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Abstract

Polycyclic aromatic hydrocarbons (PAHs) have high risks for human and living organisms due to their mutagenic and carcino-
genic properties. Here, the effect of different concentrations of fluorene as a persistent toxic PAH on growth parameters and
antioxidant systems in the green microalga Chlorella vulgaris was investigated. Intriguingly, cell number as well as dry and fresh
weight of the alga were raised at 2 ppm fluorene compared to the control sample. However, with the increasing levels of fluorene
from 10 to 50 mg L', the growth parameters gradually decreased. Accordingly, cells of C. vulgaris were found to enhance the
activity of ROS scavenging enzymes after 7 days of exposure to fluorene in a concentration-dependent manner. Exposure to 25
and 50 mg L' fluorene was led to a significant decrease at chlorophyll content, whereas the concentration of carotenoids was not
changed. Total phenol and flavonoid contents were markedly raised in 50 mg L ™" of fluorene compared to the control. Although
flow cytometry assessment showed no substantial reduction in the viability at 50 mg L™ fluorene-treated samples for 24 h,
chlorophyll fluorescence was noticeably reduced. The results of SEM analysis revealed that the 50 mg L™ fluorene treatment
clearly damaged the algal cells after 24 h. The ability of the alga for biodegradation of fluorene was assessed by GC-MS.
Consequently, a number of produced intermediate compounds were identified. These findings displayed that C. vulgaris had
not only notable resistance against fluorene but also noteworthy potential for its degradation.

Keywords Antioxidant enzymes - Biodegradation - Chlorella vulgaris - Fluorene - Polycyclic aromatic hydrocarbons

Introduction

Polycyclic aromatic hydrocarbons (PAHs) represent a group
of aromatic compounds consisting of two or more fused ben-
zene rings (Kirso and Irha 1998). The distribution of PAHs as
a class of ubiquitous, toxic, and persistent environmental pol-
lutants in atmosphere, freshwater, and marine sediments is
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rapidly increasing as a result of wide-ranging industrial and
anthropogenic activities (Kirso and Irha 1998; Hong et al.
2008; Cheema et al. 2010). PAHs in contaminated water eco-
systems have serious effects on the growth and development
of aquatic organisms and also threat human health indirectly
via food consumption (Kim et al. 2013; Wei et al. 2014).
Toxicity of PAHs is highly variable depending on the type,
concentration, exposure time, environmental conditions, and
sensitivity of species (Semple et al. 1999; Lei et al. 2006,
2007; Patel et al. 2016; Subashchandrabose et al. 2017).

Fluorene is the representative of 3-ring and low molecular
weight PAHs, showing high concentration in riverine and
freshwater (Casellas et al. 1997; Salehi-Lisar and Deljoo
2015). Thus, fluorene have received increasing consideration
for the environmental recovery in the contaminated aquatic
ecosystems. There are a number of treatment approaches in-
cluding physical, chemical, and biological techniques for re-
moval of PAH contaminants from the environment. Among
various procedures, biological methods are considered as eco-
friendly, low-cost, and effective ways for the cleanup of pol-
lutants (Rawat et al. 2011; Vafaei et al. 2013).
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In the last decades the application of micro- or macroalgae for
removal of pollutants from environment (phycoremediation) has
attracted growing attention (Rawat et al. 2011; Kalhor et al.
2016). Microalgae, as the major primary producers in aquatic
ecosystems have a vital role in removing toxic metals and or-
ganic pollutants (Wang et al. 2008; Qian et al. 2011; Rai et al.
2013; Suman et al. 2015). Furthermore, microalgae are widely
used as indicators for toxicity assays in contaminated sites be-
cause of their sensitivity to a broad range of pollutants (Celekli
et al. 2016; Shen et al. 2016). So far, some capable microalgal
species have been identified for uptake and degradation of PAHs
as hazardous organic pollutants (Kirso and Irha 1998; Hong
et al. 2008; Shen et al. 2016; Asghari et al. 2018). Chlorella
vulgaris is a single-celled green freshwater microalga with no-
table ability for adaptation to various environmental conditions
(Safi et al. 2014; Cheng et al. 2016). The current study aimed to
investigate the potential of C. vulgaris for remediation of
fluorene under experimental condition. The changes in some
physiological parameters of the microalga such as photosynthet-
ic pigment content as well as enzymatic and non-enzymatic
antioxidant functions along with total phenol and flavonoid con-
tents were evaluated. Finally, some intermediate compounds
resulting from the biodegradation of fluorene by the microalga
were identified using GC-MS. The obtained results of the pres-
ent work shed more light on the cleanup process of PAHs in
wastewater by algal species.

