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Natural and synthetic steroid hormones such as progesterone and norgestrel in the aquatic environment
may cause adverse effects on aquatic organisms. This study investigated the biotransformation of
progesterone and norgestrel in aqueous solutions by two freshwater microalgae Scenedesmus obliquus
and Chlorella pyrenoidosa and elucidated their transformation mechanisms. More than 95% of progesterone
was transformed by the two microalgae within 5 d. For norgestrel, almost complete transformation by S.
obliquus was observed after 5 d, but nearly 40% was remained when incubated with C. pyrenoidosa. The
results also showed that these two compounds were not accumulated in the algal cells. Biotransformation
was found to be the main mechanism for their loss in the aqueous solutions, and it followed the first-order
kinetic model. For progesterone, three main transformation products, i.e. 3g-hydroxy-5a-pregnan-20-one,
3,20-allopregnanedione and 1,4-pregnadiene-3,20-dione, and six minor androgens were identified. For
norgestrel, only two transformation products, 4,5-dihydronorgestrel and 6,7-dehydronorgestrel, were
identified for the first time. Hydroxylation, reduction and oxidation are proposed to be the main transfor-
mation pathways. Among the two microalgae species, S. obliquus was found more efficient in the transfor-
mation of the two target compounds than C. pyrenoidosa. The results clearly demonstrated the capability of
the two microalgae to transform the two progestogens. The biotransformation and products could have
significant environmental implications in the fate and effects of the two steroids.
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1. Introduction

Steroid hormones in the aquatic environment have become a
big concern due to their high potency and potential adverse effects
on aquatic organisms (Lintelmann et al., 2003; Runnalls et al.,
2010). Feminization of male fish in some rivers and lakes has been
reported due to the presence of natural and synthetic estrogens
(Jobling et al., 1998; Kidd et al., 2007; Xie et al., 2010). So far, most
attention has been directed to studying the environmental fate and
biological effects of estrogens and less to the other steroids such as
progestogens (Ying et al., 2002; Sumpter, 2005; Chang et al., 2011).

Since little has been known about the fate of progestogens in
the aquatic environment, this study will focus on two progesto-
gens: one is progesterone, a natural steroid hormone, which is a
key compound in regulating female reproductive function; the
other is norgestrel, a synthetic compound, which is often used as
active ingredient in oral contraceptives. Progesterone and norge-
strel have been detected in sewage effluents and receiving waters
at several to hundreds ngL~! levels (Kolpin et al., 2002; Chang
et al, 2011; Liu et al., 2011, 2012). Recent laboratory studies
showed that progesterone and norgestrel could affect fish repro-
duction and hormone receptor gene expressions at ng L™! levels
(Zeilinger et al., 2009; DeQuattro et al., 2012; Zucchi et al., 2012).
Some investigations from pharmaceutical industry indicate that
steroids including progesterone and norgestrel could be trans-
formed by algae, bacteria and fungi (Hu et al., 1996; Pollio et al.,
1996; Huszcza et al.,, 2005; Eshrat and Aroona, 2011). However,
in-depth studies are needed to understand the role of various mi-
crobes like algae in the fate of progesterone and norgestrel in the
aquatic environment, including their transformation mechanisms
and transformation products.

Algae play an important role in the environmental fate of con-
taminants since they are widespread in the aquatic environment
and can interact with organic and inorganic substances (Field
et al., 1998; Munoz and Guieysse, 2006; Gao and Tam, 2011; Zhou
et al., 2011). It is known that like bacteria and fungi, algae are able
to remove organic contaminants via adsorption, absorption and
degradation processes (Hirooka et al., 2005; Nakajima et al,
2007; Li et al,, 2009; Gao and Tam, 2011). The objectives of this
study are to assess the biotransformation potential of two progest-
ogens (progesterone and norgestrel) by two widely distributed
freshwater green microalgae Scenedesmus obliquus and Chlorella
pyrenoidosa, and to investigate their algal transformation mecha-
nisms and transformation products. The two algae species used
in this study have been used in our previous investigations for
other contaminants including metals and alkyl phenols (Zhou
etal,, 2011, 2012). The results from this study are expected to facil-
itate better understanding the potential application of freshwater
algae in wastewater treatment and their interaction with the pro-
gestogens in the aquatic environment.

