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A B S T R A C T

Bisphenol A (BPA), one of the most abundant endocrine-disrupting compounds, is frequently detected in diverse
aquatic environments, which imposes a substantial burden on the aquatic ecosystem. However, the correlation
between BPA levels and the outbreak of a cyanobacterial bloom remains largely unknown. In this study, the
cellular and transcriptomic responses to BPA exposure were investigated. Exposure to a high concentration of
BPA (50 μM) significantly inhibited the growth of cyanobacterial cells, with the highest inhibition ratio of
51.3%, photosynthesis, and the release of extracellular microcystin-LR (MC-LR) (p < 0.05). However, exposure
to low concentrations of BPA (0.1 and 1 μM) also affected these indicators, but the differences were closely
related to the growth phase of the cyanobacterial cells. In addition, an imbalance between the antioxidant
system and oxidative stress was observed in cyanobacteria under BPA stress. Folate biosynthesis, ABC trans-
porters and ubiquinone and other terpenoid-quinone biosynthesis were the central metabolic pathways triggered
by BPA stress. The up-regulated genes, including queC, VTE3 and PsbO were the controller of cellular growth
and photosynthesis. The down-regulated genes, including VET4, MlaE and DnaA were potential biomarkers of
oxidative damage. The up- and down-regulated genes, including CA, Ppc and CyoE were the main regulators of
energy generation. The findings will provide important insights into the role of endocrine disruptors in the
frequent outbreak of cyanobacterial blooms.
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1. Introduction

Bisphenol A (BPA) is widely applied to various products that affect
all aspects of people's daily lives, such as epoxy resins, polycarbonate
plastics, food and beverages cans, dental composites/sealants, dish and
laundry detergents and care products (Fenichel et al., 2013; Fleisch
et al., 2010; Dodson et al., 2012). Its high production volume, in-
complete removal during wastewater treatment and leaching from the
discharge of BPA-containing consumer products, leads to the frequent
detection of BPA in the natural environment (Robinson et al., 2009;
Melcer and Klecka, 2011; Sajiki and Yonekubo, 2003). A BPA con-
centration of 174.6 ng mL−1 was detected in the microbasin of the
Apatlaco River by Ronderos-Lara et al. (2018). In surface water, a BPA
concentration of 56 μg L−1 was reported by Corrales et al. (2015). Due
to the increasing demand for BPA-based products, BPA pollution in the
natural environment will become increasingly serious (Huang et al.,
2012). According to a recent survey, BPA has been detected at a high
frequency (up to 99%) in human urine samples (Ye et al., 2015). Be-
cause of the health concerns associated with BPA exposure (Sekizawa,
2008; Hengstler et al., 2011; Shelby, 2008), additional studies of the
fate and effect of BPA on the natural environment are required. Cur-
rently, some evidence supports the hypothesis that cyanobacterial
blooms serve as the sink and source of endocrine disruptors in fresh-
water lakes in China (Jia et al., 2019); however, no data exist to elu-
cidate the real role of endocrine disruptors in the frequent outbreak of
cyanobacterial blooms.

Recently, some studies described the effects of BPA on algae, which
mainly focused on the changes in the algal growth dynamics induced by
BPA. The addition of BPA was detrimental to the algae growth, but the
effect was weakened as the nitrogen or phosphorus concentration in-
creased (Yang and Wang, 2019a, b). These emerging studies have
substantially improved our understanding of the role of BPA in algae
growth; however, the ecological risks of BPA are not completely un-
derstood. In addition, these studies were mainly conducted when
phytoplankton reached their logarithmic growth stage, during which
phytoplankton usually exhibit the best metabolic activities and are able
to resist external disturbances. Therefore, the published literature may
underestimate the adverse effects of BPA on phytoplankton growth. To
our knowledge, limited information is available about the physiological
effects of BPA on freshwater algae throughout the growth cycle, but
these data are essential for understanding the true role of BPA.

Hence, one of the toxin-producing cyanobacterial harmful algal
blooms genera in freshwater ecosystems, Microcystis aeruginosa was
used as a representative of prokaryotic algae to examine two aspects of
the possible regulatory effect of BPA on M. aeruginosa in this study.
First, M. aeruginosa were exposed to BPA levels reaching or exceeding
the upper limit of environmentally relevant concentrations, which
ranged from 0.1−50 μM, and then the optical density (OD680), popu-
lation growth inhibition, chlorophyll a (Chl-a) content, chlorophyll a
fluorescence, antioxidant responses, reactive oxygen species (ROS) and
lipid peroxidation levels and the risk of MC-LR release from M. aeru-
ginosa were measured during the 15-d period. Secondly, the tran-
scriptome-based analysis of gene expression of M. aeruginosa was per-
formed to provide insights into the regulatory mechanism of BPA at the
molecular level. The aim of this study is to obtain comprehensive in-
sights into the regulatory mechanism of BPA on cyanobacteria during
long-term exposure. The observations will provide important clues to
evaluate the physiological and molecular effects of endocrine disruptors
on the frequent outbreak of cyanobacterial blooms.

