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A B S T R A C T

Estrone, a steroidal estrogen that is persistently contaminating the surface water has been classified as an
endocrine disruptor and as Group-1 carcinogen by the World Health Organization. Long-term exposure
to estrone-contaminated water disrupt physiology, behaviour and sexual development of living
organisms that lead to many disorders. So, it has to be eliminated from our surrounding. Its biological
degradation is a cost effective and eco-friendly approach. The present study targets to predict the
degradation pathway and understand the role of cyanobacterial enzymes: oxidoreductases (laccase,
peroxidase) and esterase in estrone degradation. Poly-β-hydroxy butyrate (PHB) was also quantified as a
by-product of estrone biodegradation. The estrone degradation pathway was predicted using EAWAG-
BBD/PPS database. Spirulina CPCC-695 was grown in different concentration of estrone (20 mg/l, 50 mg/l,
100 mg/l and 200 mg/l). The culture without estrone was considered as control. The culture supernatant
was used for testing laccase and esterase activity whereas the biomass was used to test peroxidase
activity and quantify by-product (PHB). The enzymes showed concentration-dependent activities.
Maximum enzyme activities were seen at 20 mg/l estrone. Spirulina CPCC-695 utilizes estrone as a carbon
source and degrades it to produce pyruvate which forms acetyl CoA that undergo condensation,
reduction and polymerization to form PHB. Maximum PHB (169 mg) was also produced at 20 mg/l as a by-
product during degradation.
© 2020 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The development of new technologies, expansion of industries,
extensive production and use of harmful chemicals can be attributed
for the increased environmental pollution. Among these chemicals/
xenobiotics, endocrinedisruptingcompoundsarethe mostriskythat
effect health of the environment, wildlife and humans. These
interfere with natural hormone systems and effect the endocrine
system. Exposure to endocrine disruptors can have life-long effects
and can even have consequences for the next generation [1].
Nowadays, the occurrence and persistence of estrogens in aquatic
ecosystems has become a great concern to public health because its
long-term exposure even at sub-nanogram-per-litre concentrations
adversely affect animal behaviour and physiology [2–4]. One of the
femaleestrogens,estrone(estra-1, 3,5(10)-triene), isa17-oxosteroid
containing 18 carbons (C18H24O2) and is known as C18 steroid. Its
core structure consists of 17 carbon-carbon bonds arranged in the
form of four fused rings. Out of the four, there are three cyclohexane
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rings (Ring A, Ring B, Ring C) and one cyclopentane ring (Ring D). It is
substituted by a hydroxyl group at the third position and an oxo-
group (ketone group) at the seventeenth position. Estrone enters the
environment through humans and animals excretion and shows
persistence [5,6]. Further, the spreading of poultry and cattle waste
on agricultural land increases the risk of groundwatercontamination
[7]. It remain stable in the environment and is a ubiquitous pollutant
present in aquaticbodies [8,9]. Ithas been found thatestroneexistup
to 0.038 parts per billion (ppb) and 0.010 ppb in treated wastewater
and in waters downstream of wastewater treatment plants
respectively [10–12].

Bioremediation has been accepted as an effective tool for
degradation of pollutants to non-toxic compounds [13,14]. Thus,
due to environmental concern and effect of estrone on organisms,
intensive research efforts have been focused on identification and
isolation of estrogen-degrading microorganisms [15]. Various
bacteria, mainly actinobacteria (e.g. Nocardia sp., Rhodococcus
sp.) and proteobacteria (e.g. Novosphingobium sp.) have been
isolated from different natural and engineered ecosystems like
soils, seawater, sandy aquifers, compost and activated sludge that
are capable of estrogen degradation [16–18]. It has been reported
that Scenedesmus quadricauda, Chlorella vulgaris, Ankistrodesmus
C BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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acicularis and Chroococcus minutus are capable of degrading
nonylphenol [19]. Scenedesmus obliquus has been found to degrade
climbazole-an antifungal drug [20]. Liu et al., (2018) observed that
Raphidocelis subcapitata is capable of degrading 17β-estradiol and
diethylstilbestrol [21]. Fu et al. (2019) have recently found that
Chlorella vulgaris eliminates testosterone [22]. Though role of algae
and cyanobacteria is well established for bioremediation of various
organic pollutants but their role in estrone degradation has not
been attempted thoroughly. Wang et al. (2019) reported that
Chlorella vulgaris, Haematococcus pluvialis, Scenedesmus quadri-
cauda and Selenastrum capricornutum effectively remove and
transform 17α-ethynylestradiol, 17β-estradiol and estrone present
in synthetic wastewater effluent [23]. Recently, we have screened
cyanobacteria for estrone biodegradation potential. Spirulina CPCC
695 showed maximum growth and highest degradation potential
at 20 mg/l estrone [24].

It has been reported that these xenobiotics get first adsorbed on
the surface of the cell membrane, enters into the cell after
establishing an equilibrium and gets degraded into non-toxic
intermediates by extra-cellular and intra-cellular degradative
enzymes [25]. Extra-cellular enzymes include a large range of
oxidoreductases and hydrolases. Both these enzymes transform
xenobiotics into partially degraded or oxidized products that can
be easily taken up by the cells that can be further degraded by
intra-cellular enzymes like peroxidases [26,27]. Enzymes like
laccase and manganese peroxidase have been found to be active
during estrone degradation in Phanerochaete sordida YK-624 [28].
They add hydroxyl group at the C-4 position in ring-A producing 4-
hydroxy estrone [29,30]. Laccase-assisted (immobilised enzymes)
removal of steroidal estrogens are also being explored nowadays
[31,32]. The ester hydrolyzing enzymes i.e. esterase from Nocardia
erythraea, cholesterol esterase from porcine and bovine pancreas,
and esterase from Candida cylindracea and a cutinase from
Fusarium oxysporum f. sp. pisi, 44 have been reported to degrade
phthalates, an endocrine disruptor [33–35].