2. Materials and methods
2.1. Chemicals and materials

Progesterone (CAS: 57-83-0; purity: 99%) was purchased from
Dr. Ehrenstorfer GmbH (Augsburg, German), while norgestrel
(CAS: 6533-00-2; purity: 99%) was obtained from USP (Rockville,
MD). The stock solutions of these two target compounds were pre-
pared in methanol at the concentration of 6369.4 LM. Twenty-eight
steroid standards were also obtained from various suppliers for
analysis and confirmation of various transformation products (Liu
et al, 2011). In addition, 3B-hydroxy-5o-pregnan-20-one and
3,20-allopregnanedione were purchased from Sigma-Aldrich (St.
Louis, MO), and used as the qualitative standards for confirmation.

Mineral salts such as NaNOs, Na,CO5 and K;HPO,4-3H,0 (analytical
grade) were obtained from Tianjin (China) and used for preparation
of algal growth medium. Formic acid (HPLC grade, purity >98%)
was supplied by Tedia Company (Tedia, USA). All the organic sol-
vents used in extraction and analysis (acetonitrile, methanol, meth-
ylene dichloride, hexane and ethyl acetate) were HPLC grade and
purchased from Merck Corporation (Shanghai, China) or CNW Tech-
nologies (Dusseldorf, Germany). Ultrapure water was produced by
a Milli-Q apparatus from Millipore (Watford, UK). Bis-(trimethyl-
silyl) trifluoroacetamide (BSTFA) was purchased from Supelco
(USA) to be used as derivatization reagent. Oasis HLB cartridges
(500 mg) were obtained from Waters Corporation (Milford, MA,
USA). All glassware was hand-washed with tap water, rinsed with
methanol and HPLC grade water, and backed at 450 °C for more
than 4 h before use when necessary.

2.2. Microalgae and culture medium

C. pyrenoidosa (FACHB-9) was provided by the Institute of
Hydrobiology, Chinese Academy of Sciences (Wuhan, China), while
S. obliquus was isolated from a hypereutrophic environment (the
East Lake, Wuhan, China). BG11 medium, described by Stanier
etal.(1971), was used as the growth medium. The growth medium
contained the following chemicals: NaNOs, 1.5 g L™!; K;HPO,4-3H,.
0, 0.04 gL '; MgS0,-7H,0, 0.075gL"'; CaCl,-2H,0, 0.036 gL ';
Na,CO03, 0.02 g L™!; citric acid, 0.006 g L™!; ferric ammonium cit-
rate, 0.006 g L-'; EDTA, 0.001 gL~ '; and As+Co solution (1 mI L")
that consists of H3BOs, 2.86 g L~!, MnCl,-4H,0, 1.81 g L™'; ZnSO,.
7H,0, 0222 g L', CuSO45H,0, 0.079g L~'; Na,MoO,42H,0,
0.390 g L~'; and Co(NOs),-6H,0, 0.0494 g L~. The two selected al-
gae species were cultivated in 150 mL BG11 medium in flasks,
which were placed in a shaking incubator with a speed of
150 rpm at 25 °C. Illumination was provided by white fluorescent
light at 3000 lux with the light/dark cycle of 12 h:12 h. Algal cells
used for the transformation experiment were collected by centri-
fuging the culturing solution at the exponential growth phase, then
pellets were harvested, and washed three times with Milli-Q water
and re-suspended in 100 mL Milli-Q water.

2.3. Biotransformation experiment

The biotransformation experiment of progesterone and norge-
strel by C. pyrenoidosa and S. obliquus was conducted individually
under strict axenic conditions. The experimental design is shown
in Fig. ST (Supporting Information). The target compound (proges-
terone or norgestrel) in the stock solution was added into the BG11
medium to achieve an initial concentration of 1.6 pM. Algal cells
were inoculated at an initial algae density of approximately 10°
or 10 cells mL~". Culturing was performed in 250 mL Erlenmeyer
flasks containing 150 mL culture volume at 150 rpm and 25 £ 1 °C.
Light was provided by continuous cool white fluorescent lamps at
3000 lux with a dark/light cycle of 12 h:12 h. The experiment was
conducted for 5 d, and both treatments were carried out in tripli-
cate for the degradation kinetics. The treatments for both proges-
terone and norgestrel had corresponding controls without the
target chemicals (only live algae) to assess chemical effect on algal
growth, and without algae and with dead algae to measure the abi-
otic losses (and/or adsorption) of the target compounds from the
culture medium. Dead algae were achieved by heat treatment
(85 °C, 20 min) (Majidi et al., 1990). The dead algae were added
to the culture at an initial density of 10° cells mL~'. The concentra-
tions of the two target compounds in the aqueous culture solutions
and algal cells were monitored at different time intervals (0, 5, 10,
24, 48, 72, 96 and 120 h) within the 5d incubation. Separate
batches of culture flasks with the same treatments were also set
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up for the algal absorption measurement and transformation prod-
ucts identification.

