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Abstract

Bisphenol A (BPA) is an emerging environmental pollutant with potentially toxic effects on living
organisms. The present study was undertaken to analyze the effects of BPA on the leaves of Arabidopsis
thialina by determining the levels of photosynthetic pigments, reactive oxygen species (ROS), membrane
lipid peroxidation, and ultrastructural malformation. The obtained results revealed that while a low dose
of BPA (10uM) did not alter the test indices significantly, it did cause significant changes in all test indices
at higher concentrations. Upon exposure to 40 uM BPA, chlorophyll @ and chlorophyll b content showed
a decrease of 33% and 30%, respectively. It significantly increased ROS contents and lipid peroxidation at
40 uM BPA exposure. Biochemical and gene expression analysis revealed that the antioxidant system was
activated and mounted a defense against BPA-induced ROS. In the case of superoxide dismutase (SOD),
40 pM of BPA caused an increase of 151%. However, the malfunctioning of ascorbate peroxidase (APX)
and catalase (CAT) at the highest dose of BPA (40 uM) resulted in incomplete activation of the antioxidant
defensive system. BPA stress significantly altered the ultrastructure of cells as evidenced by the reduced
number of starch grains, damaged chloroplast and mitochondria, and altered leaf epidermal surface, guard
cells, and stomata. It is concluded that observed adverse effects in Arabidopsis leaves in response to BPA
exposure could be attributed to BPA-induced oxidative stress.
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Introduction

Plants often grow in environments where they are
exposed to a variety of biotic and abiotic stresses. These
stresses can hinder plants from attaining their full genetic
potential that is necessary for growth and reproduction
[1]. Plants respond to abiotic and biotic stresses through
a series of complex mechanisms involving changes at
physiological, cellular, and transcriptomic levels [2]. By
adopting these survival mechanisms plants may avoid
damage and ensure their growth and development under
adverse environmental conditions, but at the expense of
reduced growth and yield [3].

Bisphenol A (BPA; 2, 2-bis-(4- hydroxyphenyl)
propane) is a key raw material in the production of phenol
resins, transparent polycarbonate plastic, poly-acrylates,
and polyesters [4]. Due to its wide use in the production of
industrial and household items, the global production of
BPA is at an unprecedented high. It has been estimated that
the global annual production of BPA is 6.8 million tons [5],
and the annual growth rate of demand is 6% to 10% [6]. As
a result of its massive usage, BPA has been continuously
brought into the environment through industrial waste,
sewage sludge, and waste landfill leachate [6]. In the
Netherlands and Germany, BPA concentrations up to 21
png/Land 0.4 ug/L, respectively, were detected in surface
water [5]. In Japan, the content of BPA in garbage landfill
leachate was found to reach 17.2 mg/L [7]. Such relentless
emissions of BPA into the environment has seriously
compromised the environmental safety and balance of
the ecosystem [8] it is now clear that an understanding of
the effects of the environment on reproduction requires
a far broader range of expertise and that, at least for
endocrine-disrupting chemicals, many of the tenets of
classical toxicology need to be revisited. Indeed, because
of the wide range of reproductive effects induced by
these chemicals, interest among reproductive biologists
has grown rapidly: in 2000, the program for the annual
Society for the Study of Reproduction meeting included
a single minisymposium on the fetal origins of adult
disease, one platform session on endocrine disruption,
and 23 toxicology poster presentations. In contrast,
environmental factors featured prominently at the 2009
meeting, with strong representation in the plenary,
minisymposia, platform, and poster sessions. Clearly,
a lot has happened in a decade, and environmental
issues have become an increasingly important research
focus for reproductive biologists. In this review, we
summarize some of the inherent difficulties in assessing
environmental effects on reproductive performance,
focusing on the endocrine disruptor bisphenol A
(BPA. Several studies have repeatedly confirmed the
toxicological effects of BPA on humans and animals.
BPA has been reported to cause physiological disorders,
damage reproductive and endocrine systems, and alter
genetic materials [9-11].