Materials and methods
Preparing microalga cultures

The green microalga Chlorella vulgaris was obtained
from the Culture Collection of Algae of Bushehr
Shrimp Research Institute, Iran. The algal cells were cul-
tured under sterile conditions in 1-L Erlenmeyer flasks
under illumination of daylight fluorescent lamps at a
photon flux density of 80 umol photons m ? s~ with a
12:12-h (light/dark) photoperiod at a temperature of 25 +
2 °C. The stock of algal cultures was aerated continuous-
ly by means of a mechanical pump. BG11 medium was
prepared according to Stanier et al. (1971). Algal sam-
ples at the logarithmic phase were harvested and utilized
for the experiments.

Experimental setup

To perform experiments, fifteen 250-mL Erlenmeyer flasks,
each containing 100 mL BGI11 medium, were sterilized.
Before the algal inoculation, the proper amounts of fluorene
(using a 1000 mg L' stock solution in acetone) were spiked
into Erlenmeyer flasks to obtain the desired concentrations of
fluorene (2, 10, 25, and 50 mg Lfl) in the culture media. A
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BGl11 control medium was also made without fluorene. The
media were inoculated with exponentially growing algae after
complete evaporation of acetone on a rotary evaporator at
120 rpm for 48 h at 25 °C. Then, the algal cells were exposed
to different assessment test suspensions in exponential growth
phase. After 7 days of culture, the algal cells were centrifuged
at 2500xg for 10 min at 4 °C, washed in sterile deionized
water, and used for different assays under the same laboratory
conditions.

Determination of growth parameters

To measure growth parameters of C. vulgaris, fresh weight,
dry weight, optical density, and cellular density were exam-
ined. Algal growth was assessed by measuring the optical
density at 600 nm every 24 h. Cell counting was performed
using a hemocytometer during the logarithmic growth phase,
and a clear linear correlation was presumed between cellular
density and optical density (ODgq). The regression equation
between ODgoo (x) and cellular density (v x 10° mL™") was
calculated on the basis of standard curve as y=42.025x —
1.6709 (R*=0.997). Accordingly, the cell number of algae
was recorded in the culture media after 0, 24, 48, 72, 96,
120, 144, and 168 h of exposure to fluorene.

Algal cells were harvested after 7 days of cultivation by
centrifugation at 2500xg for 10 min at 4 °C and then were
washed with sterile distilled water. Subsequently, fresh weight
of the samples was measured. Afterward, dry weight of the
samples was determined after drying the samples in the oven
at 37 °C for 24 h.

Enzyme analysis

The harvested cells were frozen in liquid nitrogen and were
homogenized in a prechilled mortar and pestle with 50 mM
potassium phosphate buffer (pH 7.0). The homogenate was
centrifuged at 10,000xg for 10 min at 4 °C. The resulting
supernatant was immediately used for measurement of the
protein content (Bradford 1976) as well as determination of
the antioxidant enzyme activities including superoxide dis-
mutase (Winterbourn et al. 1976), peroxidase (APX)
(Nakano and Asada 1981), and catalase (CAT) (Machly and
Chance 1955).

Analysis of photosynthetic pigments

Assessing the photosynthetic pigments including chlorophyll
a, b and total carotenoids was done based on the method
described by Lichtenthaler (1987). The algal cells were ho-
mogenized in 100% methanol at 4 °C for 24 h in the dark. The
homogenate was centrifuged for 10 min at 10,000xg.
Subsequently, quantitative determination of the pigments
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was by the means of a UV/V spectrophotometer at 470, 665,
and 653 nm.

Analysis of total phenol and flavonoid contents

Total phenol and flavonoid contents of the algal cells were
extracted with 100% methanol. The total phenol content of
the algal extracts was quantified using Folin-Ciocalteu proce-
dure according to the method described by Meda et al. (2005).
Accordingly, 100 pL of algal extract was mixed with 2.8 mL
of deionized water, 100 uL of Folin-Ciocalteu reagent and
2 mL of 2% sodium carbonate aqueous solution. The samples
were incubated for 30 min at room temperature in the dark.
Finally, the absorbance was determined at 720 nm. Gallic acid
was used for the preparation of calibration curve and total
phenol content of the extracts was expressed as mg g ' FW.

