels of en-
zymes involved in fatty acid metabolism/biosynthesis. For example, exposure to BPA and BPE significantly
increased the ratio of saturated fatty acids to unsaturated fatty acids, contrary to the desaturation effects ex-
hibited by BPAF and BPB. Overall, our results clearly indicated that these bisphenol analogues could pose
chemical-specific effects on low-trophic level aquatic organisms, particularly disruption of endogenous meta-
bolic balances. Selected analogues (i.e., BPB and BPAF) could result in effects similar to or even greater than that
of BPA.

1. Introduction

Bisphenol A (BPA) is a well-known industrial additive with high
production volumes. Long-term use and broad applications have

resulted in its global distributions (Vandenberg et al., 2007). Previous
studies also reported various toxicities of BPA, including genotoxicity,
cytotoxicity, reproductive toxicity, neurotoxicity, and endocrine dis-
ruption (Chen et al., 2016; Rochester and Bolden, 2015; Vandenberg
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et al., 2007). Consequently, regulations have been enacted in North
America and European Union to prohibit its usage in certain applica-
tions (e.g., infant feeding bottles) (Barroso, 2011; Government of
Canada, 2010).

A variety of bisphenol analogues structurally similar to BPA (i.e.,
containing two p-hydroxyphenyl functionalities) also find their in-
dustrial applications, among which some have been increasingly used
as BPA’s alternatives (Chen et al., 2016). These include bisphenol AF
(BPAF; 4,4′-(hexafluoroisopropylidene)diphenol), bisphenol B (BPB;
2,2-bis(4-hydroxyphenyl)butane), bisphenol E (BPE; 4,4′-(1,1-ethan-
diyl)diphenol), bisphenol F (BPF; 4,4′-methylenediphenol), bisphenol S
(BPS; 4,4′-sulfonyldiphenol), and many others (Chen et al., 2016). Some
of them have been increasingly reported in environmental media and
biota, such as indoor dust, sewage sludge, sediment, surface water,
wildlife and humans (Chen et al., 2016). Although the reported con-
centrations of BPA alternatives are generally lower than those of BPA,
recent studies did reveal greater concentrations of BPF or BPS in en-
vironmental or human samples compared with those of BPA (Chen
et al., 2016).

Compared with increasing applications of bisphenol analogues,
evaluations on their potential risks to the environment and ecosystems
lagged behind. Recent in vivo and in vitro studies have pointed out that
some BPA substitutes could pose adverse effects on model organisms
(Chen et al., 2016; Moreman et al., 2017; Rochester and Bolden, 2015).
Some toxic activities observed for BPA have also been reported for se-
lected bisphenol analogues (e.g. BPB, BPE, and BPS) (Moreman et al.,
2017; Russo et al., 2018). However, ecological impacts of emerging
bisphenol analogues on individual growth, population development,
and endogenous metabolism that may cause multigenerational effects
in aquatic organisms are not well studied. This warrants comprehensive
investigations from an ecotoxicological point of view.

The free-living ciliated protozoa Tetrahymena thermophila are sim-
pler unicellular eukaryotic organism, with a global distribution in
freshwater environments (Orias et al., 2000). T. thermophila con-
tinuously metabolize and proliferate, with very short generation times
(approximately 150min per generation) (Köhidai and Csaba, 1995).
These characteristics make the protozoan ideal for studying the effects
of environmental contaminants on both individual growth and popu-
lation proliferation. In addition, T. thermophila directly contacts with
the surrounding environment through cell membrane, which serves as
an important barrier between the cell interior and external environ-
ment, keeping essential metabolites and preventing the entry of xeno-
biotics (Russell, 1984). As an important component of cell membranes,
fatty acids have been demonstrated as one of the sensitive biomarkers
for bacteria and microalga following short-term exposure to even low
levels of environmental pollutants (Kováčik et al., 2018). Fatty acid
metabolism also provides energy sources for growth and development
(Turner et al., 2014). Thus, understanding the disruption of fatty acids
facilitates the exploration of the impacts of exogenous contaminants on
the growth and proliferation of aquatic organisms.

Therefore, in the present study T. thermophila was used as a model
organism to evaluate and compare effects of bisphenol analogues on
aquatic organisms. Main objectives were to: (1) investigate and com-
pare the effects of selected bisphenol analogues (i.e., BPA, BPAF, BPB,
BPE and BPS) at both individual and population levels; and (2) assess
the effects of bisphenols on cell membrane fatty acids and the expres-
sion of genes related to fatty acid biosynthesis and metabolism. Our
results will provide new insights into the effects of emerging bisphenol
analogues on aquatic organisms.