With increasing population water scarcity is becoming
a serious global problem. Due to the limitation of water
resources and lack of water management strategies [12-

13], the use of sewage and sludge water for irrigation
purposes is on the rise. Although some important aspects
of irrigation in agriculture water management have
been extensively investigated in previous work [14-16],
limited information is available regarding irrigation of
agricultural land using polluted water. Therefore, BPA is
becoming ubiquitous in soil due to the widespread and
continuous use of sewage and sludge water for irrigation
[17]. BPA is ubiquitous in soil due to wide and continuous
use of sewage and sludgewater for irrigation [17]. The
addition of wastewater treatment plant bio-solids (a
byproduct from municipal wastewater treatment plants)
to soil for the amendment of agricultural land is also a
major cause of BPA in soil [17]. Although BPA is readily
biodegraded by microorganisms, its residues in soil can
remain for some time [3]. It has been reported that rooted
plants, e.g., tobacco, can take up and transport BPA to
the aboveground parts after metabolizing it to a non-toxic
metabolite BPA glycosides [18]. However, there is enough
evidence that BPA can adversely affect plant growth and
development by interfering with key physiological and
metabolic processes.

The effects of BPA on animals and humans have been
frequently reported, but the available literature regarding
the effects of BPA on plants is limited. The few available
studies have revealed that BPA can adversely affect plants,
but these studies have mainly been confined to the effects
of BPA on seed germination, seedling growth, plant
morphology, photosynthesis, BPA uptake, translocation,
and accumulation [18-20], and have rarely focused on the
mechanism of BPA toxicity in plants. Previous studies
also have revealed that different plants species may
respond differently to BPA stress. For example, Ferrara
et al. [21] reported that a 10 mg/L and 50 mg/L of BPA
in a hydroponic culture significantly inhibited root-shoot
length and fresh and dry biomass in tomato, durum wheat,
and lettuce, but the same concentration of BPA did not
alter these indices in broad beans. Other studies reported
that at low concentration BPA stimulated different
growth parameters in plants but significantly inhibited
these parameters at high concentrations [19, 22]. BPA has
also been found to interfere with nitrogen metabolism and
photosynthesis in plants [22].

The impact of BPA on plant growth and develop-
ment involves biochemical disturbance mainly through
oxidative stress [6]. The production of excess reactive
oxygen species (ROS) such as superoxide radical
(0,) and hydrogen peroxide (H,O,) creates oxidative
stress in chloroplasts, plasma membrane, mitochondria,
and peroxisomes [23]. This exaggerated increase in ROS
accumulation damages cell membranes and organelles,
causes changes in vital physiological processes, and
ultimately limits plant growth [24]. The accumulation
of excess ROS triggers a complex ROS scavenging
mechanism involving non-enzymatic and enzymatic
systems to prevent uncontrolled oxidation [25]. The ROS
scavenging mechanism in plants consists of some key
enzymes such as superoxide dismutase (SOD), which

catalyzes the conversion of O, to H,O,, which is further
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detoxified to H,O by the actions of APX, CAT, and POD
enzyme [1].

Arabidopsis is one of the most important model plants
and its use as a model system has been employed to
study the complex network of factors involved in plant
responses to environmental stresses. Furthermore, BPA
contamination of soil and irrigation water may potentially
damage cell organelles mainly through oxidative stress.
However, the effect of BPA on Arabidopsis has never
been investigated previously. In particular, there is no
specific information available regarding the effects of
BPA on the biochemical process and cell fine structures
in the model plant Arabidopsis thialiana. Considering
the wide range of plant responses to BPA exposure and
the scarcity of studies regarding the toxicity of BPA to a
model plant Arabidopsis thialiana, the present study was
design to investigate the biochemical responses and ultra-
structure alteration in leaves of Arabidopsis thialiana
upon exposure to BPA.

Materials and Methods
Plant Materials

Seeds of Arabidopsis thialiana (Columbia ecotype)
wild type (WT) were surface sterilized in 5% (v/v) sodium
hypochlorite for eight minutes, followed by five times
washing with sterile distilled water, and stratified in the
dark for three days at 4°C. The sterilized seeds were grown
hydroponically according to the modified method of [26]
we found through trialling systems as they are described
in the literature that our experiments were frequently
confounded by factors that affected plant growth,
including algal contamination and hypoxia. We also
found the way in which the plants were grown made them
poorly amenable to a number of common physiological
assays. Results: The drivers for the development of this
hydroponic system were: 1 in half-strength MS medium
(pH 5.8). The seedlings were grown in a controlled
environment (22°%18°C, 12/12 h light/dark photoperiod,
75% relative humidity, 150 pmol m? s photon flux) for
two weeks. After two weeks, seedlings were subjected
to BPA stress by transferring the seedlings to half MS
medium supplemented with different dozes (0 (control),
10, 20, 30, 40 uM) of BPA. The seedlings were harvested
after five days of BPA exposure and samples were
collected for further experiments.