2. Materials and methods

2.1. Strains and reagents

The strain M. aeruginosa FACHB905 was supplied by the Freshwater
Algae Culture Collection at the Institute of Hydrobiology (FACHB-

Collection, Wuhan, China). Bisphenol A (BPA) was purchased from
Sigma-Aldrich (St. Louis, MO, USA).

2.2. Microbial culture and bisphenol A treatment

M. aeruginosa were cultured at 25 °C with a light-dark cycle of 12:
12 h (4000 lx). At the exponential growth phase, cells were harvested,
centrifuged, and then re-suspended to prepare the cyanobacterial sus-
pensions at an initial density of 1.87 ( ± 0.02) × 106 cells mL−1 in a
1000 mL Erlenmeyer flask. Subsequently, a stock solution of BPA at 1.0
g L−1 was diluted to the different test concentrations to add into the
BG11 medium to gain the following final nominal concentrations: 0
(control), 0.1, 1, 5, 10 and 50 μM. Each treatment has three biological
replicates.

2.3. Cyanobacterial growth

Cultures of M. aeruginosa were aseptically sampled daily until day
15, to measure the cell density by recording the optical density at a
wavelength of 680 nm (OD680). A standard curve showing the cell
density as a function of OD680 was generated from a standardized cy-
anobacteria culture and a hemocytometer. The following regression
equation was used, y indicates the cell counts, ×106 cells mL−1, and x
was the optical density of 680 nm (OD680): y = 12.054×−0.0543 (R2

= 0.9961). The growth inhibition rate (IR) was calculated using Eq. (1):
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where C is the cell count of treated group, C0 is the cell count of the
control group. The Chl-a content was determined according to our
previous published method (Yang and Wang, 2019b).

2.4. Chlorophyll fluorescence analysis

Cyanobacterial cells in each test group were collected every 2 d to
analyze the chlorophyll fluorescence. A series of photosynthetic activity
parameters, including the maximum and actual photochemical
quantum yield of photosystem II (PSII) (Fv/Fm and ΦPSII), rapid light
curve (RLC), the maximum potential relative electron transfer rate
without photoinhibition (rETRmax), the initial slope (α), the semi-light
saturation point (Ik) and the non-photochemical quenching (NPQ),
were determined using a PhytoPAM fluorescence monitoring system
(Walz, Germany). The maximum and actual photochemical quantum
yield of photosystem II (PSII) (Fv/Fm and ΦPSII) were calculated using
Eqs. (2) and (3), respectively:
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where F0, Fm, Fs and Fm′ are the minimum and maximum fluorescence,
the light-acclimated steady-state fluorescence, and maximum fluores-
cence (Fmʹ), respectively.

The relative electron transport rate (rETRmax), which is associated
with the overall photosynthetic performance of microalgae, was de-
termined by fitting a curve of rETR versus PAR, using the equation
reported by Platt et al. (1980).

2.5. Determination of the intracellular and extracellular MC-LR

On the third, ninth and fifteenth days of a 15-day exposure period,
20 mL of culture were harvested by centrifugation at 10,000 rpm for 10
min at 4 °C, and the supernatant was filtered with a 13 mm diameter
nylon syringe filter (0.22 μm pore size) to obtain the solution con-
taining the extracellular MC-LR (Fraction A). Thereafter, the centrifugal
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sediment was thoroughly dissolved in 5 mL of 50% methanol/water (v/
v) containing 1% acetic acid (v/v) in an ultrasonic cell homogenizer on
ice for 5 min at 350 W (Boyer, 2007). Subsequently, the homogenate
was then centrifuged at 12,000 rpm for 10 min at 4 °C to produce the
supernatant and eventually obtain the intracellular MC-LR (Fraction B).
Both fractions were measured using a microcystin enzyme-linked im-
munosorbent assay (ELISA) kit according to the manufacturer’s in-
structions (Chen et al., 2010)

2.6. Determination of intracellular ROS levels, lipid peroxidation and
antioxidant capacity

The ROS level analyzed in this study specifically refers to the in-
tracellular ROS level. The cyanobacterial cells were collected on the
third, ninth and fifteenth days of exposure. The harvested cyano-
bacterial cells were used to analyze ROS levels, the malondialdehyde
(MDA) content, glutathione (GSH) content, and activity of the anti-
oxidant enzyme superoxide dismutase (SOD). Detailed descriptions of
the methods used to measure these indices are provided in Text S1.