2. Materials and methods

2.1. Chemicals and reagents

BPA (99.0 % pure), BPAF (98.0 % pure), BPB (98.0 % pure) and BPE
(98.0 % pure) were purchased from TCI (Tokyo Chemical Industry Co.,

Ltd. Tokyo, Japan). BPS (98.0 % pure), dimethylsulfoxide (DMSO, 99.7
% pure), penicillin G, streptomycin sulfate and amphotericin B were
purchased from Sigma–Aldrich (St. Louis, MO, USA). Proteose peptone
and yeast extract were from BactoDifco (USA) and Oxioid Ltd.
(Basingstoke Hampshire, England), respectively, while the D(+) glu-
cose and ethylendiaminetetraacetic acid monosodium ferric salt (Fe-
EDTA) were from Biosharp (USA) and Aladdin (Shanghai, China), re-
spectively. TRIzol reagent was obtained from Invitrogen (Invitrogen,
New Jersey, NJ, USA). PrimerScript™ RT Reagent Kit (Perfect Real
Time) and SYBR Premix Ex Taq™ II Kit were purchased from Takara
(Takara, Japan). SYTO 9 and DiD were purchased from Nanjing KeyGen
Biotech Co. Ltd. (Nanjing, China).

2.2. Protocols for bisphenol analogue treatments

2.2.1. T. Thermophila culture and cell viability determination
T. thermophila SB210 was purchased from Tetrahymena Stock

Centre, Cornell University (New York, USA). Culturing of T. thermophila
has been described before (Li et al., 2015, 2016). A density of 2× 104

cells/mL and inoculation time were determined according to the
growth curves (Figure S1).

The effects of five bisphenols (BPA, BPAF, BPB, BPE and BPS) on T.
thermophila cell viability were assessed with the CCK-8 assay. The cells
were treated with a series of concentrations (i.e., 1, 3, 10, 30, 100, 300
and 1000 μM, prepared in SPP medium, containing 0.1 % DMSO, v/v)
for each bisphenol or the control medium (containing 0.1 % DMSO).
After 36 h of exposure, the cells entered the early stable growth phase,
suitable for the determination of cell viability. Detailed information is
provided in the Supplementary Material. Our preliminary study de-
monstrated that a concentration of DMSO at 0.1 % did not significantly
affect cell size, theoretical populations, or cell viability when compared
with the control medium without DMSO present (Table S1).

2.2.2. Exposure experiment
T. thermophila culture was exposed to each bisphenol at two pre-set

concentrations: 36 h EC5 (2.6 μM) and EC25 (13.0 μM) of BPA, corre-
sponding to nominal concentrations (μM) causing a 5 % and 25 % de-
crease in the viability of the T. thermophila to BPA, respectively. Based
on preliminary growth curves (Figure S1), the end time of bisphenol
exposure was selected as 12, 30 and 60 h, which represent the adaptive,
logarithmic and stable growth phase, respectively. Briefly, 20mL of T.
thermophila (2× 104 cells/mL) was added to 20 μL of 2.6 μM or 13.0 μM
for each bisphenol analogue or the control suspension (all in SPP
medium), marked as t =0 h. After 12, 30 or 60 h of incubation, the cell
density was determined using Cellometer Auto 1000 Cell Counter
(Nexcelom Bioscience, LLC, Lawrence, MA) (Li et al., 2016). Cell length
(long axis) and width (short axis) were employed to determine cell
volume (V=4/3×π×A/2× (B/2)2) as a representation of cellular
morphology, where A is the long axis and B is the short axis (Hellung-
Larsen and Andersen, 1989). T. thermophila cell suspensions were col-
lected and centrifuged at 2500 g for 5min at 4 °C. The pellets were
resuspended in sterile double-distilled water and collected via cen-
trifugation. Cells were washed twice and then frozen at −80 °C. Each
treatment contained three biological replicates.

2.3. Immunofluorescence and cell imaging

T. thermophila cell suspensions were collected after 60 h of 13.0 μM
bisphenols (BPA, BPAF, BPB, BPE and BPS) for immunofluorescence
assay. Live cells (stained by SYTO 9) and cell membranes (stained by
DiD) were visualized with an Olympus IX73 fluorescence microscope
(Olympus, Tokyo, Japan) and the fluorescence intensity was measured
based on Kováčik et al. (2017). Detailed procedures are provided in the
Supplementary Material.
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2.4. Determination of fatty acid composition

Fatty acid analyses were measured following the method described
by Huang et al. (2019). Briefly, approximately 0.01 g T. thermophila cell
samples were collected and homogenized in 1.5mL of saline. The re-
suspension was extracted with 4mL of a mixture of methanol and
chloroform (1:2, v/v) and the chloroform layer was transferred and
dried under nitrogen. The lipid extract was further transmethylated
with 1 % sulfuric acid in methanol at 70 °C for 3 h. After transmethy-
lation, the fatty acid methyl esters (FAMEs) were extracted with hep-
tane and concentrated for instrument analysis. Three biological re-
plicates were included in each group.

Determination of fatty acid esters were conducted with Agilent
7890B gas chromatography equipped with a J&W 122–2362 column
(60m×250 μm×0.25 μm, Agilent Technologies, USA) and coupled
with 5977B MSD detector operated in the selected ion monitoring (SIM)
mode. The FAMEs were identified by comparing their retention times
with FAME standard mixture GLC-463 (Nu-Chek, Prep Inc., USA), and
quantified via their respective peak areas combined with instrument
response factors derived from chromatographic standards of GLC-463
with known composition. The results were expressed as % of individual
fatty acids from the total amount.