For assessing total flavonoid content, a reaction mixture
was prepared using 500 pL of the algal extract, 1.5 mL of
100% methanol, 100 nL of 10% aluminum chloride solution,
100 puL of 1 M potassium acetate, and 2.8 mL of distilled
water. The mixture was incubated at 25 °C for 40 min, and
then, the absorbance of the solutions was measured at 415 nm.
The total flavonoid content of the extracts was reported as
mg g ' FW with reference to quercetin equivalent (Chang
et al. 2002).

Microscopic observations

The morphological features of algal cells were characterized
by a scanning electron microscope (SEM, MIRA3 FEG-
SEM). After 24 h of exposure to 50 mg L ! fluorene, treated
and untreated cells were harvested by centrifugation at
2500%g for 10 min at 4 °C. The cell pellets were washed three
times with BG11 and then were freeze-dried for 4 h. After
subjecting to gold sputtering, the morphology of the cells
was analyzed.

Flow cytometric analysis

Flow cytometry (fluorescence-activated cell sorting (FACS))
assay was done to evaluate the effect of fluorene on cell via-
bility of C. vulgaris treated with 50 mg L™ fluorene for 24 h.
Approximately 1.0 x 10° cells were centrifuged at 2500xg for
10 min at 4 °C. The supernatant was discarded, and the cell
pellet was washed three times with phosphate buffer solution
(PBS, pH 7.0). Afterwards, the samples were exposed to 5 uL.
propidium iodide (PI) for 30 min in the dark. Finally, the
samples were transferred to FACS tubes and immediately an-
alyzed. The fluorescent emission of PI was collected from ~
10,000 events per cell sample in FACScalibur flow cytometer
(Becton Dickinson Immunocytometry Systems, USA) FL2
channel and chlorophyll fluorescence was obtained in FL3
channel.

GC-MS analysis

GC-MS analysis was performed to identify the possible inter-
mediate compounds resulting from the biodegradation of
fluorene by C. vulgaris. About 3.0 x 107 cells were exposed
to 100 mL BG11 medium containing 10 mg L™" of fluorene.
BGI11 media with and without fluorene were used as control
samples for GC-MS analysis. After 7 days, microalgae were
separated from the culture medium by centrifugation at 2500xg
for 10 min at 4 °C. The organic compounds were extracted
from the medium using 25 mL of diethyl ether for three times.
The separated organic phase was evaporated and the remaining
material was dissolved in 100 puL of absolute methanol and was
then analyzed by GC-MS. The analysis of samples was carried
out by means of an Agilent 6890 GC system and Gas
Chromatograph interfaced to a Mass Spectrometer (GC-MS)
equipped with a Shimadzu GC-MS-QP 5050A gas chromato-
graph fitted with a DB-1 (polydimethylsiloxane, 60 m X

0.25 mm i.d.) capillary column. Carrier gas was helium with
a column flow rate of 0.9 mL min ™. The oven temperature was
programmed from 50 °C (hold time 5 min) to 290 °C with an
increase of 7 °C min ' and held at 290 °C for 10 min. The
injector and detector temperatures were set at 260 °C and
290 °C, respectively. A volume of 1 puL was injected onto the
capillary column in the split mode. Mass spectra were acquired
at an electron energy of 70 eV, a rate of 1.6 scans s'anda
mass/charge range of 30—-650 m/z.

Statistical analysis

Data with three replications were analyzed by one-way anal-
ysis of variance (ANOVA) with Duncan multiple comparison
tests using SPSS 21 software. Values were considered statis-
tically significant at P < 0.05.

Results and discussion
Effect of fluorene on growth of C. vulgaris

The influences of different concentrations of fluorene on cell
density, fresh weight, and dry weight of C. vulgaris is shown
in Figs. 1 and 2. Interestingly, the number of viable cells was
increased after treatment with 2 mg L' fluorene in compari-
son to control medium from the second day of growth. Based
on the Duncan’s post hoc analysis, the increasing cell number
was significant from the fourth day of growth (Fig. 1).
Furthermore, an increase of 7 and 13% was noticed in the
dry weight and fresh weight of the algae, respectively, after
7 days of exposure to 2 mg L' of fluorene (P < 0.05) (Fig. 2).
The growth of microalgae was significantly inhibited in the
treated samples with 25 and 50 mg L' concentrations of
fluorene compared to the control sample (Figs. 1 and 2). The
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Fig. 1 Changes in cell number of C. vulgaris in the media containing
different concentrations of fluorene over 7 days

cells did not divide in 72 h in the media containing 25 and
50 mg L' of fluorene, but an increase in the number of viable
cells was significant from the fourth day (Fig. 1). In addition,
dry weight and fresh weight of microalgae were noticeably
diminished in both 25 and 50 mg L™" concentrations.