The role of these enzymes in estrone degradation has not been
studied yet. Moreover, the pathway through which estrone
degradation occurs in microalgae and cyanobacteria still needs
to be explored. The present study targets to predict the
degradation pathway using EAWAG-BBD/PPS database, examine
the activity of catabolic enzymes (laccase, peroxidase and esterase)
and to find out probability of PHB (bio-plastic precursor) synthesis.

2. Materials and methods

2.1. Chemicals

All the chemicals used in this study were of analytical grade and
were purchased from Sigma (St. Louis, USA). All the buffers and
reagents were prepared in Milli.Q.

2.2. Culture maintenance and experimental design

Spirulina CPCC-695 was procured from University of Madras,
Chennai, India. It was grown in BG-11 medium supplemented with
sodium nitrate as nitrogen source in 500 mL Erlenmeyer flasks. The
culture condition was set as: 27 � 2 �C under a 12:12 light:dark
photoperiod supplied by cool white fluorescent tubes at 25 mmol
photons min�1 light intensity [36]. The cells were maintained in
the exponential phase by repeated inoculation into the fresh
medium before being used in the experiments.

For experiments, the mid-exponential phase cyanobacterial
cells were taken and grown in presence of different concentrations
of estrone (20 mg/l, 50 mg/l, 100 mg/l and 200 mg/l). The estrone
stock solution (1000 mg/l) was diluted with growth medium to
attain these concentrations. The culture without estrone was
considered as control. Cells were harvested by centrifugation at
10,000 x g for 10 min at 4 �C. The supernatant was filtered using
0.22 mm filters and then used for estimating the enzyme activity.
The experiment was done in triplicates and activity was estimated
after every 24 h for seven days (Day 0-Day 6).

2.3. Prediction of estrone degradation pathway

EAWAG Biocatalysis Biodegradation Database and pathway
prediction system (EAWAG BBD/PPS) was used to predict the
estrone degradation pathway by utilizing the substructure
searching, a rule-base, and atom-to-atom mapping [37]. The
system recognizes organic functional groups found in estrone and
predicts its transformations based on the reactions found in the
scientific literature or in the EAWAG-BBD database. The structure
of estrone and its corresponding SMILES string was imported from
PubChem Structure Database (SMILES is a typical specification for
the structure of chemical molecules using short ASCII strings) to
the EAWAG BBD/PPS that predicts the degradation pathway [38].

Canonical SMILES of Estrone: CC12CCC3C(C1CCC2=O)
CCC4=C3C=CC(=C4)O

2.4. Identification of cyanobacterial enzymes responsible for estrone
degradation

The role of cyanobacterial enzymes including oxido-reductase
(laccase and peroxidases) and esterase was determined in estrone
degradation as detailed below-

2.4.1. Estimation of laccase activity
Laccase (EC 1.10.3.2) activity was determined by modified

protocol of Bourbonnais et al., (1998) that is based on the oxidation
of ABTS [39]. The assay mixture (1 mL) contained 2 mM ABTS, 100
mM citrate buffer (pH 4.0), 500 mL of the culture supernatant and
was incubated for 10 min. Oxidation of ABTS was monitored by
determining the absorbance at 420 nm using Labomed UV–vis
spectrophotometer (UVS-2700) and activity was calculated by
taking ℇ420 as 3.6 � 104 M�1 cm-1 [40,41]. The citrate buffer was
used as control. The laccase activity was expressed in international
units per litre (U/L), defined as the amount of enzyme needed to
produce 1 mmol product i.e. ABTS radical cation (ABTS.+) per
minute at 30 �C.

 Laccase activity  U=Lð Þ

¼  Absorbance  �  Total volume �  Incubation time

Sample volume  �  3:6 � 104

2.4.2. Estimation of peroxidase activity
Catalase peroxidase (CPX) (EC 1.11.1.21) was estimated accord-

ing to the method proposed by Mutsuda et al. (1996) [42]. Algal
biomass (20 mg) was homogenized with 1 mL extraction buffer
(0.5 M Phosphate buffer, pH 7.5). Homogenate was centrifuged at
12,000 x g for 20 min. The supernatant (enzyme extract) was used
for the assay. The reaction mixture contained 100 mL of enzyme
extract, 50 mM of 1.6 mL phosphate buffer (pH 7.0), 3 mM EDTA
and was incubated for 3 min.

 Peroxidase activity  U=Lð Þ

¼  Absorbance  �  Total volume  �  Incubation time
Sample volume  �  43:6

1U of the enzyme is the amount necessary to decompose 1 mL of
hydrogen peroxide per minute at 25 �C. The optical density was
measured at 240 nm and catalase activity was calculated by taking



Fig. 1. Predicted estrone degradation pathway. (Green arrows show that the
transformation is very likely aerobic and yellow arrow signify neutral). (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article).
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ℇ240 as 43.6 M�1. cm-1 against a blank of same reaction mixture
except hydrogen peroxide [43].

2.4.3. Estimation of esterase activity
Esterase activity (EC 3.1.1.1) was determined by the hydrolysis of

4-nitrophenyl acetate method by measuring the released para-
nitrophenol [44]. The reaction mixture [50 mM of potassium
phosphate buffer (pH 7.0), 250 mL of culture supernatant and 100
mL of 25 mM 4-nitrophenyl acetate] was diluted to a total volume
of 1 mL and incubated at 37 �C for 30 min. The para-nitrophenyl
acetate substrate was hydrolyzed to yield the acetic acid and para-
nitrophenol. Absorbance was recorded at 400 nm against
potassium phosphate buffer as blank.