Measurement of Fresh Weight and Light
Harvesting Pigments

Afterfive days of BPA exposure, fresh weigh of rosettes
(n = 12) was determined in milligrams. For quantification
of photosynthetic pigments five plants were randomly
selected in each replicate. Photosynthetic pigments
(chlorophyll a, chlorophyll b, and total carotenoids) were
extracted in 80% acetone using the method described by
Ahmmad et al. [27].

Scanning Electron Microscopy (SEM)

For scanning electron microscopy (SEM), leaf
segments (n = 6) without veins were taken from control
(0 uM) and 40 pM BPA-treated seedlings and were
immediately fixed in 2% glutaraldehyde in 0.05 M sodium
cacodylate buffer at pH 7.2. The samples were then put
in 1.0% osmium tetroxide in 0.1 M sodium cacodylate
buffer at pH 7.2 for 1 h, followed by three washes with
sodium phosphate buffer (PBS). For dehydration the
samples were placed in a graded series of ethanol (30,
50, 70, 80, 85, 90, 95, and 100%) for 15 minutes. The
samples were then dried through liquid carbon dioxide
and mounted in metal stubs and sputter-coated with 20
nm gold. The prepared samples were examined under a
scanning electron microscope (LEO 435 VP, Cambridge,
England).

Transmission Electron Microscopy (TEM)

For TEM analysis leaf segments (» = 6) without
veins from untreated (0 uM) and treated (40 pM BPA)
seedlings were fixed in 4% (v/v) gluteraldehyde in
0.1 M sodium phosphate buffer (pH 7.4). After 48 h the
samples were washed three times with buffer followed
by post-fixation in 1.0% osmium tetroxide for 2 h and
then repeated washing with PBS. Afterward the samples
were dehydrated in a graded series of ethanol (30%, 50%,
70%, 80%, 85%, 90%, 95%, and 100%) for 15 minutes
each and then in absolute acetone for 20 minutes. The
samples were then embedded in a spurr’s resin at 70°C
for 9 h. Ultra-thin sections were made and mounted on
copper grids and scanned using a transmission electron
microscope (TEM 1230EX, JEOLK Japan) at 60.0 kV.

Lipid Peroxidation and Histochemical Detection
of H,O,, O, in Leaves

Lipid peroxidation was determined in terms of thio-
barbuteric acid reactive substances (TBARS) following
the protocol of Gratao et al. [28].

The H,O, accumulation in leaves of the control
(0 uM) and 40 uM BPA-treated seedlings was deter-
mined by 3,3-diaminobenzidine (DAB) staining
method as described by Thordal-Christensen et al. [29]
Thordal-Christensen, Zhang [20]. The O, accumu-
lation was determined by staining the leaves using nitro
blue tetrazolium (NBT) using the protocol of Fryer et al.
[30].

Measuring Antioxidant Enzyme Activity

For anti-oxidant enzyme analysis a 0.3 g fresh
leaf sample was homogenized in 9 ml of 50 mM
potassium phosphate buffer (pH 7.8) by grinding with
a pre-chilled mortar and pestle under freezing
conditions. The homogenate was centrifuged twice at
14,000 x g for 15 minutes at 4°C, and the supernatant was
then stored at -20°C and utilized for the determination
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of various antioxidant enzyme assays (SOD, POD, APX,
and CAT).

Superoxide dismutase (SOD, EC 1.15.1.1) activity
was measured using the protocol described by Daud et
al. [31]. The activity of peroxidase (POD) (ECI.11.1.7)
was determined by taking OD at 470 nm as previously
described by [32]. The ascorbate peroxidase (APX)
activity was measured according to [33]. The 3 ml reaction
mixture was comprised of 50 mM potassium phosphate
buffer (pH 7.8), 0.1 mM EDTA-Na,, 0.3 mM ascorbic
acid, 0.06 mM H,0O,, and 100 ul of enzyme extract. The
change in absorbance was measured at 290 nm after 30 s
of the addition of H,O,.