2.7. RNA extraction and transcriptomic analysis

The cyanobacterial cells treated with 0.1 and 50 μM of BPA or the
control for 15 d were collected for RNA extraction. Detailed descrip-
tions of the methods used to extract the RNA and perform the tran-
scriptomic analysis are provided in Text S2.

2.8. Statistical analyses

Results are presented as means ± standard deviations. Two-way
ANOVA was performed to elucidate the effect of the interaction be-
tween BPA and exposure time on the cellular eco-physiological indices
using SPSS version 23.0 and Duncan’s post hoc test (p < 0.05). One-way
ANOVA was used to compare variable means.

3. Results and discussion

3.1. Effect of BPA on cyanobacterial cells growth characteristics

Analyses of the growth curve and inhibition rate were performed to

examine the effect of BPA on the growth of M. aeruginosa (Fig. 1). A
significant inhibitory effect on the cyanobacterial cell growth was ob-
served at each BPA treatment, while an inconsistent change in the
growth of M. aeruginosa was discovered at different BPA exposure times
and concentrations (Fig. 1a). Specifically, before 7 d exposure, the
growth of M. aeruginosa treated with 10 and 50 μM BPA was sig-
nificantly restrained (p < 0.05). After BPA exposure of 7 d, the cya-
nobacterial cells counts in the BPA treatment groups were all sig-
nificantly lower than the control group (p < 0.05). Meanwhile, the
inhibition of cyanobacterial cell growth was more significant as the
concentrations of BPA increased. Compared to the control, BPA con-
centrations of 1−50 μM produced growth inhibition rates of 10.9%,
15.4%, 15.9% and 21.8%, respectively, after 15 d of exposure (Fig. 1b).
BPA concentrations of 0.099, 0.014, and 0.317 μg L−1 were detected in
drinking (tap) water from North America, Europe and Asia, respec-
tively, by Arnold et al., (2013). In some water and effluent, BPA levels
of 0.01 μg L−1 to 17.2 mg L−1 were reported by Michalowicz (2014). In
freshwaters samples, the effective concentration of BPA of
9.663 ± 0.047 mg L−1, which triggered a 50% inhibition of the growth
of C. raciborskii, was observed by Xiang et al. (Xiang et al., 2018a).
Therefore, concentrations of 0, 0.1, 1, 5, 10, 50 μM were used in this
study, because they are close to environmentally relevant concentra-
tions in natural waters. The growth inhibition rates observed in this
study suggested that the growth of M. aeruginosa was altered by BPA at
environmentally relevant concentrations. The possible interpretation
was that higher BPA concentrations might disrupt cell division, folding
modification pathways and signaling pathways, resulting in the
cracking and disintegration of the cell structure. The alterations in the
Chl-a levels of M. aeruginosa treated with different BPA concentrations
are shown in Fig. 1c. Chl-a accumulated throughout the culture period.
Under BPA stress, Chl-a synthesis was significantly inhibited. Moreover,
more significant inhibition of Chl-a synthesis was observed in the pre-
sence of higher BPA concentrations. At a concentration of 50 μM, BPA
significantly inhibited Chl-a synthesis throughout the exposure period
(p < 0.05), and the highest inhibition rate was 51.3%. A similar finding
was reported by Xiang et al. (2018b) When Cylindrospermopsis raci-
borskii was exposed to BPA, the mechanism by which BPA inhibit
photosynthesis was that BPA blocked the electron transfer of PSII from
plastoquinone to the quinone pool.

Fig. 1. Growth characteristics of M. aeruginosa during 15 d cultivations. (a) Cyanobacterial cells counts; (b) cyanobacterial cells growth inhibition rate (IR); (c) Chl-a,
chlorophyll a content in response to different concentration of BPA (Mean and standard deviation of three replicates are shown).
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3.2. Effect of BPA on the photosynthetic performance of cyanobacterial cells

The photosynthetic efficiency parameters (Fv/Fm, ΦPSII) were sub-
stantially altered by BPA after 15 d of cultivation. Fv/Fm initially ex-
hibited an increasing trend, followed by a decreasing trend during the
cultivation period (Fig. 2a). Fv/Fm is an important indicator of the ef-
fects of photoinhibition or various environmental stresses on photo-
synthesis (Ng et al., 2014). ΦPSII initially increased and then decreased
(Fig. 2b). Based on these results, BPA reduced the maximum and actual
photochemical efficiency of PSII. Moreover, more significant inhibition
of Fv/Fm was observed in cells exposed to higher concentrations of BPA,
indicating that higher concentrations of BPA exerted a stronger in-
hibitory effect on photosynthesis in M. aeruginosa. At the same time, the
electron transport rate, the solar energy utilization efficiency and tol-
erance ability to strong light of M. aeruginosa were restrained by ex-
posure to a high BPA concentration, as revealed by the decreasing
trends for four photosynthesis parameters: ETRmax, alpha, Ik and NPQ
(Fig. 3). Additionally, the NPQ value indicates the microalgal photo-
synthetic protection mechanism (Markou et al., 2017). However, the
microalgal protection mechanism functioned only for approximately 2
d, and then the NPQ value gradually decreased to approximately zero,
implying the collapse of the microalgal photosystem (Fig. 3d).