Esterase activity  U=Lð Þ

¼  Absorbance  �  Total volume  �  Incubation time

Sample volume  �  1:36 � 10�2

The enzyme activity was presented in the unit of U/L. One unit
of enzymatic activity is defined as the amount of the enzyme that
releases 1mmole p-nitrophenol per minute at 37 �C [45].

2.5. Quantification of polyhydroxybutyrate (PHB)

While degradation of estrone, PHB may be produced as a by-
product. To ascertain its production and accumulation in the
cyanobacterial cells, the amount of PHB was quantified after every
24 h [46]. For estimating the production of PHB, the cyanobacterial
biomass (10 mg) obtained after centrifugation was suspended in
methanol (5 mL), kept overnight at 4 �C for removal of pigments
and then centrifuged at 8000 x g. The pellet obtained was dried at
60 �C. The polymer was extracted in hot chloroform (2 mL)
followed by precipitation with cold diethyl ether (4 mL) and
centrifuged (10,000 g for 20 min). The pellet was washed with
acetone (5 mL) to remove impurities, dissolved in hot chloroform
(2 mL) and then transferred in a glass test tube. The chloroform was
evaporated and conc. sulphuric acid (5 mL) was added. The
solution obtained was heated in a boiling water bath. After cooling
and thorough mixing, absorbance was measured at 235 nm against
sulphuric acid as a blank.

In order to quantify the amount of PHB accumulated, the
standard curve of PHB was prepared [46]. PHB (200 mg) was
dissolved in concentrated sulphuric acid (10 mL). The mixture was
boiled for 10 min and then cooled. The concentration of this stock
solution was 20 mg/mL. It was diluted with distilled water to
obtain different PHB concentrations (10�100 mg/mL). Absorbance
was taken at 235 nm against distilled water as blank. The
calibration curve was described by the equation given below with
regression co-efficient (r2) being 0.9904. This equation was used to
calculate the amount of PHB.

Y ¼ 0:0055 � X þ 0:0253

where, Y is absorbance at 235 nm and X is the amount of PHB in mg.

3. Results

3.1. Predicted estrone degradation pathway

The canonical SMILES of estrone was obtained from Pubchem
Structure database and its biodegradation pathway was predicted
using EAWAG-BBD/PPS. The predicted pathway was aerobic in
nature and confirmed the breakdown of estrone into pyruvate (the
major degradation product) with the release of acetate (Fig.1.). The
obtained pathway elucidated the hydroxylation of A-ring at the C-4
position. The ring structure of estrone gets cleaved in the second
step and formed an open ring structure which further undergoes
keto-enol conversion to form 2-oxopent-4-enoate that finally
forms pyruvate and acetate. The conversion rule (bt0352*) was a
continuation of the extradiol (meta) ring cleavage pathway and
handled all 2-oxopent-4-enoate derivatives produced by bt0351.
Initially, the C4-C5 double bond (bt0021) gets hydrated to form 4-
hydroxy-2-oxopentanoate derivative that subsequently leads to
the aldolytic cleavage (bt0043) of the C3-C4 bond that yields
pyruvate and acetate derivatives since C4 is unsubstituted.



Fig. 2. Laccase activity in Spirulina CPCC 695 in presence of estrone.
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3.2. Cyanobacterial enzymes involved in estrone degradation

To understand the role of cyanobacterial enzymes in degrada-
tion of estrone, Spirulina CPCC-695 was grown in presence of
different concentrations of estrone and activities of laccase,
peroxidase and esterase enzyme was checked.

3.2.1. Laccase activity
Laccase oxidises its substrate, the non-phenolic dye 2, 20-azino-

bis (3-ethyl benzo thiazoline-6-sulphonic acid) (ABTS) to a more
stable and preferred state of the cation radical (ABTS+). The
reaction sample developed a bluish green colour after 10 min
incubation due to formation of ABTS+ that directly correlated to
enzyme activity. The activity increased in control as well as in
estrone exposed samples (Fig. 2). The highest activity was recorded
in cultures exposed to 20 mg/l estrone (55.4 U/L) which was even
higher than the control (39.5 U/L) on day 6. However, culture
exposed to higher estrone concentration (� 50 ppm) showed much
lower laccase activity.
Fig. 3. Peroxidase activity in Spirulina
3.2.2. Peroxidase activity
In order to evaluate the catalytic activity of peroxidase, the

catalytic oxidation of phenolic compounds using H2O2 as the
substrate was studied to prove the efficiency of the peroxidase [E.C.
1. 11.1.7]. The enzyme was active and showed concentration
dependent activity. On day 6, the peroxidase activity was highest in
the presence of 20 mg/l estrone (24.0 U/L) (Fig. 3). However, the
activity was comparatively less in control (22.9 U/L). At higher
concentrations of estrone, peroxidase activity reduced.

3.2.3. Esterase activity
The esterase activity was very less as compared to oxido-

reductases. On day 6, the maximum activity was observed in case
of culture exposed to 20 mg/l estrone (9.8 U/L)� The enzyme was
comparatively less active in control (8.5 U/L) (Fig. 4). However, at
higher estrone concentrations the enzyme activity reduced.

3.3. Accumulation of polyhydroxybutyrate

The degradation of estrone and simultaneous accumulation of
PHB was also studied. The standard graph of PHB was plotted,
 CPCC 695 in presence of estrone.



Fig. 4. Esterase activity in Spirulina CPCC 695 in presence of estrone.
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using which amount of PHB accumulated on different days under
different concentrations was calculated (Fig. 5a). The amount of
PHB produced in control and in culture exposed to 20 mg/l estrone
increased with time. But, at higher concentrations (� 50 mg/l), the
increase was not so substantial. The highest amount of PHB (169
mg) was recorded at 20 mg/l estrone on day 6 which was slightly
higher than that observed in control (Fig. 5b).