It could be concluded that the optimal growth of C.
vulgaris was due to the ability of the cells for consumption
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Fig. 2 a, b Dry weight and fresh weight of C. vulgaris after exposure to
the different concentrations of fluorene for 7 days. Different letters
indicate significant differences (P <0.05) according to Duncan test
(mean + SE, n=3)
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of fluorene as a carbon source at low concentrations (EI-
Sheekh et al. 2013; Kalhor et al. 2017). An increase has been
formerly reported in the cellular density and dry mass of C.
vulgaris exposed to 10 and 20 g L™ concentrations of crude
oil (Kalhor et al. 2016). The inhibitory effects of the higher
concentrations of PAHs on the growth of Chlorella and some
other algal species could be associated with the cell toxicity
(Soto et al. 1975; Karydis 1981; Munoz et al. 2003;
Subashchandrabose et al. 2017).

Enzymatic antioxidant system response to fluorene

The activities of APX, CAT, and SOD were assessed in
C. vulgaris after 7 days of treatment with different concentra-
tions of fluorene (0, 2, 10, 25, and 50 mg L_l). APX is an
essential enzyme of the antioxidant defensive system which
scavenges the toxic levels of H,O, in photosynthetic organ-
isms (Jaleel et al. 2009). Exposure of the algal cells to fluorene
caused a significant increase in the activity of APX just in high
concentrations (25 and 50 mg L") (Fig. 3a) (P <0.05). This
response of APX is similar to the report of Rai et al. (2013)
showing increasing activity of APX in C. vulgaris with the
elevating concentration of a heavy metal (chromium).

CAT is another important enzyme for the detoxification of
reactive oxygen species (ROS) that quenches hydrogen per-
oxide to water and oxygen (Cheng et al. 2016). The activity of
CAT was peaked in the media containing 25 and 50 mg L'
fluorene after 7 days of exposure (Fig. 3b). Increment in the
activity of CAT in C. vulgaris and some other microalgae has
been reported under environmental stressful conditions (Lei
et al. 2006; Qian et al. 2012; Saenz et al. 2012). However,
APX and CAT activities were not significantly changed at
low concentrations of fluorene.

SOD has been proposed to modulate the amount of super-
oxide radicals by their converting to oxygen and H,O, (Jaleel
etal. 2009). SOD activity was considerably increased with the
rising concentrations of fluorene from 10 to 50 mg L', while
notable difference was not observed in the samples treated
with 2 mg L' of fluorene (P<0.05) (Fig. 3c).
Environmental pollutants such as heavy metals and organic
compounds may lead to the formation of ROS in microalgae
which can result in oxidative damage in cell structures. Under
such stress condition, microalgae would require efficient de-
fense mechanisms to overcome oxidative stress and ROS de-
toxification (Cheng et al. 2016; Nazari et al. 2018; Fazelian
et al. 2019). According to our findings, the assayed antioxi-
dant enzymes were in maximum level of activity in presence
of 25 and 50 mg L™" of fluorene, while the low concentrations
of fluorene showed no significant effect on their activity.
Actually, the stimulation of APX activity along with CAT
and SOD can be regarded as a protective response against
oxidative damage of fluorene in C. vulgaris.
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Fig. 3 a—c Activities of APX, CAT, and SOD in C. vulgaris after
treatment with different concentrations of fluorene for 7 days. Different
letters indicate significant differences (P < 0.05) according to Duncan test
(mean = SE, n=3)