2.5. Transcriptomic sequencing and quantitative real-time polymerase chain
reaction (qRT-PCR) validation

2.5.1. RNA-sequencing analysis
After treatments with 13.0 μM (EC25 for BPA) of each target bi-

sphenol analogue or control for 60 h, cells were collected for tran-
scriptomic analysis. Three biological replicates were treated for each
concentration. RNA isolation and sequencing were performed by
Beijing Genomics Institute (BGI) (Wuhan, China) with the details
summarized in Supplementary Material. In this study, we focused on
fatty acid metabolism modulations, therefore, information about fatty
acid metabolism and its related pathways of T. thermophila were col-
lected based on the KEGG database (Kyoto Encyclopaedia of Genes and
Genomes, http://www.genome.jp/kegg/), including fatty acid meta-
bolism (pathway: tet01212), fatty acid degradation (pathway:
tet00071), fatty acid biosynthesis (pathway: tet00061), fatty acid
elongation (pathway: tet00062) and biosynthesis of unsaturated fatty
acids (pathway: tet01040) pathway (Table S2).

2.5.2. qRT-PCR analysis
T. thermophila exposed to each bisphenol analogue or the control

were collected at t= 60 h for qRT-PCR to validate the levels of gene
expression by RNA-seq analysis. Isolation of total RNA, first-strand
cDNA syntheses and qRT-PCR was performed as described previously
(Li et al., 2015) and the detailed procedures are summarized in Sup-
plementary Material. Each treatment group contained three biological
replicates. Eleven genes of encoding key enzyme (EC: 2.3.1.16, EC:
4.2.1.17, EC: 2.3.1.9, EC: 1.3.3.6, EC: 3.1.2.22, EC: 6.2.1.3, EC:
1.1.1.330, EC: 4.2.1.134, EC: 1.3.1.93, EC: 2.3.1.97 and EC:1.14.19.1)
involved in fatty acid metabolism were selected for qRT-PCR assay,
while elected TTHERM_00049350 was used as the housekeeping gene.
Gene sequences were obtained from the Tetrahymena Functional
Genomics Database and primers were designed using Primer Premier
6.0 software (Premier Biosoft International, Palo Alto, CA) (Table S3).

2.6. Statistical analyses

All statistical analyses were performed using SPSS 23.0 (SPSS,
Chicago, IL). Kolmogorov-Smirnow and Levene’s tests were used to
analyze the normality and the homoscedasticity, respectively, before
one-way analysis of variance (ANOVA) analyses. Non-normally dis-
tributed data were log-transformed to approximate normality. A sta-
tistically significance level was set as p value < 0.05.

3. Results and discussion

3.1. Cytotoxicity of bisphenols

Initial exposure to a wide range of concentrations for 36 h enabled
us to determine the effective concentrations of each bisphenol and the
doses for subsequent toxicity analyses (Figure S2-A). Significant re-
duction in cell viability was observed at a concentration of 10 μM for
BPA and BPAF, 30 μM for BPA, BPAF, BPB and BPE, and higher con-
centrations (100, 300, and 1000 μM) for all five bisphenols. The effec-
tive concentration of BPA that produced a 50 % growth inhibition at
36 h (36-h EC50) was determined to be 26.1 μM (95 % confidence in-
tervals: 22.0–30.3 μM) according to the concentration-response re-
gression curve (Figure S2-B). The determined EC50 of BPA on T. ther-
mophila was lower than the values determined in zebrafish embryos/
larvae or Daphnia magna (i.e., 5.3–14.6mg/L) (Chan and Chan, 2012;
Chen et al., 2012; Tišler et al., 2016). This suggests that T. thermophila
was sensitive to bisphenol exposure and appropriate for the evaluation
of bisphenol toxicity.

Other target bisphenols exhibited 36-h EC50 of 12.5 μM (95 % CI:
11.5–13.2 μM) for BPAF, 32.2 μM (95 % CI: 30.9–33.7 μM) for BPB,
45.5 μM (95 % CI: 40.9–50.6 μM) for BPE, and 306.5 μM (95 % CI:
197.3–2071 μM) for BPS (Figure S2-B). These results indicate analogue-
dependent cytotoxicity in T. thermophila. BPS appeared to exhibit much
less cytotoxicity than other analogues. Previous studies also demon-
strated cytotoxicity of major bisphenol analogues at micromolar levels
in different assays (Russo et al., 2018). To exclude cell death related
changes, the EC5 (2.6 μM) and EC25 (13.0 μM) of BPA were selected as
the exposure concentrations for all subsequent experiments.

3.2. Bisphenol analogues decreased cell size and proliferation

Exposure to bisphenols exhibited chemical-specific effects on cell
sizes (represented by cell volume) of T. thermophila (Fig. 1). After 12 h
of exposure in the adaptive growth phase, exposure to BPA (2.6 and
13.0 μM), BPAF (13.0 μM), BPB (13.0 μM) and BPS (13.0 μM) sig-
nificantly reduced cell sizes by 25.7 %, 26.7 %, 26.6 %, 26.9 %, and
31.4 %, respectively (p < 0.05). No significant differences were seen
in other treatment groups. The trend of decline in cell size (p < 0.05)
remained even with prolonged exposure time for 30 h. Further, at
t= 60 h (stable growth phase), cell sizes in all treatment groups except
for BPE (2.6 μM) were significantly diminished (p < 0.05). Similarly,
previous studies reported that BPA, BPAF, and BPS could delay or arrest
development and reduce body size in microalgae and zebrafish
(Moreman et al., 2017; Pelch et al., 2019; Tišler et al., 2016).