4. Discussion

Estrone excreted by animals and humans enters into the
environment through different modes including waste water
treatment plants (WWTPs). It gets accumulated, bio-magnified
during its passage through the food chain and ultimately disrupts
the endocrine system of living organisms even at nanogram-per-
litre levels by mimicking or antagonizing the estrogen signalling
pathway. Bioremediation using micro-organisms offers a cheap
and eco-friendly way to remove it from the environment. Our
preliminary finding on cyanobacterial species (16 Spirulina
species) showed the role of Spirulina CPCC-695 in estrone
degradation which grew easily at 20 mg/l estrone [24]. The
present study predicts the estrone degradation pathway, analyze
the role of degradative enzymes (laccase, peroxidase and esterase)
of Spirulina CPCC-695 in estrone degradation and simultaneously
quantify PHB.

The first estrone degradation pathway was discovered in a soil
bacterium, Nocardia sp. E110 by Coombe et al. (1966) [47]. Later on,
degradation pathways have been further studied in bacterial
species including Comamonas testosteroni, Sphingomonas sp. strain
KC8, Novosphingobium sp. strain SLCC, Novosphingobium tardaugens
strain ARI-1 [48–50]. Bacteria can degrade estrone via ortho- or
meta- cleavage pathway. The ortho-pathway involves cleavage of
ring D of estrone and converts C-17 to its keto-form which results
in the formation of a hydroxyl acid. This acid loses water and
converts the cyclic ketone to lactone that enters TCA cycle to
produce carbon-dioxide and water [51]. The meta-pathway,
instead involves the cleavage of benzene ring (Ring A) of estrone
and oxidation of estrone by dioxygenase which adds hydroxyl
group at the C-4 position in ring-A producing 4-hydroxy estrone
[52]. Further, oxido-reductase decarboxylate this meta-cleavage
product to form 3aα-H-4α (30-propanoate)-7aβ-methylhexahydro-
1,5-indanedione (HIP) that undergoes common HIP degradation to
form succinyl CoA, three molecules of acetyl CoA and propionyl
CoA. Propionyl CoA gets converted to succinyl CoA by propionyl
CoA carboxylase. Succinyl CoA further gets decarboxylated to form
succinic semi-aldehyde which then gets oxidised to succinate that
enters the TCA cycle [53].

The estrone degradation pathway predicted by EAWAG-BBD/
PPS in the present study was similar to the earlier reported
pathways as discussed above. The obtained cascade of reactions
explains the breakdown of estrone to 4-hydroxy estrone that
finally forms pyruvate and gets further metabolized via TCA cycle
to produce carbon-dioxide and water. The other product formed as
predicted by the database is acetate which forms acetyl CoA that
may undergo condensation to produce PHB [54]. The degradation
pathway as predicted by the database is of meta-cleavage type. The
common mechanism known to be involved in the degradation is
side-chain breakdown, hydroxylation, dehydrogenation, oxygen-
ation and hydrogenation [55–57]. These metabolic processes are
governed by the action of important degradative enzymes like
oxidoreductases and hydrolases [58]. Oxido-reductases like
laccases (EC 1.10.3.2, benzenediol:oxygen oxido-reductases) and
Peroxidases (EC 1.11.1.7) show great potential in bioremediation of
organic pollutants [29]. Laccase is a metal-containing enzyme that
catalyses oxidation of many electron-rich organic and inorganic
compounds by degrading them using four-electron reduction of
molecular oxygen to water [59–61]. It converts estrone into 4-
hydroxyestrone and opens the ring structure of estrone resulting in
the formation of 2-oxo-4-pentenoate lactone derivative. The
heme-containing peroxidase enzyme oxidises estrone and produce
insoluble oligo- or polymeric derivatives like lactone intermediate
[62,63]. The ester hydrolyzing enzymes (esterases) (EC 3.1.1.2) acts
on the lactone intermediate and induces de-esterification and
hydrolyzes it to form alcohol and pyruvic acid [64].

Maximum activities of these degradative enzymes was found in
the culture containing 20 mg/l estrone. This suggests that Spirulina
CPCC 695 grows efficiently at this concentration and produces
these enzymes (laccase, peroxidase and esterase) that help in
estrone degradation. The order of enzyme activity at 20 mg/l
estrone was found as: laccase (55.4 U/L) > peroxidase (24.0 U/L)
>esterase (8.8 U/L). However, at higher estrone concentration (>50
mg/l), enzyme activities decreased in a concentration-dependent
manner along with reduction in growth. These enzymes induce
cleavage in the ring structure of estrone, opens it and result in its
degradation. During the initial phase of the study (Day 0 to Day 2),
enzyme activity was less which reached maximum on day 6. This
may be due to the adaptation of enzyme machinery of Spirulina
CPCC-695 on estrone exposure. Tamagawa, et al. (2006) also found



Fig. 5. (a) PHB standard curve. (b). Spirulina CPCC 695 potential to produce PHB in presence of estrone.
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that laccase and peroxidase of white rot fungi Phanerochaete
sordida YK-624 were effective and efficient in degrading estrone
[28]. Thus, both extracellular and intracellular enzymes of Spirulina
CPCC-695 participate in estrone degradation.