2.4. Determination of algae density

The cell density in each treatment was measured daily with
optical density (OD) at 650 nm or 680 nm for the growth of C. pyr-
enoidosa and S. obliquus respectively, using a BMG microplate read-
er (BMG Lab technologies, Offenburg, Germany). The relationship
between algal density and ODgsg or ODggg is given in Egs. (1) and
(2) (Zhou et al., 2011).

For C. pyrenoidosa:

Cell density (10° cells mL™") = 334.74 x ODggo — 6.6694
(R=10.997) (1)

For S. obliquus:

Cell density (10° cells mL™") = 78.953 x ODgso — 1.9331
(R =0.995) (2)

Dry weight (mg mL™") = 0.7244 x ODgsp — 0.0176 (R = 0.999)

(3)

2.5. Analysis of progesterone and norgestrel

The concentrations of the target compounds (progesterone and
norgestrel) in the culture solutions for the transformation kinetics
were analyzed at the different time intervals by high-performance
liquid chromatography (HPLC). Exactly 1.5 mL of the culture solu-
tions was sampled each time and centrifuged at 9168¢g for 5 min to
remove the algal cells, and then 1 mL of the supernatant was
extracted three times with 0.3 mL methylene dichloride. The
extracts were pooled together and re-constituted in the initial
mobile phase solutions for determination of the progesterone or
norgestrel concentrations.

The progesterone and norgestrel adsorbed/absorbed in algal
cells were also determined daily from a different batch of flasks
with the same treatments to those for the transformation kinetics.
Algae cells were harvested from 150 mL algae culture medium by
centrifugation at 9168g for 5 min, then re-suspended in 1.5 mL of
10% methanol aqueous solution and shaken for approximately
30 s to obtain the progesterone and norgestrel adsorbed on the cell
walls. The sample solution was then centrifuged for a further 5 min
at 9168g, and the target compound contained in the supernatant
was used for the determination of the progesterone or norgestrel
content adsorbed on the algal cells (Correa-Reyes et al., 2007; Zhou
et al., 2012). The algal cells after 10% methanol wash were frozen
(=20 °C) over night until the cell walls were broken. The processed
algae were then extracted three times with dichloromethane-
methanol (1:2 v/v) to obtain the progesterone and norgestrel ab-
sorbed in algal cells (Correa-Reyes et al., 2007; Zhou et al., 2012).

The HPLC instrument used in the measurement was an Agilent
HPLC system (1200 series) equipped with a diode-array detector
(DAD) (Agilent Technology, Santa Clara, CA). A Zorbax Eclipse re-
versed-phase XDB-C18 (4.6 x 150 mm, 5 um) was used for the
separation of the target compounds under the oven temperature
of 30 °C. The mobile phase was 80% acetonitrile and 20% water
for progesterone, and 60% acetonitrile and 40% water for norge-
strel, with a flow rate of 1 mL min~!. The injection volume was
20 pL and the UV wavelength used for detection was 240 nm for
both target compounds. The method limits of quantification
(MLOQs) for progesterone and norgestrel were 44.6 ngL~! and
435 uglL"; and their recoveries from aqueous solutions were
84.5 +2.3% and 98 * 7.1%, respectively.

Based on the measured concentrations, the transformation effi-
ciency (R) and the bioconcentration factor (BCF) were calculated
according to the following Egs. (4) and (5) (Zhou et al., 2012).

R =100 x (Ci — C;)/Ci (4)

where R is the dissolved progesterone or norgestrel removal (%); G
and Cyare the initial and final concentrations (mg L~!) of progester-
one or norgestrel in the solution, respectively.

BCF = C./(C;/1020) (5)

where C, is the concentration (mg g~ ' dry weight) of progesterone
or norgestrel accumulated in the algal cells, C; is the initial concen-
trations (mg L) of progesterone or norgestrel in the solution,
divided by 1020 g L™! as the density of the solution.