The fast cell divisions allow T. thermophila to proliferate rapidly and
thereby increase the population size in a short time (Orias et al., 2000).
In this study, we did not observe any effect on theoretical populations
of T. thermophila after 12 h of exposure to any bisphenol when com-
pared with the control (Fig. 2). However, continued observations at
t= 30 h revealed significant decreases of theoretical populations
during BPA (13.0 μM), BPAF (13.0 μM), BPB (2.6 and 13.0 μM) and BPE
(2.6 and 13.0 μM) treatments (Fig. 2). Inhibitory effects on theoretical
populations remained at t= 60 h, except for the BPE treatments
(p > 0.05) (Fig. 2). The overall rank order of toxicity based on the
inhibitory effect (13.0 μM) was BPB (22.7 %) > BPA (18.0 %)≈BPAF
(17.8 %) > BPE (7.5 %) > BPS (3.3 %).

Previous studies also indicated that selected bisphenols could in-
duce a variety of toxic effects similar to or even greater than BPA.
Moreman et al. (2017) reported that the rank order for development
toxicity in zebrafish embryo-larvae was BPAF > BPA > BPF > BPS,
while the rank order for estrogenicity was BPAF > BPA=BPF > BPS.
A systematic review by Chen et al. (2016) also indicated that BPAF,
BPB, and BPF exhibited estrogenic/antiandrogenic effects similar to or
greater than that of BPA. Thus, bisphenol analogues other than BPA
should be given sufficient attentions with respect to their toxic
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potencies.
Significant reduction in T. thermophila cell growth would pose ne-

gative impact on population dynamics. Reduction in growth following
chemical exposure could be due to a cascade of physiological stresses

which reduces organisms’ appetite and food intake, biofilm formation
and membrane integrity, or elevated metabolic expenditure for detox-
ification and maintenance of homeostasis (Beyers et al., 1999). Im-
munofluorescence examination of structural integrity of cell

Fig. 1. (A) Representative images of the morphology of T. thermophila after exposure to 0, 2.6, or 13.0 μM bisphenol analogues for 60 h (bar= 20 μm). (B) Effects of
bisphenol analogue exposure on cell size. Values represent the mean ± standard error of mean (n=30). Significant differences from control are indicated by
*p < 0.05.

Fig. 2. Effects on theoretical populations of T. thermophila after exposure to bisphenol analogues for 12, 30 or 60 h. Values represent the mean ± standard error of
mean (n=3 biological replicates). *p < 0.05.
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membranes revealed that bisphenols did not affect biofilm formation
and membrane integrity (Figure S3). In some cases, exposure to sub-
lethal chemical concentrations could promote biofilm formation, which
represents an adaptive strategy for microorganisms incubating under
adverse conditions (Zhu et al., 2014). Previous studies reported that
BPA affected fish growth through the disruption of biological processes
(Lam et al., 2011; Pastva et al., 2001), particularly the relevant meta-
bolic pathways (Dong et al., 2018). Therefore, understanding key me-
tabolic pathways, particularly those related to fatty acid metabolism,
could help elucidate the potential mechanisms underlying cell growth
inhibition.

3.3. Effect of bisphenol analogues on fatty acid composition of T.
thermophila

Fatty acid composition of T. thermophila showed dynamic changes at
different growth stages (Table 1). During the stable growth of control
treatments, the most abundant fatty acid was α-linolenic acid [C18:3
(6, 9, 12C)], constituting approximately 40.7 % of the total fatty acids,
followed by palmitic acid (C16:0), myristic acid (C14:0) and linoleic
acid [C18:2 (9, 12C)]. The ratio of saturated fatty acids (SFAs) to un-
saturated fatty acids (UFAs) changed among the three growth stages,
i.e., 1.53, 1.19 and 0.65 at t= 12, 30 or 60 h, respectively (Table 2).
During the adaptive and logarithmic growth, T. thermophila rapidly
changes in physiological metabolism and the changes of fatty acids are
caused by fleetly growth or other environmental conditions (Hill et al.,
1983). By contrast, changes in fatty acids during the stable growth were
more likely due to chemical exposure (Pereira et al., 2003). Therefore,
the stable growth phase was chosen to investigate the effects of bi-
sphenol exposure on fatty acids.

Our results indicated that bisphenol exposure changed fatty acid
profiles in T. thermophila and the changes differed at varying degrees
among five bisphenol analogues (Tables 2 and S4, Fig. 3). Exposure to

BPA (2.6 and 13.0 μM) and BPE (2.6 and 13.0 μM) significantly elevated
the SFA/UFA ratios. On the contrary, SFA/UFA ratios were significantly
reduced following exposure to BPAF (2.6 and 13.0 μM) or BPB (2.6 and
13.0 μM). The effect of bisphenols (BPA, BPAF, and BPB) on the SFA/
UFA ratio also exhibited a concentration-dependent manner (Table 2).
No significant change in the SFA/UFA ratio was observed following BPS
exposure (Table 2).