Catalase (CAT, EC 1.11.1.6) activity was assayed
according to the protocol of Aebi [34] by measuring
H,0O, consumption (extinction coefficient, 39.4 mMcm_1)
for 1 minute at A240 in a 3 ml reaction mixture
containing 50 mM potassium phosphate buffer (pH 7.0),
27 mM EDTA-Na2, 10 mM H,O,, and100 ul enzyme
extract.

Isolating Total RNA and Real-Time Quantitative
(qRT-PCR) Expression Analysis

The RNA samples from the leaves were isolated using
RNAiso reagent (TaKaRa, Dalian, China) following
manufacturer’s instructions. The single stranded
cDNA synthesis was performed using M-MLV reverse
transcriptase (Promega) and oligold (T18) primers.
Quantitative real-time PCR was carried out in an optical
96-well plate with a CFX96TM Real-time Detection
System using the method described by Liu et al. [35]. The
baseline and threshold cycles (C, value) were automatically
determined by Roche Light Cycler 96 software (version
1.1.0.1320). Relative expression was calculated using the
relative method of quantification, as the 2-AAC, method
described before Livak and Schmittgen [36].

Data Analysis

The plants were grown in three replicates with 20
plants per replicate (pot) and experiments were performed
twice. Data were analyzed using IBM SPSS statistics
22 software and expressed as mean + standard error
and standard deviation (q-PCR). Differences among the
treated and untreated groups were compared by one-way
analysis of variance (ANOVA) with Tukey’s posthoc test
at a significant level of 95% (P<0.05).

Results

How BPA Exposure Reduced the Pigment
Content in Arabidopsis leaves

Fig. 1a) shows the effects of BPA on photosynthetic
pigments (chlorophyll «a, chlorophyll b, and total
carotenoids). There was no significant effect on
chlorophyll a at 10 and 20 pM of BPA except for a slight

and non-significant increase at 10 uM. However, at
doses above 30 uM, BPA caused a significant decrease
in chlorophyll a content. In the case of chlorophyll b, no
significant effect was observed except for a decrease at the
highest tested concentration (40 pM). The concentration
of total carotenoids was significantly increased by BPA at
the lowest tested concentration, but no significant effect
was observed thereafter.

Fig. 1b) showed the effect of BPA on rosette fresh
weight of Arabidopsis seedlings. Compared to control,
at lower concentrations of BPA exposure no significant
changes in rosette fresh weight were observed. However,
at the highest tested concentration of BPA (40 uM) the
rosette fresh weight decreased significantly as compared
to control.

Expression Levels of Chlorophyll Synthesis Genes
in BPA-treated Plants were Reduced

Having shown that BPA exposure reduced the
chlorophyll content in Arabidopsis, we decided to
examine if the expression of the genes involved in
chlorophyll synthesis are affected by BPA exposure
(Fig. 1c). We examined the expression of several genes
that have been reported to be involved in chlorophyll
synthesis, including CHLOROPHYLLAOXYGENASE
(CAO), CHLOROPHYLLSYNTHASE (CHLG), COPPER
RESPONSE DEFECT 1 (CRDI), and MG-CHELATASE
SUBUNITD (CHLD) [37-39]. The primers of these genes
have been described previously [40]. As shown in (Fig.
1C), the expression of all the genes was increased upon
exposure to lower concentrations of BPA (20 and 30 uM),
however, at the highest BPA concentration the transcript
level of CAO, CRDI, and CHLG genes decreased
considerably as compared to the control. The expression
level of CHLD also decreased at the highest concentration
of BPA, but remained higher as compared to the control.

BPA Induces Structural Changes in Stomata
and Guard Cells

To determine if BPA exposure affects leaf epidermal
surface, we analyzed the abaxial leaf surfaces of
Arabidopsis in the control and BPA-treated samples
(40 uM) using scanning electron microscopy (SEM). The
SEM images showed clear differences between the control
and BPA-treated cells for pavement cells and stomata (Fig.
2). In the control samples, the pavement cells showed a
characteristic jigsaw puzzle shape, but in BPA-treated
leaves the pavement cells appeared to be deformed and
overlapped each other, thus showing an irregular jigsaw
puzzle shape. In BPA-treated leaves the stomata appeared
deformed and irregular with wide openings, possibly due
to shrinkage of guard cells.