Since the discovery of polyhydroxybutyrate (PHB) in the
cyanobacterium, Chloroglea fritschii, the occurrence of PHB has
been shown in many cyanobacterial species [65,66]. Moreover the
accumulation of PHB and simultaneous degradation of phenolic
contaminants has been observed in the bacteria Cupriavidus
taiwensis 187 [54]. This incited us to check whether PHB (bio-
polymer) is formed as a by-product of estrone degradation or not
i.e. if PHB accumulation is either facilitated or not in presence of
estrone. Maximum PHB formation was observed in Spirulina CPCC-
695 at 20 mg/l estrone exposure which was found to be slightly
higher than control. Though the difference in the increase was
marginal, however, it suggested that estrone breakdown by
cyanobacteria increases the growth and simultaneous production
of PHB which can be further increased by optimizing the
degradation conditions. The cyanobacterial cells when exposed
to higher concentration of estrone (200 mg/l) experiences stress
that inhibits the utilization of carbon source reducing growth due
to which the amount of PHB produced decreases as compared to
the control even at day 0. Cyanobacteria accumulate PHB as a
storage compound in response to excess carbon source. They
produce short chain length PHAs (3–5 carbon atoms) with the help
of Class III PHA synthase encoded by phaC whose substrate is acetyl
CoA [67]. Thus, it could be suggested that acetyl CoA produced as a
degradation product of estrone undergoes condensation and
reduction to form PHB via three enzymatic reactions. Firstly, 3-
ketothiolase converts two acetyl-CoA molecules to one acetoace-
tyl-CoA molecule then NADPH-dependent acetoacetyl-CoA reduc-
tase converts acetoacetyl-CoA to D-3-hydroxybutyryl-CoA and
finally PHB synthase catalyses polymeriztaion of D-3-hydroxybu-
tyryl moiety via an ester bond to form PHB molecule [68].

5. Conclusions

Concurrent increase in growth, degradation and catabolic
enzyme activities at 20 mg/l estrone exposed in Spirulina CPCC-
695 suggests that laccase, peroxidase and esterase play crucial role
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in degradation of estrone- an endocrine disrupting compound. It
also produces PHB as a by-product. Therefore, Spirulina CPCC-695
can be used as a probable candidate to deal with biodegradation of
toxic estrone present in aquatic bodies with simultaneous
production of bio-plastic precursor (PHB). However, further
research is required to identify the intermediate products formed
during estrone degradation.

Author contributions

NS and TF designed the experiment, SA helped in the PHB
estimation and quantification, DY helped in data curation. NS
carried out the lab work and wrote the initial manuscript that was
corrected and finalised by TF.

Declaration of Competing Interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Acknowledgements

N. Sami sincerely thanks University Grants Commission (F1-
17.1/2014-15/MANF-2014-15-MUS-JHA-47673/ (SA-III/Website))
for Maulana Azad National Fellowship (MANF-SRF). Authors are
thankful to Culture Collection Centres of India, University of
Madras, for providing the Spirulina CPCC-695 species.

Appendix A. Supplementary data

Supplementary material related to this article can be found, in
the online version, at doi:https://doi.org/10.1016/j.btre.2020.
e00464.

References

[1] E. Diamanti-Kandarakis, J.P. Bourguignon, L.C. Giudice, R. Hauser, G.S. Prins, A.
M. Soto, R.T. Zoeller, A.C. Gore, Endocrine-disrupting chemicals: an Endocrine
Society scientific statement, Endocr. Rev. 30 (4) (2009) 293–342.

[2] H.K. Ghayee, R.J. Auchus, Basic concepts and recent developments in human
steroid hormone biosynthesis, Rev. Endocr. Metab. Disord. 8 (4) (2007) 289–
300.

[3] F. Massart, R. Parrino, P. Seppia, G. Federico, G. Saggese, How do environmental
estrogen disruptors induce precocious puberty? Minerva Pediatr. 58 (3) (2006)
247–254.

[4] P. Hallgren, A. Nicolle, L.A. Hansson, C. Brönmark, L. Nikoleris, M. Hyder, A.
Persson, Synthetic estrogen directly affects fish biomass and may indirectly
disrupt aquatic food webs, Environ. Toxicol. Chem. 33 (4) (2014) 930–936.

[5] S.K. Khanal, B. Xie, M.L. Thompson, S. Sung, S.K. Ong, J. Van Leeuwen, Fate,
transport, and biodegradation of natural estrogens in the environment and
engineered systems, Environ. Sci. Technol. 40 (21) (2006) 6537–6546.

[6] M. Adeel, X. Song, Y. Wang, D. Francis, Y. Yang, Environmental impact of
estrogens on human, animal and plant life: a critical review, Environ. Int. 99
(2017) 107–119.

[7] F.X. Casey, J. Šimu�nek, J. Lee, G.L. Larsen, H. Hakk, Sorption, mobility, and
transformation of estrogenic hormones in natural soil, J. Environ. Qual. 34 (4)
(2005) 1372–1379.

[8] J.P. Sumpter, S. Jobling, The occurrence, causes, and consequences of estrogens
in the aquatic environment, Environ. Toxicol. Chem. 32 (2) (2013) 249–251.

[9] E. Van Donk, S. Peacor, K. Grosser, L.N.D.S. Domis, M. Lürling, Pharmaceuticals
may disrupt natural chemical information flows and species interactions in
aquatic systems: ideas and perspectives on a hidden global change, In Reviews of
EnvironmentalContamination and Toxicology, Springer, Cham, 2016,pp.91–105.

[10] G.G. Ying, R.S. Kookana, Y.J. Ru, Occurrence and fate of hormone steroids in the
environment, Environ. Int. 28 (6) (2002) 545–551.

[11] M. Ferrey, Wastewater Treatment Plant Endocrine Disrupting Chemical
Monitoring Study, Minnesota Pollution Control Agency, 2011.

[12] K.E. Lee, S.K. Langer, L.B. Barber, J.H. Writer, M.L. Ferrey, H.L. Schoenfuss, E.T.
Furlong, W.T. Foreman, J.L. Gray, R.C. ReVello, D. Martinovic, Endocrine active
chemicals, pharmaceuticals, and other chemicals of concern in surface water,
wastewater-treatment plant effluent, and bed sediment, and biological
characteristics in selected streams, Minnesota—design, methods, and data,
2009, US Geol. Surv. Data Ser. 575 (2011) 54.
[13] A.C. Johnson, J.P. Sumpter, Removal of endocrine-disrupting chemicals in
activated sludge treatment works, Environ. Sci. Technol. 35 (24) (2001) 4697–
4703.