In addition to physiologically relevant fatty acid ratios, individual
fatty acids also affect individual growth and population development by
affecting the metabolism and energy supply (McKeegan and Sturmey,
2011). For example, C18:3 (6, 9, 12C) (γ-linolenic acid) is important to
organismal growth, development and energy metabolism, either as a
component of membrane phospholipids or as a precursor to various
eicosanoids (Jump, 2002). Another UFA C16:1(9C) (palmitoleic acid)
may prevent beta-cell apoptosis induced by glucose or saturated fatty
acids (Morgan and Dhayal, 2010). In the present study, BPA and BPE
treatments resulted in slight but significant decreases (p < 0.05) in γ-
linolenic acid composition, whereas BPAF and BPB exposure sig-
nificantly enhanced its compositions (p < 0.05). No significant change
was found following BPS exposure. All treatments except for BPS con-
sistently reduced palmitoleic acid composition during the stable growth
stage, whereas BPS significantly elevated its composition.

Previous studies suggested that the tolerances of microorganisms,
including Tetrahymena, to environmental stresses were associated with
adaptive modification of membrane fatty acids, while the alternation of
membrane fluidity in Tetrahymena coincided with the proportional
changes of UFA and SFA levels (Mortimer et al., 2011). Cells can be
regulated by the SFA/UFA ratios, isomerized unsaturated fatty acids, or
increasing the length of fatty acids to improve the cells’ adaptation to
adverse environments (Yoon et al., 2015; Fozo and Quivey, 2004).
Thus, in our treatments, T. thermophila may employ similar adaptive
strategies by regulating its own fatty acid profile to reduce the potential
damage to cell membranes from bisphenol exposure.

Table 1
Fatty acid composition of T. thermophila after 12, 30 and 60 h incubation in SPP (super proteose peptone) medium (no toxicants added; growth conditions).

Fatty acids % from total fatty acidsa

Fatty acids Common name After 12 h After 30 h After 60 h

C4:0 Butyric acid 0.24 ± 0.01 0.06 ± 0.01 0.08 ± 0.01
C10:0 Capric acid 0.27 ± 0.02 0.12 ± 0.01 0.02 ± 0.01
C11:0 Undecanoic acid 0.10 ± 0.01 0.04 ± 0.01 0.01 ± 0.01
C12:0 Lauric acid 6.76 ± 0.20 4.22 ± 0.02 2.66 ± 0.10
C12:1(11C) Lauroleic Acid 0.23 ± 0.01 0.18 ± 0.01 0.21 ± 0.01
C13:0 Tridecylic acid 0.43 ± 0.01 0.28 ± 0.01 0.25 ± 0.01
C14:0 Myristic acid 22.45 ± 0.32 17.2 ± 0.08 15.61 ± 0.33
C14:1(9C) Myristoleic acid 0.10 ± 0.010 0.02 ± 0.01 0.01 ± 0.01
C15:0 Pentadecanoic acid 1.70 ± 0.06 1.80 ± 0.02 2.18 ± 0.09
C15:1(10C) Pentadecenoic acid (cis -10) 0.11 ± 0.01 0.16 ± 0.01 0.48 ± 0.01
C16:0 Palmitic acid 27.56 ± 0.73 28.54 ± 0.11 17.68 ± 0.32
C16:1T(9T) Palmitelaidic acid 0.03 ± 0.01 0.02 ± 0.01 0.02 ± 0.01
C16:1(9C) Palmitoleic acid 5.37 ± 0.05 3.54 ± 0.02 2.34 ± 0.05
C17:1(10C) Heptadecenoic acid 0.33 ± 0.01 0.40 ± 0.01 0.26 ± 0.01
C18:0 Octadecanoic acid 0.76 ± 0.02 1.76 ± 0.03 0.86 ± 0.02
C18:1T(9T) Oleic acid 0.04 ± 0.01 0.05 ± 0.01 0.05 ± 0.01
C18:1T(11T) Octadecenoic acid (trans-11) 0.11 ± 0.01 0.15 ± 0.02 0.25 ± 0.01
C18:1(6C) Petroselinic acid 1.89 ± 0.02 4.17 ± 0.04 1.01 ± 0.02
C18:1(11C) Vaccenic acid (cis-11) 0.15 ± 0.01 0.48 ± 0.02 0.61 ± 0.01
C18:2T(9,12T) Octadecadienoic acid (trans-912) 0.03 ± 0.01 0.12 ± 0.01 0.11 ± 0.01
C18:2(9,12C) Linoleic acid 7.58 ± 0.16 9.33 ± 0.02 10.76 ± 0.16
C18:3(6,9,12C) Gamma-linolenic acid 22.23 ± 0.52 24.19 ± 0.17 40.69 ± 0.72
C19:0 Isoarachidic acid 0.12 ± 0.01 0.16 ± 0.01 0.11 ± 0.01
C19:1(10C) Nonadecenoic acid (cis-10) 0.11 ± 0.01 0.14 ± 0.01 0.30 ± 0.01
C20:0 Arachidic acid 0.05 ± 0.01 0.24 ± 0.01 0.11 ± 0.01
C20:1(11C) Eicosenoic acid (cis-11) 0.54 ± 0.01 1.33 ± 0.02 0.85 ± 0.01
C20:2(11,14C) Eicosadienoic acid (cis-1114) 0.54 ± 0.01 1.17 ± 0.01 2.34 ± 0.08
C20:3(8,11,14C) Dihomo-gamma linolenic acid 0.06 ± 0.01 0.11 ± 0.01 0.14 ± 0.01
C20:4(5,8,11,14C) Arachidonic acid 0.10 ± 0.01 0.03 ± 0.01 0.02 ± 0.01