BPA Exposure-Altered Organelle Structure

The effect of BPA on cellular structures, as revealed
by electron micrographs of leaf sections, is shown in
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Fig. 3. Organelle ultrastructure of leaf mesophyll cells of Arabidopsis WT with or without 40 pM BPA. (A, B, C, D) control leaf cells.
(Al, B1, C1, and D1) leaf cells of WT-treated with 40 uM BPA. C = chloroplast, thy = thylakoid, S = starch grain,CW = cell wall,

M = mitochondria, P = Perioxisomes

Fig. 3. In the control samples, typical structural features
of organelle were clearly visible, where intact lens-shaped
chloroplast with well-defined grana, thylakoid, stroma,
and starch grains with a well-developed membrane system
were observed (Fig. 3A-D). The control mitochondria
were mainly oval shaped with well-defined cristae. The
controlled chloroplasts were elongated and their length
was at least twice the width. Although they have a
well-defined envelope membrane (Fig. 4), in BPA-treated
leaf cells very few chloroplasts were present and were
mostly deformed with an abnormal shape and degraded
chloroplast envelope (Figs 4Al and 4Cl). Moreover,
BPA greatly damaged and reduced the number of starch
grains as compared to untreated leaves. Similarly, BPA
treatment adversely affected the thylakoid region, as
evident by disrupted thylakoids in treated cells (Fig.
4B1). BPA treatment reduced the mitochondria count,
deformed them, and disappeared the mitochondrial
cristac. In BPA-treated cells an increased number of
plastoglobule were also observed (Fig. 4Bl1). The main
alterations observed in the leaves of BPA-treated cells
were the disruption of chloroplast with disorganized
grana and stroma and disarrangement of thylakoids (Figs
3Al, BI, C1, and DI).

BPA Exposure Induces Lipid Peroxidation
and ROS Generation

Fig. 5b) shows the induction of lipid peroxidation in
the leaves of Arabidopsis in response to BPA exposure
determined in terms of thio-barbuteric acid reactive
substances (TBARS). Exposure to BPA resulted in a
dose-dependent increase in TBARS content, and this
effect was statistically significant at the highest tested
two concentrations (30 and 40 pM). Since TBARS are
the end-product of lipid peroxidation, the measurement
of ROS (H,O, and O,) is a suitable physiological index
to explain the increase in TBARS. In the leaves of
control seedlings, no considerable accumulation of
H,0, and O, was observed (Fig. 5a). However, a
considerable increase in the accumulation of H,O,
and O,” was shown with the increase in concentration of
BPA (Fig. 4). At the highest tested concentration of BPA
(40 uM), more brown spots (for H,0,) and blue spots
(O,) were observed, which indicated the generation
and accumulation of excess ROS in response to BPA
exposure. These observations correspond well to the
pattern of TBARS increase with the increase in BPA
concentration.
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Fig. 4. Transmission electron micrographs of chloroplast with or without 40 uM BPA. Control cells (A, B, C), treated cells (A1, B1, C1).
CE = chloroplast envelop, thy = thylakoid, S = starch grain, M = mitochondria, P = plastoglobule, G = grana

Antioxidant Enzyme Activity Activated upon
BPA Exposure

Fig. 6a) shows the effects of bisphenol A on
antioxidant enzyme activity in Arabidopsis leaves. As
compared to the control, at 10 pMof BPA the activities
of CAT, POD, and APX did not change significantly;
however, the activities of SOD enzyme significantly
increased. After exposure to 20 uM of BPA, SOD
activity significantly increased while a non-significant
increase was observed in the activities of all other
enzymes as compared to the control. A 30 uM of BPA
caused an increase in the activities all four antioxidant
enzymes, but this increase was statistically significant
only in the case of SOD and APX. At the highest tested
concentration (40 uM) of BPA, the activities of SOD
and POD were significantly increased while CAT
activity showed a significant and APX activity a non-
significant decrease.