2.6. Analysis of transformation products

Solid phase extraction (SPE) was used to extract potential trans-
formation products from both treatments for the two target com-
pounds (progesterone and norgestrel), with a method modified
from our previous work (Liu et al., 2011). The culture solutions
(150 mL each) sampled every day during the 5 d incubation were
centrifuged at 9168g for 5 min, and then the supernatants were
passed through the Oasis HLB cartridges which had been pre-con-
ditioned with 10 mL methanol and 10 mL Milli-Q water. The po-
tential transformation products from progesterone or norgestrel
were eluted sequentially with 10 mL hexane, followed by 10 mL
ethyl acetate and 10 mL methanol. The extracts were dried under
a gentle nitrogen stream and re-dissolved in 1 mL of methanol
and stored in a fridge for later analysis. The collected algal cells
were also extracted with dichloromethane-methanol (1:2 v/v) to
obtain transformation products that may be absorbed in the algal
cells. The extracts were analyzed by both gas chromatography-
mass spectrometry (GC-MS) and liquid chromatography-tandem
mass spectrometry (LC-MS/MS).

The transformation products of the two progestagens by algae
were identified by the following three main methods: GC-MS scan
analysis to obtain mass spectra, LC-MS/MS scan analysis (Scan
mode) to obtain the molecular weights of the products and frag-
mentation patterns, and LC-MS/MS quantitative analysis with
multiple reaction monitoring mode (MRM mode) to confirm and
quantify the potential degradation products by using available
authentic standards.

The GC-MS instrument used in the analysis of transformation
products was an Agilent 6890N gas chromatograph (Agilent,
USA) connected to an Agilent 5975B MSD mass spectrometer. Sep-
aration of the compounds was achieved by using a DB-5ms capil-
lary column (30 m x 0.25 mm, 0.25 um film thickness) (Agilent
J&W, USA). Helium was used as the carrier gas and maintained at
a constant flow rate of 1.0 mLmin~'. A sample volume of 2 uL
was injected in the splitless mode at 280 °C. The column tempera-
ture was programmed from 80 °C to 310 °C at 5 °C min~}, and then
maintained at 310 °C for 5 min. The mass spectrometer was oper-
ated under electron ionization (EI) mode with a mass scan range of
40-1000 amu. The ion source temperature was kept at 250 °C and
the quadrupole temperature 150 °C during the analysis. Compound
identification was carried out based on mass spectra interpreta-
tion, chemical standard match and/or NIST mass spectra library
searching program (database version 05 from Institute of Stan-
dards and Technology).

The extracts (100 puL each) were also derivatized using 20 pL
acetic ether, 50 pL pyridine and 30 pL BSTFA. Conversion into their
trimethylsilyl (TMS) derivatives was achieved by heating the reac-
tion solutions at 70 °C for 60 min, and the reaction solutions were
then dried by a gentle nitrogen stream and re-constituted in ethyl



584 F.-Q. Peng et al./Chemosphere 95 (2014) 581-588

acetate. Silylated compounds in the extracts were again analyzed
by GC-MS for any polar transformation products.

The LC-MS/MS instrument used in the analysis of potential
transformation products was an Agilent 1200 LC-Agilent 6460
QQQ with an electrospray ionization (ESI) source. The chromato-
graphic separation was performed on an Agilent Zorbax SB-C18
(100 mm x 3 mm, 1.8 pm) column with its corresponding pre-col-
umn filter (2.1 mm, 0.2 pm). Two RRLC-MS/MS analysis methods
were applied in the identification: one used the Scan method to
confirm the product ions and parent ions (pseudomolecular ions),
and the other used our previous quantitative method (multiple
reaction monitoring method (MRM method)) to confirm and quan-
tify potential transformation products with available authentic
standards (Liu et al., 2011). The mobile phase used in the analysis
was: water containing formic acid (0.01%, v/v) and methanol at a
flow rate of 0.35 mL min~". The gradient program used in the Scan
method was as follows: 60% methanol for 50 min, and post time for
5 min, while that for the MRM method was given as follows: from
60% to 80% (methanol) in 15 min, then from 80% to 60% (methanol)
in 0.5 min, and post time for 5 min. Both methods were performed
in positive ionization mode.

3. Results
3.1. Biotransformation of progesterone and norgestrel by microalgae

Growth of the two freshwater microalgae during the transfor-
mation of progesterone and norgestrel is shown in Fig. S2
(Supporting Information). The two algae S. obliquus and C. pyre-
noidosa maintained a constant growth in the presence of progester-
one or norgestrel. No significant effects were observed between the
treatments with an initial chemical concentration of 1.6 pM and
the controls without the target compounds (p < 0.05).