a Mean value of three biological replicates ± standard error of mean.
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The change of fatty acid profiles could be linked with the disruption
of several physiological activities in organisms, including: (1) metabo-
lism, given that fatty acids are widely accepted as potential metabolic
substrates (Sturmey et al., 2009); (2) membrane composition and
fluidity, because regulation of membrane fluidity through fatty acid
modifications is an adaptive approach for microorganisms to environ-
mental stressors (Zhu et al., 2014); and (3) cell signaling events and
gene expression. Many of the extensive range of molecules required for
cellular signaling have fatty acid precursors (Piomelli, 1993), while
fatty acids also bind with nuclear receptors, thus exerting important
regulatory control over receptor activities and gene expression (Bordoni
et al., 2006; Sampath and Ntambi, 2005). Therefore, following bi-
sphenol exposure, T. thermophila may change their fatty acid utilization
pattern, and divert the fatty acid metabolic energy toward detoxifica-
tion and maintenance of homeostasis instead of growth and prolifera-
tion, resulting in significant inhibitory effects.

3.4. Characterization of gene expression profiles

In total, at least 21,367,155 clean reads were obtained, and over
96.38 % of total clean reads were mapped to genome database of T.
thermophila, representing a total of 25,818 genes (Table S5). Eleven
genes were randomly selected to perform qRT-PCR assay in order to
confirm the findings of the RNA-Seq analysis. The results demonstrated

that the expression profiles in all treatments groups were consistent
with RNA-Seq data, except for the TTHERM_00926980 gene (encoding
EC: 2, 3, 1, 9) expression in BPE treatments (Figure S4 A). In general,
the correlation coefficient between RNA-seq and qRT-PCR results were
0.67 (Pearson’s correlations, p < 0.01) for five bisphenols.
Furthermore, exposure to bisphenols caused a dose-dependent altera-
tion in gene expressions (Figure S4 B).

Transcription sequencing exhibited chemical-specific changes in the
signaling pathways of fatty acid metabolism. For BPA (13.0 μM), the
expression of enzyme genes showed a decreasing trend, and the mRNA
levels of genes encoding EC: 6.2.1.3, EC: 2.3.1.9, EC: 2.3.1.16, EC:
1.3.3.6, EC: 1.1.1.330 and EC: 4.2.1.134 were significantly down-
regulated (Fig. 4). BPAF (13.0 μM) resulted in an increasing trend of
gene expression, particularly for the genes encoding EC: 6.2.1.3, EC:
2.3.1.16, EC: 1.3.3.6 and EC: 4.2.1.17. The expression of genes en-
coding EC: 6.2.1.3 was significantly decreased following BPB exposure
(13.0 μM), while the expression of genes encoding EC: 1.3.3.6 and EC:
1.14.19.1 was significantly up-regulated. BPE (13.0 μM) significantly
up-regulated the mRNA expression of EC: 1.1.1.330, EC: 1.3.1.93 and
EC: 1.14.19.1. Unlike the other analogues, BPS did not change the
mRNA levels of enzyme genes, except for the TTHERM_00113020
(encoding EC: 6.2.1.3), TTHERM_000091579 (encoding EC: 2.3.1.9)
and TTHERM_00538900 (encoding EC: 4.2.1.134) which were all sig-
nificantly down-regulated. Therefore, in general BPA depressed the

Table 2
Percentages of saturated and unsaturated fatty acids in T. thermophilaa.