Expression of Antioxidant Defense
System Genes

BPA exposure induced the expression of known
antioxidant defensive system genes in Arabidopsis

thialiana (Fig. 6b). The primers used for these genes
have been described previously [41]. Transcripts of
CAT-encoding genes CAT2 (AT4G35090) and CAT3
(AT1G20620) were increased by BPA exposure at lower
concentrations. However, a significant decrease was
observed in both CAT2 and CAT3 expression levels
upon exposure to highest BPA concentrations (40 uM).
The expression pattern of superoxide dismutase was not
very clear, as the abundance of Cu/Zn-SOD-encoding
gene CSDI (AT1G08830) increased upon BPA exposure,
whereas the expression of Mn-SOD-encoding gene MSD
(AT3G56350) decreased at 40 uM BPA after an initial
increase at lower concentrations of BPA. Transcripts of
POD-encoding gene POD3 (AT1G05260) were increased
by BPA at all concentrations. The transcript level of APX-
encoding gene APXI (AT1G07890) was decreased by
BPA exposure in comparison to the control.

Discussion

When plants encounter stressful conditions they
devise an adaptation mechanism in order to withstand
them. One such mechanism is altering their metabolism
by changing physiological activities, which are regulated
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Fig. 5. a) Effect of BPA on ROS accumulation and lipid peroxidation. Brown staining indicates in-situ detection of leaf H,0, and blue
staining indicates in-situ detection of leaf O,". b) Effect of BPA on MDA content in leaves of WT. The error bars indicate means +SE.

Different letters indicate significant differences (P<0.05).

by modified cellular status. Therefore, the present study
was designed to evaluate the effect of BPA on the leaves
of hydroponically grown Arabidopsis seedlings. In the
present study, we assess the response of the model plant
Arabidopsis thialiana to BPA exposure in association
with its physiological and biochemical responses and
expression of certain chlorophyll synthesis and antioxidant
defensive system genes. In addition, the effect of BPA on
the ultra-structural morphology of leaf cells and organelle
structure was also determined using transmission and
scanning electron microscopy.

BPA Inhibits Growth in Arabidopsis

In ecotoxicology studies, it is imperative to understand
the toxicological effects of pollutants on organisms
in order to devise and adapt proper management
strategies that may reduce the effects of contaminants
on key organisms of an ecosystem and minimize the
environmental toxicological risks. BPA have obvious
detrimental and toxicological effects on plants such as
inhibition of root and shoot growth and photosynthesis
[7, 29]. Plant growth status can be best presented by
growth indices such as plant height, fresh weight, and

leaf area. The obtained results showed that in response to
a low concentration of BPA (10 uM), the rosettes’ fresh
weight increased in Arabidopsis seedlings (Fig. 1), and
BPA exposure at high concentrations (30 and 40 pM)
decreased the fresh weight of rosettes. The decrease in
fresh weight may be related to BPA-induced inhibition of
photosynthesis leaf area expansion, respiration, primary
metabolism, ion imbalance, or disturbances in ion
homeostasis. Photosynthesis plays a key role in synthesis
and accumulation of organic substances necessary for
plant growth and development. Thus, the limitation in
the photosynthesis of plants might be the main reason
that environmental pollutant affects the growth of plants
[15]. The decrease in rosette fresh weight of Arabidopsis
leaves in response to BPA exposure can also be explained
by the net effect of toxicities, such as ROS accumulation
and lipid peroxidation.

BPA Exposure Reduces Photosynthetic Pigments
in Arabidopsis

Chlorophyll has a dual function in photosynthesis, both
mediating light-driven charge separation and harvesting
and transferring light energy to reaction centers [1].
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Thus the pigment content of plant cells directly affects
photosynthetic rate, indirectly changing plant quality and
yield [12]. In Arabidopsis, upon exposure to BPA all tested
pigments (chlorophyll a, chlorophyll b, and carotenoids)
were significantly reduced. It has been repeatedly reported
that BPA exposure reduces photosynthesis by causing
the destruction of photosynthetic pigments [2, 17]. Since
chlorophyll synthesis is a step-wise process and blockage
of any of the five steps involved in chlorophyll synthesis
can lead to reduced pigment content [12], we speculate
that BPA implicated the synthesis of chlorophyll. The
reduced pigments content can also be explained by the
peroxidation of chloroplast membrane and disruption of
thylakoids in the leaves of Arabidopsis caused by BPA,
which was also proven by ultra-structure analysis.