The growth phase of cyanobacterial cells also exerts a substantial
effect on their photosynthesis. The activity in aging cultures and light
availability may become limiting factors as the algal cell biomass in-
creases, resulting in changes in photosynthetic parameters (Oukarroum,
2016). This evidence for this phenomenon in the present study was the
increasing Chl-a content and decreasing NPQ value, which implied that
the photosynthesis in M. aeruginosa is impaired at the late growth stage.

3.3. Effect of BPA on intracellular and extracellular MC-LR levels

Intracellular, extracellular and total MC-LR levels were calculated as
the value of the cell quota. As shown in Fig. 4, cells in the lag growth
phase showed a higher mean microcystin quota than cells in the ex-
ponential and stationary phases, suggesting that the growth phase of
algal cells was a limiting factor affecting the production and release of
MC (Table 1). A similar finding was reported in the study by Wu et al.
(2015), as the M. aeruginosa biomass increased rapidly and the rate of
MC-LR production was lower than cell division during the exponential
growth phase, which might be responsible for the decrease in the MC-
LR content per cell over the entire exposure period in the present study.
The lower MC quota observed during the stationary phase might have
been due to the higher cell density, which was confirmed by the highest

counts of cyanobacterial cells observed during the stationary growth
phase in M. aeruginosa (Fig. 1a).

Both intracellular and extracellular MC-LR levels decreased until the
concentration of BPA exceeded 0.1 μM, and then a sharp increase in the
extracellular MC-LR level occurred, while the intracellular MC-LR level
exhibited a corresponding decrease with increasing BPA concentrations
(Fig. 4a). This phenomenon revealed substantial damage to the cya-
nobacterial cells, and thus a large amount of MC-LR was released into
the aquatic environment and the intracellular MC-LR level decreased
accordingly. These findings may result from the critical lysis of cya-
nobacterial cells triggered by BPA stress, resulting in the mutual
transfer of MC-LR between the intracellular and extracellular com-
partments. Further support for this phenomenon was provided in the
study by Daly et al. (2007).

3.4. Intracellular ROS levels, lipid peroxidation and antioxidant capacity

ROS levels were significantly increased in cyanobacterial cells ex-
posed to BPA during each growth phase (p < 0.05) (Fig. 5a). Ad-
ditionally, cyanobacterial cells in stationary growth phase from the
control and BPA treatment groups produced more ROS than cells in the
lag or exponential growth phase. The MDA content was also sig-
nificantly increased by BPA exposure in cells in each growth phase
(p < 0.05). Meanwhile, the MDA content was significantly reduced as
the culture time increased (p < 0.05) (Fig. 5b).

The effects of BPA on the antioxidant capacities (SOD and GSH) of
M. aeruginosa are shown in Fig. 5c and d. The SOD activity was not
significantly different between the control group and groups treated
with low levels of BPA treatment (0.1–1.0 μM) in each growth phase
(p > 0.05) (Fig. 5c). However, exposure to higher concentrations of
BPA (5−50 μM) significantly increased the SOD activity by 7.7%,
13.7% and 12.0%, respectively (Fig. 5c). The GSH content was sig-
nificantly increased by the higher BPA concentrations throughout the
growth phase (p < 0.05). BPA and the exposure time altered the GSH
content in a similar manner to the SOD activity (p < 0.05) (Table 1 and
Fig. 5d). The GSH content was markedly increased as the BPA con-
centration increased during each growth phase, and was significantly
decreased by the late growth phase under each treatment condition
(p < 0.05).

The intracellular ROS level increased as the exposure time and
concentration of BPA increased (Fig. 5a). This finding implied sub-
stantial damage to the antioxidant system of M. aeruginosa and trig-
gered oxidative stress in the cyanobacterial cells. Further evidence for
this damage was supplied by the MDA levels. MDA levels are used to

Fig. 2. Effects of BPA on (a) the Fv/Fm value and (b) the ФPSПvalue in M. aeruginosa during 15-d cultivation. Data shown are mean values ± standard deviation. Error
bars indicate standard deviation (n = 3).
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evaluate the level of cell membrane lipid peroxidation triggered by
external environmental stresses (Yang and Miao, 2010). In the present
study, a high concentration of BPA induced substantial membrane lipid
peroxidation and membrane damage in cyanobacterial cells, consistent
with the dose-dependent increase in MDA levels (Fig. 5b). A similar
phenomenon was also triggered by other stresses, such as antibiotics
(Liu et al., 2015), pesticides (Lu et al., 2018), and nanoparticles (Zhang
et al., 2018). However, a significant decrease in the MDA content was
observed in the exponential and stationary growth phases, suggesting
that less membrane damage occurred in M. aeruginosa that was poten-
tially due to the increased accumulation of the cyanobacterial cell
biomass (Xie et al., 2011).