Exposure 12 h 30 h 60 h

SFAb (%) UFAc (%) Ratiod SFA (%) UFA (%) Ratio SFA (%) UFA (%) Ratio

Control 60.45 ± 0.65 39.55 ± 0.65 1.53 ± 0.04 54.42 ± 0.21 45.58 ± 0.21 1.19 ± 0.01 39.56 ± 0.47 60.44 ± 0.47 0.65 ± 0.01
BPA-2.6 μM 58.75 ± 0.68 41.25 ± 0.68 1.43 ± 0.04 53.29 ± 0.23 46.71 ± 0.23 1.14 ± 0.01 40.98 ± 0.24* 59.02 ± 0.24* 0.69 ± 0.01*
BPA-13.0 μM 58.54 ± 0.29 41.46 ± 0.29 1.41 ± 0.02 50.09 ± 0.68* 49.91 ± 0.68* 1.00 ± 0.03* 41.66 ± 0.26* 58.34 ± 0.26* 0.71 ± 0.01*
BPAF-2.6 μM 57.22 ± 1.28 43.56 ± 1.53 1.32 ± 0.08 53.29 ± 0.23 46.71 ± 0.23 1.14 ± 0.01 36.43 ± 0.44* 70.91 ± 0.73* 0.51 ± 0.01*
BPAF-13.0 μM 58.57 ± 1.33 41.79 ± 1.55 1.41 ± 0.09 50.09 ± 0.68* 49.91 ± 0.68* 1.00 ± 0.03* 36.21 ± 0.09* 70.12 ± 0.23* 0.52 ± 0.01*
BPB-2.6 μM 59.05 ± 0.33 41.12 ± 0.28 1.44 ± 0.02 51.02 ± 0.37* 48.34 ± 0.33 1.06 ± 0.01 37.76 ± 0.09* 61.98 ± 0.06* 0.61 ± 0.01*
BPB-13.0 μM 57.99 ± 0.31 42.11 ± 0.25 1.38 ± 0.02 51.65 ± 1.33 48.46 ± 1.10* 1.07 ± 0.05 36.45 ± 0.15* 62.84 ± 0.11* 0.58 ± 0.01*
BPE-2.6 μM 62.05 ± 0.30 37.49 ± 0.32 1.66 ± 0.02 58.71 ± 0.67* 42.63 ± 0.63* 1.38 ± 0.04* 41.54 ± 0.12* 58.58 ± 0.15* 0.71 ± 0.01*
BPE-13.0 μM 63.28 ± 0.35 35.82 ± 0.39* 1.77 ± 0.03* 55.84 ± 1.43 45.58 ± 1.28 1.23 ± 0.07 41.74 ± 0.11* 58.48 ± 0.15* 0.71 ± 0.01*
BPS-2.6 μM 59.90 ± 0.45 40.13 ± 0.44 1.49 ± 0.03 53.62 ± 0.39 46.40 ± 0.42 1.16 ± 0.02 39.10 ± 0.06 60.77 ± 0.08 0.64 ± 0.01
BPS-13.0 μM 59.63 ± 0.56 40.38 ± 0.55 1.48 ± 0.03 50.71 ± 0.99* 49.00 ± 0.85* 1.04 ± 0.04* 39.03 ± 0.09 61.01 ± 0.13 0.64 ± 0.01

a The percentages are the means of three biological replicates ± standard error of mean.
b Saturated fatty acids.
c Unsaturated fatty acids.
d Ratio of a total of 11 saturated fatty acids to a total of 18 unsaturated fatty acids.
* Denotes p < 0.05 compared to control group at the respective time point.

Fig. 3. Changes of fatty acid composition of T. thermophila after 60 h exposure to bisphenol analogues. The heat map was calculated by z scores.

J. Li, et al. Journal of Hazardous Materials 395 (2020) 122643

6



expression of genes related to fatty acid metabolism and biosynthesis,
whereas up-regulation was observed for BPAF and BPE. BPB and BPS
exhibited relatively weak effects on gene expression.

Previous studies have demonstrated that fatty acid profiles are

closely associated with the expression of the enzymes related to fatty
acid metabolism and biosynthesis (Pereira et al., 2003; Smith et al.,
2003). The above results suggested that alteration in transcriptional
levels of fatty acid metabolism could be a molecular initiation event for

Fig. 4. Effects of bisphenol analogues on gene expression.
(A) Transcriptomic analysis revealed different response
patterns of T. thermophila upon exposure to bisphenol
analogues (13.0 μM each) for 60 h. Heat map showing the
log2 (fold changes), which calculated versus the control
average. Significant differences from control are indicated
by an asterisk (*), log2≥1 and q-value (corrected p-value)
≤0.001. Color scale ranges from red to blue which re-
spectively denotes the up- or down-regulated of the genes.
(B) Schematic representation of the regulation of key en-
zyme genes in fatty acid metabolism pathways. The mRNA
expression of 11 enzymes was quantified in the study. EC
number and recommended name are indicated in the cyan
and yellow boxes, respectively. In this scheme, only simple
metabolic processes were illustrated; red arrows indicate
key enzyme genes involved in regulatory metabolic pro-
cesses, while red dashed arrows indicate abbreviations for
specific metabolic processes. Figure references KEGG
pathway tet01212, tet00061, tet00062, tet00071 and
tet01040 (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version
of this article).
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the change of fatty acid compositions. Russell (1984) reported that the
mechanisms used by bacterial cells to alter the saturation and un-
saturation ratio of membrane fatty acids depend on the mechanism of
fatty acid metabolism. The primary regulation of fatty acid metabolism
was conducted at the transcriptional level, as for other biological pro-
cesses (Fujita et al., 2007). Enzymes involved in fatty acid metabolism,
especially some important rate-limiting enzymes, play a major role in
transcriptional regulation of fatty acid metabolism (Houten and
Wanders, 2010). For example, delta 9-desaturase (EC: 1.14.19.1) cat-
alyzes the formation of the first double bond in C16:0 or C18:0 fatty
acids (Zhao et al., 1996).