[14] J.H. Writer, J.N. Ryan, S.H. Keefe, L.B. Barber, Fate of 4-nonylphenol and 17β-
estradiol in the Redwood River of Minnesota, Environ. Sci. Technol. 46 (2)
(2011) 860–868.

[15] Z. Fan, F.X. Casey, H. Hakk, G.L. Larsen, Persistence and fate of 17β-estradiol and
testosterone in agricultural soils, Chemosphere 67 (5) (2007) 886–895.

[16] K. Fujii, S. Kikuchi, M. Satomi, N. Ushio-Sata, N. Morita, Degradation of 17β-
estradiol by a gram-negative bacterium isolated from activated sludge in a
sewage treatment plant in Tokyo, Japan, Appl. Environ. Microbiol. 68 (4) (2002)
2057–2060.

[17] T. Yoshimoto, F. Nagai, J. Fujimoto, K. Watanabe, H. Mizukoshi, T. Makino, K.
Kimura, H. Saino, H. Sawada, H. Omura, Degradation of estrogens by
Rhodococcus zopfii and Rhodococcus equi isolates from activated sludge in
wastewater treatment plants, Appl. Environ. Microbiol. 70 (9) (2004) 5283–
5289.

[18] C.P. Yu, R.A. Deeb, K.H. Chu, Microbial degradation of steroidal estrogens,
Chemosphere. 91 (9) (2013) 1225–1235.

[19] N. He, X. Sun, Y. Zhong, K. Sun, W. Liu, S. Duan, Removal and biodegradation of
nonylphenol by four freshwater microalgae, Int. J. Environ. Res. Public Health
13 (12) (2016) 1239.

[20] C.G. Pan, F.J. Peng, G.G. Ying, Removal, biotransformation and toxicity
variations of climbazole by freshwater algae Scenedesmus obliquus,
Environ. Pollut. 240 (2018) 534–540.

[21] W. Liu, Q. Chen, N. He, K. Sun, D. Sun, X. Wu, S. Duan, Removal and
Biodegradation of 17β-Estradiol and Diethylstilbestrol by the freshwater
microalgae Raphidocelis subcapitata, Int. J. Environ. Res. Public Health 15 (3)
(2018) 452.

[22] M. Fu, B. Deng, H. Lü, W. Yao, S. Su, D. Wang, The bioaccumulation and
biodegradation of testosterone by Chlorella vulgaris, Int. J. Environ. Res. Public
Health 16 (7) (2019) 1253.

[23] Y. Wang, Q. Sun, Y. Li, H. Wang, K. Wu, C.P. Yu, Biotransformation of estrone,
17β-estradiol and 17α-ethynylestradiol by four species of microalgae, Ecotox.
Environ. Saf. 180 (2019) 723–732.

[24] N. Sami, T. Fatma, Studies on estrone biodegradation potential of
cyanobacterial species, Biocatal. Agric. Biotechnol. 17 (2019) 576–582.

[25] S. Chen, M. Hu, J. Liu, G. Zhong, L. Yang, M. Rizwan-ul-Haq, H. Han,
Biodegradation of beta-cypermethrin and 3-phenoxybenzoic acid by a
novel Ochrobactrum lupini DG-S-01, J. Hazard. Mater. 187 (1-3) (2011)
433–440.

[26] L. Gianfreda, M.A. Rao, Potential of extra cellular enzymes in remediation of
polluted soils: a review, Enz. Microb. Technol. 35 (4) (2004) 339–354.

[27] M. Megharaj, H.L. Boul, J.H. Thiele, Effects of DDT and its metabolites on soil
algae and enzymatic activity, Biol. Fert. Soils 29 (2) (1999) 130–134.

[28] Y. Tamagawa, R. Yamaki, H. Hirai, S. Kawai, T. Nishida, Removal of estrogenic
activity of natural steroidal hormone estrone by ligninolytic enzymes from
white rot fungi, Chemosphere. 65 (1) (2006) 97–101.

[29] T. Cajthaml, Z. K�resinová, K. Svobodová, K. Sigler, T. �Rezanka, Microbial
transformation of synthetic estrogen 17α-ethinylestradiol, Environ. Pollut. 157
(12) (2009) 3325–3335.

[30] F. Kurisu, M. Ogura, S. Saitoh, A. Yamazoe, O. Yagi, Degradation of natural
estrogen and identification of the metabolites produced by soil isolates of
Rhodococcus sp. and Sphingomonas sp, J. Biosci. Bioeng. 109 (6) (2010) 576–
582.

[31] M. Bilal, H.M. Iqbal, Persistence and impact of steroidal estrogens on the
environment and their laccase-assisted removal, Sci. Total Environ. 690 (2019)
447–459.

[32] L. Lloret, G. Eibes, T.A. Lú-Chau, M.T. Moreira, G. Feijoo, J.M. Lema, Laccase-
catalyzed degradation of anti-inflammatories and estrogens, Biochem. Eng. 51
(3) (2010) 124–131.

[33] R. Kurane, T. Suzuki, S. Fukuoka, Purification and some properties of a
phthalate ester hydrolyzing enzyme from Nocardia erythropolis, Appl.
Microbiol. Biotechnol. 20 (6) (1984) 378–383.

[34] T. Saito, P. Hong, R. Tanabe, K. Nagai, K. Kato, Enzymatic hydrolysis of
structurally diverse phthalic acid esters by porcine and bovine pancreatic
cholesterol esterases, Chemosphere 81 (11) (2010) 1544–1548.

[35] Y.H. Kim, J. Lee, S.H. Moon, Degradation of an endocrine disrupting chemical,
DEHP [di-(2-ethylhexyl)-phthalate], by Fusarium oxysporum f. sp. pisi
cutinase, Appl. Microbiol. Biotechnol. 63 (1) (2003) 75–80.