The content of chlorophylls and carotenoids

After 7 days of exposure of C. vulgaris to various concentra-
tions of fluorene, the content of the photosynthetic pigments
was determined. The amounts of chlorophyll a, b and total
chlorophyll declined in the cells treated with 25 and
50 mg L' of fluorene compared to the control sample
(P<0.05). A decrease in the content of chlorophyll @ was mea-
sured up to 48 and 67% at 25 and 50 mg L™' concentrations
treatments, respectively. Additionally, a decrease was recorded
for the treatments with 25 and 50 mg L' by 45 and 64% in the
content of chlorophyll b, respectively (Fig. 4). However, differ-
ent concentrations of fluorene showed no significant effect on
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Fig. 4 Content of photosynthetic pigments in C. vulgaris treated with
various concentrations of fluorene for 7 days. Different letters indicate
significant differences (P < 0.05) according to Duncan test (mean + SE,
n=3)

the total carotenoids quantity (Fig. 4). Reduction in the quantity
of chlorophyll a, b and total chlorophyll has been reported after
exposure of C. vulgaris to different concentrations of some
heavy metals (chromium and cadmium) (Rai et al. 2013;
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Fig. 5 a, b Contents of total phenol and flavonoids in C. vulgaris treated
with different concentrations of fluorene after 7 days of exposure.
Different letters indicate significant differences (P < 0.05) according to
Duncan test (mean + SE, n=3)
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Fig.6 Flow cytometry images. a Control sample of C. vulgaris showed nearly 100% of cell viability after 24 h. b Cell viability of C. vulgaris decreased

to 94.15% after 24-h treatment with 50 mg L™ fluorene

Cheng et al. 2016). The amount of the photosynthetic pigments
in plants is considered as one of the connected factors to oxi-
dative stress (Vafaei et al. 2013). The reduction in chlorophyll
content in high concentrations of fluorene was possibly the
consequence of a decrease in microalgal biomass and/or high
ROS levels which in turn reduced carbon fixation. This phe-
nomenon could be a protective response to prevent the accu-
mulation of ROS by-product in chloroplasts (Liu et al. 2009;
Tarrahi et al. 2017). Additionally, the decrease in the amounts
of chlorophyll observed at the high concentrations of fluorene
was probably due to the decreasing number of algal cells with
respect to the control sample.

Total phenol and flavonoid contents

The amount of phenols and flavonoids was not significantly
affected at 2-25 mg L™ of fluorene after 7 days of exposure.
They increased in the cells treated with 50 mg L ™" of fluorene
and reached to their highest quantities (P < 0.05) (Fig. 5).
Plants have a non-enzymatic defense system, besides the
antioxidant enzymes, against environmental stresses, which

Fig. 7 Scanning electron
microscopy images of C.
vulgaris. a Control sample. b
Treated cells with 50 mg L™" of
fluorene for 24 h
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mainly consists of phenols (Bautista et al. 2016; Mahjouri
etal. 2018b). Phenolic compounds as a large group of second-
ary metabolites play a key role in scavenging free radicals. It
has been proposed that peroxidases could detoxify H,O, in
the presence of phyto-phenolics, which lead to the formation
of phenoxyl radicals. These radicals can be reduced by ascor-
bate (Mallick 2004; Mahjouri et al. 2018a). Significant en-
hancement in total phenol and flavonoid amounts in
C. vulgaris after exposure to 50 mg L' fluorene could be a
protection response against the harmful effects of the free
radicals. These results are in agreement with the reports show-
ing accumulation of phenols and flavonoids in response to
oxidative stress in different algal species (Comotto et al.
2014; Celekli et al. 2016; Fazelian et al. 2019).

Flow cytometric analysis

One of the main approaches in toxicity analyses is the estima-
tion of cell viability indicating cellular reaction to a toxicant
(Mabhjouri et al. 2018b). Therefore, the viability of the algal
cells was analyzed by flow cytometry after 24-h exposure to

View field: 12.7 pm
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Table 1 Identified intermediate - -
byproducts during biodegradation ~ Number Compound Retention Chemical KI
of fluorene by C. vulgaris time (min) formula
1 N-Hydroxymethylcarbazol 33.175 CsH;1NO -
2 Dibutyl phthalate 34.908 Ci6H204 1914
3 Hexadecanoic acid, ethyl ester 35.633 C,gH360, 1975
4 1,2-Benzenedicarboxylic acid, dioctyl ester 42.600 Co4H350,4 2860

50 mg L' fluorene using red fluorescent nucleic acid dye PI.
Undamaged membranes of living cells are impermeable to PI,
while PI can enter into the cells by the death of cells and as the
consequence of a loss in the cell membrane integrity. PI inter-
calates with double-stranded DNA molecules and emits red
fluorescence (Suman et al. 2015). In flow cytometry graphs,
upper left and right quadrants demonstrate the percentage of
dead cells and lower left and right quadrants represent the
percentage of live cells and lower right quadrant indicates
chlorophyll fluorescence (Fig. 6). The viability of the control
sample was almost 100% and all of the cells displayed chlo-
rophyll fluorescence (Fig. 6a). Approximately 5.5% decline in
cell viability was observed when cells were exposed to
50 mg L™" of fluorene and 36.91% of the cells did not show
chlorophyll fluorescence (Fig. 6b). Therefore, it can be con-
cluded that 50 mg L™ of fluorene had a low effect on cell
viability while the amount of chlorophyll fluorescence was
significantly influenced. Hitherto, significant reduction in the
cell viability of C. vulgaris treated with toxic nanoparticles
was identified by flow cytometry (Suman et al. 2015; Nazari
et al. 2018).