The association of fatty acid compositional change with selected
genes exhibited variations among bisphenol analogues, although none
of the associations was determined to be significant. For example, while
the SFA/UFA ratios were overall enhanced under both BPA and BPE
treatments, selected genes were generally down-regulated by BPA ex-
posure, but only two genes were significantly down-regulated during
BPE treatments and other genes were either non-regulated or sig-
nificantly up-regulated (6/46 genes). BPAF and BPB appeared to result
in decreased SFA/UFA ratios. However, selected genes involved in fatty
acid biosynthesis, degradation, or elongation were regulated in dif-
ferent patterns between the treatments with the two analogues.

The lack of significance in the associations between fatty acid pro-
file change and gene expression regulation may be due to a number of
reasons. First, the expression of enzyme genes is temporarily and spa-
tially regulated, while the distinctive expression pattern of each enzyme
gene partially overlaps with other members of the multigenic family
(Lowe and Marth, 2003). This could be attributed to distinctly different
regulations of TTHERM_00113020 and TTHERM_00187210 following
BPB exposure, although both genes encode EC: 6.2.1.3 (Fig. 4). Second,
gene expression is affected by mRNA and protein stability (Rigault
et al., 2013). Although changes in mRNA expression were determined
in our study, the stability and translation efficiency of mRNA remained
unknown. Third, following chemical exposure, gene expression is also
time-dependent. Time delays in gene networks could strongly affect
response state (Smolen et al., 2000).

Although exposure to different bisphenol analogues all resulted in
the inhibition of individual growth and population proliferation of T.
thermophila, the pattern in the disruption of fatty acid compositions and
mRNA expressions exhibited quite large variations among treatments of
different bisphenols. This likely suggests non-specific mode of action.
Previous studies also demonstrated bisphenol analogue-dependent im-
pact on pathways such as liver X receptor/retinoid X receptor activa-
tion, hepatic fibrosis and cholestasis, adipogenesis and lipid metabolism
(Boucher et al., 2016), suggesting non-specific mode of action. Our
findings also suggest that additional signaling pathways other than the
disruption of fatty acid metabolism/biosynthesis could be involved in
the regulation of individual growth and population proliferation. Yue
et al. (2019) assessed the metabolomic modulations of HepG2 cells
exposed to four bisphenol analogues (i.e., BPA, BPAF, BPF, and BPS)
and revealed that BPAF may disrupt glucometabolism via modulating
the pyruvate kinase expression levels. By contrast, the other three
analogues may act through impairing glucose sensing by decreasing the
expression levels of glucokinase.

The analogue-specific in the disruption of fatty acid profiles and re-
lated gene expressions may also suggest structure-dependent toxicity.
Hydrophobicity determines solubility of phenols in cellular fractions
(Hansch et al., 2000). An increase in log Kow value enhances the effec-
tiveness of diffusion of xenobiotics across cellular membrane, which may
lead to stronger cytotoxicity of a chemical (Tsutsui et al., 1997). The five
bisphenols of interest have log Kow ranging from 2.17 to 4.47. The re-
placement of the bridging carbon with a SO2 group results in lower log
Kow and higher polarity for BPS when compared with BPA. This likely
contributes to the weakest effect of BPS on growth and proliferation ob-
served in the present study. Previous estrogenicity studies also revealed
lower activities of BPS compared with BPA as well as other main bisphenol

analogues (Molina-Molina et al., 2013). In addition, the replacement of
methyl groups with CF3 has been reported to increase hormonal activity of
BPAF compared with BPA (Maćczak et al., 2015). This also agrees with our
study where BPAF shows the lowest EC50 compared with other analogues.
These available findings indicate chemical-specific effects due to structural
differences. However, the structure-activity relationships for bisphenol
analogues require better elucidations.

4. Conclusions and environmental implications

In the present study we reported that five bisphenol analogues (i.e.,
BPA, BPAF, BPB, BPE, and BPS) not only inhibited individual growth
and population proliferation of T. thermophila, but also altered fatty
acid profiles and related mRNA expressions. The results clearly in-
dicated that these analogues could pose adverse effects on low-trophic
level aquatic organisms, particularly through the disruption of en-
dogenous metabolic balance. However, a limitation of our study should
be pointed out that, in order to address short-term, acute toxicity, we
used the exposure concentrations of bisphenol analogues generally
three orders of magnitude greater than their actual environmental
concentrations. Our future study will employ environmental con-
centrations to investigate the effects of relatively long-term exposure on
the growth and proliferation of T. thermophila.

The comparison of inhibitory effects on population suppression in-
dicated a rank of toxic impacts as follows:
BPB > BPA≈BPAF > BPE > BPS. The elevated toxicity of BPB
compared with BPA and the similarity in inhibitory effects between
BPAF and BPA suggested that the ecological risks of these BPA alter-
natives should be concerned. Fatty acid and gene expression analyses
suggested chemical-dependent toxic mechanisms for these bisphenol
analogues. However, the causal relationship between the disruption of
fatty acid metabolism/biosynthesis and subsequent effects on in-
dividual growth or population proliferation requires in-depth explora-
tion. Other possible pathways, such as amino acid metabolism, carbo-
hydrate metabolism, and glycan biosynthesis and metabolism, could
also be involved as potential mechanisms leading to adverse effects.
Efforts to addressing these possible pathways will facilitate a better
elucidation of toxic modes of action by bisphenol analogues.
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