The antioxidant enzyme SOD represents the first barriers in the

intracellular antioxidant system that scavenges reactive oxygen species
to protect cells from external stress (Blokhina et al., 2003). Many stu-
dies have verified that the activities of most antioxidant enzyme, in-
cluding SOD, CAT and POD, increase in response to exposure to exo-
genous pollutants (Qian et al., 2008; Liu et al., 2012). Similar to these
previous reports, the present study revealed a significant increase in
SOD activity in M. aeruginosa exposed to a high BPA concentration
(Fig. 5c). Meanwhile, the GSH content was also significantly increased
in cells exposed to high BPA concentrations (Fig. 5d). The increased
SOD activity may result from the activation of existing enzyme pools or
the increased expression of genes that encode SOD, leading to the
overproduction of superoxide (Xie et al., 2011; Foyer et al., 1997). The
increase in the GSH content was considered an adaptive trait to protect

Fig. 3. Effect of BPA on photosynthetic parameters of M. aeruginosa during 15-d cultivation: (a) rETRmax, maximal electron transport rate, (b) α, the initial slope, (c)
Ik, the semi-light saturation point, (d) NPQ, non-photochemical quenching. Mean and standard deviation of three replicates are shown.

Fig. 4. MC-LR concentration of control and BPA treated samples during 15-d cultivation: (a) intracellular MC-LR, (b) extracellular MC-LR and (c) total MC-LR. Mean
and standard deviation of three replicates are shown; different alphabet letters indicate significant difference in means among groups at each BPA level at p < 0.05
according to one-way ANOVA test.
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against the damage caused by oxidative stress (Gonçalves-Soares et al.,
2012). However, the increasing ROS level and MDA content suggested
an imbalance in antioxidant systems, as revealed by the inadequate
levels of the antioxidants SOD and GSH (Fig. 5). Therefore, the

intracellular over-accumulation of ROS altered membrane perme-
ability, triggered oxidative damage to biomolecules, and generated
lipid peroxidation-related signaling molecules, leading to cell dysfunc-
tion and death (Mittler, 2002).

3.5. Effect of BPA on global transcriptional changes in M. aeruginosa

The global transcriptomic alterations in M. aeruginosa exposed to
0.1 μM and 50 μM BPA for 15 d were investigated and compared with
the control group to further examine the effect of BPA exposure on the
expression of functional genes in M. aeruginosa at the molecular level,
The expression levels of 43 genes were up-regulated and 58 were down-
regulated in the high BPA treatment group (50 μM BPA compared with
the control, H/CK), while 40 were up-regulated and 12 were down-
regulated in the low BPA treatment group (0.1 μM BPA compared with
the control, L/CK) among the 5314 identified proteins (> 2-fold
change, p < 0.05). These genes are plotted in Fig. S1, and represented
the most creditable BPA-regulated genes involved in stimulus response
and the altered metabolic network. A Gene Ontology (GO) enrichment
analysis of the differentially expressed genes in high and low BPA
treatment groups was performed, and the results are shown in Fig. S2.
The cellular component analysis in the high BPA treatment group re-
vealed that most of the genes with altered expression were associated
with external encapsulating structure, cell wall and cell periphery,
while genes in the low BPA treatment group were related to thylakoid
membrane and photosynthetic membrane. The differentially expressed
genes in the high BPA treatment group have notable molecular func-
tions, including double-stranded RNA-specific ribonuclease activity,
dihydroorotate dehydrogenase activity, oxidoreductase activity, acting
on the CH-CH group of donors, quinone or related compound as ac-
ceptor, phospholipid binding and endoribonuclease activity, while
genes in the low BPA treatment group were involved in 2-C-methyl-D-
erythritol 4-phosphate cytidylyltransferase activity, pyrimidine

Table 1
Summary of two-way ANOVA analysis between the effects of BPA and growth
phase on the various cellular contents of M. aeruginosa.