Having shown that chlorophyll content decreased in
response to BPA exposure, we wanted to further examine
if the expression of the chlorophyll synthesis genes is
affected by BPA. Consistent with the results that BPA
exposure at higher concentrations significantly reduced
chlorophyll content, expression of the chlorophyll
synthesis genes also was reduced at higher BPA
concentrations.

BPA Exposure Induced Alterations in Organelle
Structure

In Arabidopsis, the control cells of the leaves showed
intact chloroplast containing granum, stroma, lamella,
and thylakoids. However, in the treated cells BPA not
only reduced the number of chloroplasts but also induced
damage in the ultrastructure of chloroplasts involving
disruption of the thylakoid system and stroma. One of
the most important structural units of chloroplasts, the
thylakoids plays a key role in photosynthesis. This damage
to thylakoids can also be associated with a decrease in
photosynthetic activity. The chloroplasts, mitochondria,
and peroxisomes are the integral components of ROS-
producing machinery; the photosynthetic light reaction
in chloroplast, the aerobic respiration in mitochondria,
and photorespiration in the peroxisomes generates
ROS [8]. The deformed shape of chloroplast may result
from their swelling due to a compromised chloroplast
envelope, which may affect the chloroplast-thylakoid
related processes such as light harvesting, electron
transport, and ion movement [30]. The ultra-structural
alterations of chloroplasts in BPA-treated leaves might be
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due to an increase in the production of ROS, which can
cause oxidative damage to cellular components and their
function [5]. Additionally, the decrease in photosynthetic
activity can also be associated with chloroplast-thylakoiid
damage. The decrease in starch granule count under BPA
applications can be correlated with glucose starvation due
to reduced photosynthetic activity [28].

In the same way, BPA adversely affected ultra-
structure of the nucleus as evident by its disintegrated or
irregular appearance. Furthermore, in the BPA-treated
leaves the shriveled appearance of the cells may be due
to compromised membrane permeability. The ultra-
structural damages might be attributed to oxidative stress
caused by BPA, which would have damaged membranous
structures of organelles by lipid peroxidation.

The number of mitochondria also decreased in
BPA treated cells. The morphological alterations of
mitochondria are one of the early symptoms of whether
cells are affected by ROS [10]. Stress can induce
mitochondria swelling by affecting mitochondrial inner
membrane permeability. In the treated cells, an increased
number of plastoglobuli can be attributed to the protective
role of plastoglobuli under BPA stress, which caused
oxidative damage to the photosynthetic apparatus [3].
This increase in plastoglobuli count can also be related
to higher levels of plastoglobule-specific proteins, which
can positively influence the synthesis and accumulation
of lipid molecules (carotenoids, tocopherol, and
plastoquinone) [14, 24]. It is well known that under stress
conditions, these types of lipid molecules act as electron
transport carriers and play an important role in protecting
the photosynthetic apparatus from oxidative damage [13].

BPA Exposure Damages Stomata
and Guard Cells

In the study on Arabidopsis, SEM analysis revealed
alterations in leaf abxial surface and deformed and
irregular stomata as a consequence of damaged guard
cells. Moreover, SEM micrographs indicated that BPA
exposure markedly decrease the number of open stomata.
The reduced number of open stomata may be due to the
damaged guard cells, resulting in reduced turgor pressure
and ultimately leading to the closure of stomatal pores
[6]. The damage to the stomatal aperture can be attributed
to increased accumulation of ROS in chloroplasts of
stomata.

BPA Exposure Induces ROS Production in Rice
and Arabidopsis Seedlings

In plants reactive oxygen species are produced as a by-
product of various metabolic pathways that are localized
in different cellular compartments [9, 18]. However,
under environmental stresses, excess ROS is produced
beyond the scavenging capacity of plants, which can
result in the accumulation of ROS beyond the antioxidant
scavenging capacity of a plant, thus creating oxidative
stress in chloroplasts, plasma membrane, mitochondria,