Microscopic analysis

The cells of C. vulgaris were examined under SEM for ana-
lyzing their surface morphology. The SEM observations
displayed that 24-h exposure to 50 mg L' of fluorene caused
noticeable changes in the cell structure, whereas cell surfaces
remained intact in the control sample (Fig. 7). In agreement
with our results, the atypical morphological symptoms were
revealed in various microalgae treated with different hazard-
ous nanoparticles and PAHs (Suman et al. 2015; Asghari et al.
2018; Nazari et al. 2018; Fazelian et al. 2019). These findings
confirmed that fluorene, as a PAH, possess a significant influ-
ence on the cell structure.

Analysis of biodegradation activity of the algae

GC-MS analysis showed some intermediate products during
biodegradation of fluorene by C. vulgaris after 7 days. The
constituents were identified by matching their spectra with
those recorded in the Mass library (WILEY229 and
NIST21&107). Based on the GC-MS analysis, four com-
pounds were detected (Table 1). Accordingly, a possible

degradation pathway of fluorene was proposed (Fig. 8). The
degradation of PAHs in algal cells is mostly carried out by
dioxygenase enzyme system (Warshawsky et al. 1995;
Haritash and Kaushik 2009; Patel et al. 2016). As shown in
Fig. 8, one of the primary steps in the fluorene biodegradation
assumed to be the formation of N-C band in the middle ring
which yielded the N-hydroxymethylcarbazol compound.
Possibly, primary oxidation of polycyclic compounds by ox-
idizing enzymes led to opening the aromatic rings. The next
step was probably the addition of nitrogen atom in reduced
form into the aromatic structure under influence of culture
medium constitutes. Afterward, dibutyl phthalate and 1,2-
benzenedicarboxylic acid, dioctyl ester were created via oxi-
dation as two other by-products probably by ring-cleaving
dioxygenase system. It has been reported that these com-
pounds act in the degradation pathways of benzopyrene by
Arthrobacter oxydans (B4) (Takacova et al. 2014) and pyrene
by Mycobacterium sp. KR2 (Haritash and Kaushik 2009).
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Fig. 8 A schematic overview of the possible biodegradation pathway of
fluorene by C. vulgaris
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Finally, further oxidation could result in opening benzene ring
and the formation of hexadecanoic acid, ethyl ester. In
accordance with our data, Patel et al. (2016) reported that
cyanobacterium Anabaena fertilissima produced
tetradecanoic acid and benzene ring-containing compounds
after exposure to 5.0 and 10.0 mg L™ anthracene for 16 days.
In addition, erucic acid was recorded in the treatments ex-
posed to 1.5, 3, and 6 mg L' of pyrene after 16 days. Our
results have demonstrated that C. vulgaris was capable of
uptaking and degrading fluorene presumably with a similar
mechanism.

Conclusion

Our results conclusively showed that C. vulgaris possesses
high resistance against fluorene as a persistent environmental
pollutant. The study of morphological features of the
microalga confirmed some changes at the cell surface after
treatment with fluorene. However, stimulation of antioxidant
enzymes activity including SOD, CAT, and APX along with
the increasing amounts of phenols and flavonoids confirmed
the protective role of antioxidant systems in response to oxi-
dative stress emerged by fluorene in the cells of C. vulgaris.
On the other hand, fluorene significantly dropped the content
of'the chlorophylls in a dose-dependent manner which seemed
to be also a defense mechanism. Likewise, the results of flow
cytometric analysis revealed that applied concentrations of
fluorene had low impacts on viability of the cells, while they
significantly diminished the chlorophyll fluorescence. The po-
tential of the alga in bioremoval of fluorene was confirmed by
identifying some biodegradation byproducts. Taken all togeth-
er, the noticeable ability of C. vulgaris for growth in the
fluorene-contaminated environments makes the algal species
attractive for further bioremediation studies.
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