Dependent variables Factors DF F p

Cyanobacterial cell density BPA 5 315.536 p < 0.001
GP 2 76159.985 p < 0.001
BPA × GP 10 39.156 p < 0.001

Chlorophyll-a content BPA 5 1062.461 p < 0.001
GP 2 166738.689 p < 0.001
BPA × GP 10 202.047 p < 0.001

Intracellular MC-LR BPA 5 464.782 p < 0.001
GP 2 81845.564 p < 0.001
BPA × GP 10 195.700 p < 0.001

Extracellular MC-LR BPA 5 298.497 p < 0.001
GP 2 51491.226 p < 0.001
BPA × GP 10 82.478 p < 0.001

Total MC-LR BPA 5 380.283 p < 0.001
GP 2 104764.26 p < 0.001
BPA × GP 10 134.017 p < 0.001

ROS BPA 5 8505.559 p < 0.001
GP 2 85469.795 p < 0.001
BPA × GP 10 2426.141 p < 0.001

MDA BPA 5 226.037 p < 0.001
GP 2 146.036 p < 0.001
BPA × GP 10 4.106 p < 0.001

SOD BPA 5 12.74 p < 0.001
GP 2 698.093 p < 0.001
BPA × GP 10 9.523 p < 0.001

GSH BPA 5 236.741 p < 0.001
GP 2 4626.669 p < 0.001
BPA × GP 10 63.656 p < 0.001

Abbreviation: Growth phase (GP).

Fig. 5. Effect of BPA on (a) ROS content, (b) MDA content, (c) SOD activity and (d) GSH content of M. aeruginosa at the third, ninth and 15th day of a 15-day exposure
period. Mean and standard deviation of three replicates are shown. Different alphabet letters indicate significant difference in means among groups at each BPA level
at p < 0.05 according to one-way ANOVA test.
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nucleoside binding and CTP binding. The biological process analysis
indicated that the 101 and 98 genes with altered expression in the high
and low BPA treatment groups, respectively, were related to cellular
process, growth, localization, metabolic process and response to sti-
mulus (Fig. S2).

A KEGG (Kyoto Encyclopedia of Genes and Genomes) pathway
analysis was performed to elucidate the metabolic pathways in which
these altered genes are involved in. Based on the results (Table 2), the
101 and 52 genes with altered expression in the high and low BPA
treatment groups, respectively, were related to different metabolic
pathways in M. aeruginosa (p < 0.05) and were mainly involved in
ubiquinone and other terpenoid-quinone biosynthesis, folate biosynth-
esis, terpenoid backbone biosynthesis, photosynthesis, ABC transpor-
ters, glycolysis/gluconeogenesis, citrate cycle, oxidative phosphoryla-
tion, porphyrin and chlorophyll metabolism, nitrogen metabolism and
cell cycle-caulobacter. Furthermore, the KEGG pathway analysis was
also utilized to better elucidate the distribution of up- and down-
regulated genes. The results revealed that down-regulated genes con-
trolled the most metabolic pathways in high BPA-treated groups, while
in low BPA-treated groups, up-regulated genes governed the majority of
metabolic pathways (Fig. 6). Folate biosynthesis was significantly en-
riched in both high and low BPA-treatment groups with enrichment
scores of 2.04 and 3.92, respectively, an indication that the cyano-
bacterial cells were accelerated queuosine production for aggregate
formation and promoting their fitness in response to external stress, as
evidenced by the up-regulated gene queC (Table 2 and Fig. 6). In high
BPA-treated groups, the up-regulated genes were frequently involved in
porphyrin and chlorophyll metabolism, ribosome, photosynthesis, ni-
trogen metabolism. The down-regulated genes in high BPA-treated
groups were involved in central carbon metabolism, which includes the
pathways of glycolysis/gluconeogenesis, citrate cycle and pyruvate
metabolism. Moreover, the altered expressed genes associated with the

energy metabolism, including oxidative phosphorylation and carbon
fixation in photosynthetic organisms, were also down-regulated upon
exposure to high BPA concentrations. As the cells were exposed to the

Table 2
Potential candidate genes related to the response to BPA stress.