[36] F.F. Madkour, A.E.W. Kamil, H.S. Nasr, Production and nutritive value of
Spirulina platensis in reduced cost media, Egypt. J. Aquat. Res. 38 (2012) 51–57.

[37] http://eawag-bbd.ethz.ch/predict/.
[38] https://pubchem.ncbi.nlm.nih.gov.
[39] R. Bourbonnais, D. Leech, M.G. Paice, Electrochemical analysis of the

interactions of laccase mediators with lignin model compounds, Biochim.
Biophys. Acta Gen. Subj. 1379 (3) (1998) 381–390.

[40] S.S. More, R. PS, S. Malini, Isolation, purification, and characterization of fungal
laccase from Pleurotus sp, Enz. Res. 2011 (2011).

[41] X. Yuan, G. Tian, Y. Zhao, L. Zhao, H. Wang, T.B. Ng, Biochemical characteristics
of three laccase isoforms from the Basidiomycete Pleurotus nebrodensis,
Molecules 21 (2) (2016) 203–218.

[42] M. Mutsuda, T. Ishikawa, T. Takeda, S. Shigeoka, The catalase-peroxidase of
Synechococcus PCC 7942: purification, nucleotide sequence analysis and
expression in Escherichia coli, Biochem. J. 316 (1996) 251–257.

https://doi.org/10.1016/j.btre.2020.e00464
https://doi.org/10.1016/j.btre.2020.e00464
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0005
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0005
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0005
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0010
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0010
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0010
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0015
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0015
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0015
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0020
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0020
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0020
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0025
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0025
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0025
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0030
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0030
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0030
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0035
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0035
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0035
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0040
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0040
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0045
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0045
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0045
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0045
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0050
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0050
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0055
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0055
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0060
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0060
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0060
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0060
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0060
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0060
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0065
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0065
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0065
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0070
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0070
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0070
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0075
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0075
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0080
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0080
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0080
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0080
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0085
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0085
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0085
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0085
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0085
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0090
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0090
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0095
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0095
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0095
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0100
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0100
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0100
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0105
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0105
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0105
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0105
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0110
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0110
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0110
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0115
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0115
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0115
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0120
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0120
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0125
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0125
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0125
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0125
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0130
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0130
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0135
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0135
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0140
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0140
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0140
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0145
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0145
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0145
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0150
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0150
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0150
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0150
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0155
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0155
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0155
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0160
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0160
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0160
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0165
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0165
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0165
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0170
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0170
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0170
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0175
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0175
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0175
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0180
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0180
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0195
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0195
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0195
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0200
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0200
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0205
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0205
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0205
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0210
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0210
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0210


8 N. Sami et al. / Biotechnology Reports 26 (2020) e00464
[43] A. Claiborne, I. Fridovich, Purification of the o-dianisidine peroxidase from
Escherichia coli B. Physicochemical characterization and analysis of its dual
catalatic and peroxidatic activities, J. Biol. Chem. 254 (10) (1979) 4245–4252.

[44] Y. Pocker, J.T. Stone, Catalytic versatility of erythrocyte carbonic anhydrase.
VIII. Deuterium solvent isotope effects and apparent activation parameters for
the enzyme-catalyzed hydrolysis of p-nitrophenyl acetate, Biochemistry 7 (11)
(1968) 4139–4145.

[45] B. Babu, J.T. Wu, Biodegradation of phthalate esters by cyanobacteria, J. Phycol.
46 (6) (2010) 1106–1113.

[46] J.H. Law, R.A. Slepecky, Assay of poly-β-hydroxybutyric acid, J. Bacteriol. 82 (1)
(1961) 33–36.

[47] R.G. Coombe, Y.Y. Tsong, P.B. Hamilton, C.J. Sih, Mechanisms of steroid
oxidation by microorganisms X. Oxidative Cleavage of Estrone, J. Biol. Chem.
241 (7) (1966) 1587–1595.

[48] Y.L. Chen, C.P. Yu, T.H. Lee, K.S. Goh, K.H. Chu, P.H. Wang, W. Ismail, C.J. Shih, Y.R.
Chiang, Biochemical mechanisms and catabolic enzymes involved in bacterial
estrogen degradation pathways, Cell Chem. Biol. 24 (6) (2017) 712–724.

[49] Y.L. Chen, H.Y. Fu, T.H. Lee, C.J. Shih, L. Huang, Y.S. Wang, W. Ismail, Y.R. Chiang,
Estrogen degraders and estrogen degradation pathway identified in an
activated sludge, Appl. Environ. Microbiol. 84 (10) (2018) e00001.

[50] C.P. Yu, H. Roh, K.H. Chu, 17β-Estradiol-degrading bacteria isolated from
activated sludge, Environ. Sci. Technol. 41 (2) (2007) 486–492.

[51] H.B. Lee, D. Liu, Degradation of 17β-estradiol and its metabolites by sewage
bacteria, Water Air Soil Pollut. Focus 134 (1–4) (2002) 351–366.

[52] F. Kurisu, M. Ogura, S. Saitoh, A. Yamazoe, O. Yagi, Degradation of natural
estrogen and identification of the metabolites produced by soil isolates of
Rhodococcus sp. and Sphingomonas sp, J. Adv. Biosci. Bioeng. N. Y. 109 (6)
(2010) 576–582.

[53] K. Wu, T.H. Lee, Y.L. Chen, Y.S. Wang, P.H. Wang, C.P. Yu, K.H. Chu, Y.R. Chiang,
Metabolites involved in aerobic degradation of the A and B Rings of estrogen,
Appl. Environ. Microbiol. 85 (3) (2019) e02223–18.

[54] W.C. Chen, S.M. Chang, J.S. Chang, W.M. Chen, I.M. Chu, S.L. Tsai, L.F. Wang, Y.K.
Chang, Y.H. Wi, A process for simultaneously achieving phenol biodegradation
and polyhydroxybutyrate accumulation using Cupriavidus taiwanesis 187, J.
Polym. Res. 25 (2018) 137.