and peroxisomes [26]. TBARS, an efficient biomarker,
is used to evaluate the level of oxidative stress in an
organism. The damage to the cytoplasmic membrane
resulting from various environmental stresses directs
the synthesis of MDA through a series of physiological
reactions [11]. In the present study, our results showed an
increase in the level of O,- and H,O, as well as an increase
in MDA content in the leaves of Arabidopsis seedlings.
The increase in O,- and H,O, not only corresponded to
the increase of MDA in the leaves but also corresponded
to the decrease of plant growth and pigment content. Our
results exhibited that the increase in BPA concentration
aggravates the level of ROS in Arabidopsis. An increased
level of ROS can tamper with the polyunsaturated fatty
acid in the cell membrane, triggering membrane lipid
peroxidation and compromising membrane permeability
[1]. Moreover, through Fenton reaction excessive ROS
can be used to generate more toxic ‘OH [19], which can
affect a plant’s physiological activities and growth. Since
lipid peroxidation can lead to the formation of TBARS,
the measurement of ROS like H,O, and OH" contents
can be used as suitable physiological markers and also
as an explanation for MDA increase [4]. In the present
study, H,O, and OH" contents corresponded well to the
pattern of TBARS, i.e., the increase in BPA concentration
resulted in a significant increase in the production of ROS
(Figs 3.2B-C). These results confirmed that a possible
reason for the increased TBARS content and lipid
peroxidation in Arabidopsis seedlings is the production
of ROS at high concentrations upon exposure to BPA.
In the present study, BPA exposure caused excessive
accumulation of ROS, leading to the self-catalytic effect
of free radical chain reactions that are responsible for
decreasing the membrane fluidity and membrane lipid
peroxidation. The increased oxidative stress and lipid
peroxidation could possibly have caused cell death and
declined antioxidant enzyme activities in Arabidopsis.

Response of Antioxidant System to
BPA Exposure

The effect of BPA on the antioxidant system of
Arabidopsis leaves was also studied. In response to the
adverse effects of BPA, plants have devised complex
detoxification mechanisms that consist of both enzymatic
and non-enzymatic antioxidants to ensure their growth and
development [41]. As the first line of defense against ROS,
SOD enzymes play a key role in detoxification of ROS,
followed by other key antioxidant enzymes (POD, CAT,
and APX) [26]. Our results indicated a strong SOD and
POD activity in BPA-treated Arabidopsis leaves. These
results were also confirmed by qRT-PCR analysis, which
showed that transcript accumulation of CSDI (Cu/Zn-
SOD) and POD3 in leaves were progressively stimulated
in a dose-dependent manner in response to BPA exposure.
However, the transcript level of MSD (MnSOD) showed
an increase up to 30 uM BPA concentrations, followed
by a decrease at the highest tested BPA concentration
(40 uM). The difference in the responses of MnSOD and
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Cu/ZnSOD in plants may be due to their different sub-
cellular locations or upstream sequences in the genome.
Moreover, it was noted that CAT and APX activities
were more enhanced in Arabidopsis leaves at lower
concentrations of BPA (up to 30 uM BPA); however, at
the highest concentration of BPA (40 uM) we observed a
considerable decrease in activities of both CAT and APX.
The expression analysis of 4PX gene showed not direct
correlation with the corresponding enzyme activity. The
activity of APX enzyme was high at lower concentrations
but the APX gene showed a continuous decreasing pattern
with increasing concentrations of BPA. The differential
response of APX enzyme and APX gene expression may
be due to the presence of different isoforms of antioxidant
enzymes [8]. The reduced activities of both CAT and APX
in response to the highest BPA concentration indicated an
incomplete activation of an antioxidant defensive system
and may be the reason for excess ROS accumulation.

Conclusion

Conclusively, it may be said that reduction in pigment
content, accumulation of ROS, and its subsequent
damage to organelle structure indicated that BPA induces
oxidative stress in Arabidopsis thialiana in a dose-
dependent manner. The results also showed that the
antioxidant defensive system was activated in response
to BPA exposure and played a vital role in resistance
against BPA stress. However, at high concentrations
of BPA (40 uM), excess ROS may have accumulated
beyond the scavenging capacity of antioxidant
enzymes. However, the present study was conducted in
hydroponics-based conditions. In order to evaluate the
toxicological effects of BPA on plants further research in
a soil-based environment is reccommended. In addition
to biochemical experiments the use of new approachers
such as plant omics will further elucidate the mechanism
involved in mediating plant responses to BPA-induced
stress.
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