MAE_Number Gene symbol Annotation p value Fold change

L/CK H/CK

Ubiquinone and other terpenoid-quinone biosynthesis
00130 BH695_RS16970 Methyltransferase domain-containing protein 1.15–10−271 3.23 0.42
00130 BH695_RS16810 Methyltransferase domain-containing protein 2.61–10−19 −0.29 −1.07
Folate biosynthesis
00790 queC 1,7-cyano-7-deazaguanine synthase QueC 2.94–10−11 1.62 2.14
00790 BH695_RS05840 1,6-carboxytetrahydropterin synthase 3.41–10−11 −1.27 −1.00
Terpenoid backbone biosynthesis
00900 BH695_RS11500 2-C-methyl-D-erythritol 4-phosphate cytidylyltransferase 3.21–10−5 1.03 0.22
ABC transporters
002010 BH695_RS20280 Iron uptake protein A1 1.65–10−30 2.26 0.43
002010 BH695_RS02625 MlaE family lipid ABC transporter permease subunit 1.55–10−18 −0.51 −1.00
Glycolysis/Gluconeogenesis
0010 pckA Phosphoenolpyruvate carboxykinase (ATP) 1.02–10−16 −0.43 −1.04
Citrate cycle (TCA cycle)
0020 pckA Phosphoenolpyruvate carboxykinase (ATP) 1.02–10−16 −0.43 −1.04
Oxidative phosphorylation
00190 BH695_RS23775 ProtohemeIX farnesyltransferase 1.46×10−14 −0.28 −1.27
Photosynthesis
00195 BH695_RS17615 Photosystem II manganese-stabilizing polypeptide 2.04–10−1 0.32 1.00
Porphyrin and chlorophyll metabolism
00860 acsF Magnesium-protoporphyrin IX monomethyl ester (oxidative) cyclase 1.02–10−1° 0.80 1.20
00860 BH695_RS23775 Protoheme IX farnesyltransferase 1.46–10−14 −0.28 −1.27
Nitrogen metabolism
00910 BH695_RS03765 Carbonic anhydrase 2.88–10−6 0.52 1.13
Two-component system
002020 BH695_RS10765 Fatty acid desaturase 1.62–10−25 −0.45 −1.08
002020 BH695_RS23780 Chromosomal replication initiator protein DnaA 4.2–10−28 −0.39 −1.11
Ribosome
003010 BH695_RS16295 50S ribosomal protein L7/L12 3.81–10−11 0.64 1.01
003010 BH695_RS16300 50S ribosomal protein L10 7.50–10−1° 0.63 1.03
Cell cycle-Caulobacter
004112 BH695_RS23780 Chromosomal replication initiator protein DnaA 4.20–10−28 −0.39 −1.11

Fig. 6. Pathways associated with up- and down-regulated genes between the
post-exposure BG11 with BPA group at 0, 0.1 and 50 μM of BPA and pre-ex-
posure BG11 group were determined using a DAVID analysis. An enhanced
score [−log(p value)] of ≥1.3 threshold (red dotted line) was considered sig-
nificant. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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low concentration of BPA, the altered genes were mainly related to the
metabolism of cofactors and vitamins, membrane transport and terpe-
noid backbone biosynthesis, which was responsible for preparing ma-
trix substances for electron transfer and substance metabolism.

3.6. Analysis of alterations in the molecular regulatory network in response
to BPA stress

The reaction of splitting water to release oxygen and electrons on
the oxygen-evolving complex of photosystem II was continuous, as
evidenced by the up-regulation of the gene encoding photosystem II
oxygen-evolving enhancer protein 1 (PsbO) to stabilize manganese in
photosystem II in high BPA-treated groups. Nonetheless, the capacities
of scavenging lipid peroxyl radicals at lipoproteins and cell membranes
were substantially affected, as evidenced by the down-regulation of
gamma-tocopherol methyltransferase (VET4) in response to high BPA
exposure, which may provide a good explanation for the increasing ROS
value and MDA content (Fig. 5a and b). However, the plastoquinone
that diffuses between photosystem II and Cyt b6/f was continuously
synthesized to ensure the smooth transfer of electrons and protons in-
side and outside the thylakoid membrane in response to exposure to a
low BPA concentration, as evidenced by the up-regulation of the 2-
methyl-6-phytyl-1,4-hydroquinone methyltransferase (VTE3) gene,
which is involved in the biosynthesis of plastoquinol. The calvin cycle
fixes atmospheric CO2 into a C3 metabolite through a reaction cata-
lyzed by the ribulose-1,5-bisphosphate carboxylase/oxygenase (Ru-
bisco), which serves as a precursor for all cellular constituents and most
of the reduced carbon on Earth. Meanwhile, the activities of enzymes
that generate the bicarbonate from CO2 assimilation were enhanced, as
evidenced by the up-regulated carbonic anhydrase (CA), which is re-
sponsible for converting the bicarbonate absorbed by algae into CO2 for
use by Rubisco (Yu et al., 2018). Therefore, the production of important
metabolites, including 3-phosphoglycerate (3-PGA), glyceraldehyde 3-
phosphate (GAP) and dihydroxyacetone phosphate (DHAP), during
carbon fixation of algal cells will become increasingly favorable,
creating a driving force to initiate the pathway of gluconeogenesis.
Phosphoenolpyruvate carboxykinase (Ppc), involved in glycolysis/glu-
coneogenesis, citrate cycle, pyruvate metabolism and carbon fixation in
photosynthetic organisms, was down-regulated triggered in the high
BPA-treatment group. The Ppc gene is utilized in the C4 carbon-con-
centrating mechanism pathway (Hatch and Mau, 1977), where it slowly
catalyzes the reaction of PEP and bicarbonate to produce oxaloacetate
(Fig. 7).