[55] M. Gros, C. Cruz-Morato, E. Marco-Urrea, P. Longrée, H. Singer, M. Sarrà, J.
Hollender, T. Vicent, S. Rodriguez-Mozaz, D. Barceló, Biodegradation of the X-
ray contrast agent iopromide and the fluoroquinolone antibiotic ofloxacin by
the white rot fungus Trametes versicolor in hospital wastewaters and
identification of degradation products, Water Res. 60 (2014) 228–241.
[56] P.C. Peart, K.P. McCook, F.A. Russell, W.F. Reynolds, P.B. Reese, Hydroxylation of
steroids by Fusarium oxysporum, Exophiala jeanselmei and Ceratocystis
paradoxa, Steroids 76 (12) (2011) 1317–1330.

[57] F.Q. Peng, G.G. Ying, B. Yang, S. Liu, H.J. Lai, Y.S. Liu, Z.F. Chen, G.J. Zhou,
Biotransformation of progesterone and norgestrel by two freshwater
microalgae (Scenedesmus obliquus and Chlorella pyrenoidosa):
transformation kinetics and products identification, Chemosphere 95 (2014)
581–588.

[58] C.S. Karigar, S.S. Rao, Role of microbial enzymes in the bioremediation of
pollutants: a review, Enzym. Res. 2011 (2011).

[59] O.V. Morozova, G.P. Shumakovich, S.V. Shleev, Y.I. Yaropolov, Laccase-mediator
systems and their applications: a review, Appl. Biochem. Microbiol. 43 (5)
(2007) 523–535.

[60] C.F. Thurston, The structure and function of fungal laccases, Microbiology 140
(1) (1994) 19–26.

[61] F. Xu, Oxidation of phenols, anilines, and benzenethiols by fungal laccases:
correlation between activity and redox potentials as well as halide inhibition,
Biochemistry 35 (23) (1996) 7608–7614.

[62] F. Gholami-Borujeni, A.H. Mahvi, S. Naseri, M.A. Faramarzi, R. Nabizadeh, M.
Alimohammadi, Application of immobilized horseradish peroxidase for
removal and detoxification of azo dye from aqueous solution, Res. J. Chem.
Environ. 15 (2011) 217–222.

[63] C. Regalado, B.E. García-Almendárez, M.A. Duarte-Vázquez, Biotechnological
applications of peroxidases, Phytochem. Rev. 3 (2004) 243–256.

[64] S. Gangola, A. Sharma, P. Bhatt, P. Khati, P. Chaudhary, Presence of esterase and
laccase in Bacillus subtilis facilitates biodegradation and detoxification of
cypermethrin, Sci. Rep. 8 (2018) 12755.

[65] N.G. Carr, The occurrence of poly-β-hydroxybutyrate in the blue-green alga,
Chlorogloea fritschii, Biochim. Biophys. Acta Biophys. Including Photosynth.
120 (2) (1966) 308–310.

[66] S. Ansari, T. Fatma, Cyanobacterial polyhydroxybutyrate (PHB): screening,
optimization and characterization, PLoS One 11 (2016)e0158168.

[67] G.Y.A. Tan, C.L. Chen, L. Li, L. Ge, L. Wang, I.M.N. Razaad, Y. Li, L. Zhao, Y. Mo, J.Y.
Wang, Start a research on biopolymer poly hydroxyl alkanoate (PHA): a review,
Polymers 6 (3) (2014) 706–754.

[68] S. Hondo, M. Takahashi, T. Osanai, M. Matsuda, T. Hasunuma, A. Tazuke, Y.
Nakahira, S. Chohnan, M. Hasegawa, M. Asayama, Genetic engineering and
metabolite profiling for overproduction of polyhydroxybutyrate in
cyanobacteria, J. Biosci. Bioeng. 120 (5) (2015) 510–517.

http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0215
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0215
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0215
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0220
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0220
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0220
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0220
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0225
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0225
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0230
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0230
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0235
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0235
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0235
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0240
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0240
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0240
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0245
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0245
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0245
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0250
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0250
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0255
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0255
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0260
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0260
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0260
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0260
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0265
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0265
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0265
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0270
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0270
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0270
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0270
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0275
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0275
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0275
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0275
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0275
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0280
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0280
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0280
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0285
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0285
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0285
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0285
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0285
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0290
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0290
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0295
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0295
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0295
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0300
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0300
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0305
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0305
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0305
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0310
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0310
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0310
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0310
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0315
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0315
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0320
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0320
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0320
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0325
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0325
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0325
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0330
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0330
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0335
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0335
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0335
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0340
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0340
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0340
http://refhub.elsevier.com/S2215-017X(19)30696-4/sbref0340

	Estrone degrading enzymes of Spirulina CPCC-695 and synthesis of bioplastic precursor as a by-product
	1 Introduction
	2 Materials and methods
	2.1 Chemicals
	2.2 Culture maintenance and experimental design
	2.3 Prediction of estrone degradation pathway
	2.4 Identification of cyanobacterial enzymes responsible for estrone degradation
	2.4.1 Estimation of laccase activity
	2.4.2 Estimation of peroxidase activity
	2.4.3 Estimation of esterase activity

	2.5 Quantification of polyhydroxybutyrate (PHB)

	3 Results
	3.1 Predicted estrone degradation pathway
	3.2 Cyanobacterial enzymes involved in estrone degradation
	3.2.1 Laccase activity
	3.2.2 Peroxidase activity
	3.2.3 Esterase activity

	3.3 Accumulation of polyhydroxybutyrate

	4 Discussion
	5 Conclusions
	Author contributions
	Declaration of Competing Interest
	Acknowledgements
	Appendix A Supplementary data
	References