The C4 carbon-concentrating mechanism pathways were noticeably
activated by BPA stress. Glycolysis breaks down glucose to form pyr-
uvate and acetyl-CoA. The expressions of glucokinase (MAE_18450),
glucose-6-phosphate isomerase (MAE_16590), ATP-dependent phos-
phofructokinase (MAE_38160), fructose-bisphosphate aldolase, class II
(MAE_32470), glyceraldeyde-3-phosphate dehydrogenase
(MAE_25030), phosphoglycerate kinase (MAE_43670), 2,3-bispho-
sphoglycerate-independent phosphoglycerate mutase (MAE_32370),
enolase (MAE_35090), pyruvate kinase (MAE_03940), and the E1
component beta subunit of subunit of pyruvate dehydrogenase
(MAE_05620) and phosphoenolpyruvate carboxykinase (MAE_06160),
were largely unchanged except for some downregulation. These genes
produced pyruvate and acetyl-CoA, which fed into the tricarboxylic
acid (TCA) cycle. Similarly, the genes in the TCA cycle were simulta-
neously down-regulated; the phosphoenolpyruvate carboxykinase
(Ppc), which catalyzes the carboxylation of phosphoenolpyruvate (C3)
to produce oxaloacetate (C4) and fixed CO2, was used to replenish in-
termediates of the TCA cycle for amino acid biosynthesis or to shuttle
CO2 between the mesophyll and bundle sheath cells in C4 plants
(nullvoklwaemmerqueogayyqukimsmykqmy). The down-regulated of
Ppc would slow down the process of gluconeogenesis and TCA cycle.
Meanwhile, the production of acetyl-CoA, a key precursor metabolite
required for fatty acid synthesis and the TCA cycle, was also restrained

through the down-regulation of genes involved in valine, leucine and
isoleucine degradation. In summary, the glycolysis/gluconeogenesis,
citrate cycle and pyruvate pathways were impaired, which subse-
quently adversely affected cell growth and metabolism. This metabolic
mechanism may be the most important source of ROS. In addition, the
process of oxidative phosphorylation was also inhibited by the down-
regulated of heme O synthase (CyoE), which further inhibited the
production of energy.

Additionally, the large subunits, 50S ribosomal protein L7/L12
(RplL) and 50S ribosomal protein L10 (RplJ), which are responsible for
linking amino acids delivered by transfer RNA to form proteins, were
up-regulated in the high BPA exposure group. This finding was con-
sistent with the result that the differentially expressed genes in high
BPA-treatment group were much more than that in low BPA-treatment
group. Moreover, the expression level of iron(III) transport system
substrate-binding protein (fbpA) that efficiently takes up iron together
with the inner membrane transporter, FbpBC (Lu et al., 2019), was
increased in low BPA treatment groups. Thus, the transport and meta-
bolism of iron ions would be accelerated to generate a driving force to
produce more energy and sustain cellular growth, which was consistent
with the conclusion that less growth inhibition occurs in the low BPA
treatment group (Fig. 1). However, after exposure to a high BPA con-
centration, the phospholipid/cholesterol/gamma-HCH transport system
permease protein (MlaE) was down-regulated, which would inhibit
phospholipid transport, and subsequently altered the spontaneous dif-
fusion of the membrane to eventually caused membrane damage
(Vance, 2015). The conserved adenosine triphosphate (ATP)-regulated
initiator protein, DnaA, which was associated with two-component
system and cell cycle- caulobacter, formed a complex with the origin,
oriC, that mediated DNA strand separation and recruitment of re-
plication machinery (Grimwade et al., 2018). The down-regulation of
DnaA delayed the initiation of chromosome replication, resulting in
lower than normal nucleotide levels, while insufficient nucleotides
would slow fork movement directly and allow the machinery to en-
counter the DNA lesions caused by oxidative stress (Charbon et al.,
2018; 2014), as evidenced by the inhibition of cellular growth and in-
creased ROS values (Figs. 1 and 5a).

4. Conclusion

The study explored the regulatory mechanisms underlying the eco-
physiological and molecular responses of cyanobacteria to endocrine-
disrupting compounds. This study is the first to report the global
transcriptional changes in cyanobacterial cells occurring in response to
exposure to endocrine-disrupting compounds. M. aeruginosa exposed to
high and low BPA caused 43 and 40 up-regulated genes respectively,
which was primarily associated with folate biosynthesis, porphyrin and
chlorophyll metabolism, ABC transporters, ribosome, photosynthesis
and nitrogen metabolism. The 58 and 12 down-regulated genes were
related to ubiquinone and other terpenoid-quinone biosynthesis, gly-
colysis/glyconeogenesis, citrate cycle, oxidative phosphorylation,
carbon fixation in photosynthetic organisms and cell cycle-caulobacter,
confirming that the genes with inhibited expression lead to an inhibi-
tion of cyanobacterial cell growth and slow energy metabolism and
triggered oxidative damage, which was an adaptation mechanism of M.
aeruginosa exposed to BPA.
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