Both of the target compounds (progesterone and norgestrel)
were found to be stable under the sterile conditions. Any degrada-
tion due to hydrolysis or volatilization was negligible based on the
data for the sterile controls. These two compounds were degraded
significantly by the two live algae within120 h (5 d) of incubation
(Figs. 1 and 2). The biotransformation of progesterone and norge-
strel by the live algae followed the first-order reaction model.
The kinetic parameters including the kinetic rate constant (k) and
the half-life (t;/;) are given in Table 1.

But only slight losses of progesterone and norgestrel by the
dead algae (<20%) were found within 120h, and the losses
occurred mainly within 24 h (Figs. 1 and 2). Thus, adsorption is
the only contribution factor for the removal under the dead algae
treatment. This suggests that the removal of progesterone and
norgestrel in the aqueous solutions by live S. obliquus and C. pyre-
noidosa was caused mainly by biotransformation rather than by
simple accumulation by algal cells. It should be noted that more
adsorption may occur with increasing biomass during the incuba-
tion of live algae.

In fact, the two target compounds in live algal cells were also
determined in the experiment. Progesterone, whether adsorbed
or absorbed, was not found in the live algal cells, while norgestel
was only detected to be absorbed in S. obliquus cells at the 3rd,
4th and 5th day with its trace concentrations of 23 + 0.5, 24+ 0.5
and 17 +0.6 mg kg~ !. The corresponding BCF for the three sam-
pling days were calculated to be 48 +1.0, 50+ 1.0 and 36+ 1.2,
respectively. Therefore, biotransformation was the main process
responsible for the losses of these two progestogens in the aqueous
solutions.

For progesterone, more than 95% was degraded from the aque-
ous medium by the two live microalgae species at the end of the
experiment (120 h) (Fig. 1). However, S. obliquus and C. pyrenoidosa
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Fig. 1. Transformation of progesterone (initial concentration of 1.6 uM) by S.
obliquus and C. pyrenoidosa. Error bars indicate standard deviations of the residual
concentrations (n = 3).

performed differently in the degradation process. Rapid transfor-
mation of progesterone by S. obliquus was observed within the first
48 h, followed by a slow transformation. In comparison with S.
obliquus (t12: 16 h), slower transformation by C. pyrenoidosa was
found for progesterone with its half-life of 39 h (Table 1).

Norgestrel biotransformation was found much slower than that
of progesterone by either S. obliquus or C. pyrenoidosa (Fig. 2). The
half-lives for norgestrel were 40 h with S. obliquus and 88 h with C.
pyrenoidosa (Table 1). It is noted that S. obliquus was more effective
than C. pyrenoidosa in the transformation of both progesterone
and norgestrel although both algae could transform the two
compounds.

3.2. Identification of the transformation products

Three main and six minor transformation products were tenta-
tively identified for progesterone by using GC-MS and LC-MS/MS
(Table 2). The three main transformation products, i.e. 3B-hydro-
xy-5a-pregnan-20-one (A), 3,20-allopregnanedione (B) and 1,4-
pregnadiene-3,20-dione (C) were first identified by GC-MS with
NIST library match (Fig. S3), and products A and B were also con-
firmed by their pure chemical standards (Figs. S4 and S5). Product
A (3B-hydroxy-50-pregnan-20-one) had a molecular ion at m/z
318.2 and characteristic fragment ions at m/z 215.1, 235.2, 257.1,
285.2 and 298.2. Product B had a molecular ion at m/z 316.2, and
other characteristic fragment ions at m/z of 231.1, 258.2 and
298.2. Product C had a molecular ion at m/z of 312.2 and a
characteristic fragment ion at m/z of 122. The three main transfor-
mation products (A, B, and C) of progesterone were detected in the
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Fig. 2. Transformation of norgestrel (initial concentration of 1.6 uM) by S. obliquus
and C. pyrenoidosa. Error bars indicate standard deviations of the residual
concentrations (n = 3).

incubation solution with C. pyrenoidosa, while only one main prod-
uct (C) was detected in both algae culture media (Fig. S6). The three
main products (A, B and C) were also confirmed for the presence of
their pseudomolecular ions (M+H: 319, 317 and 313) by the LC-
MS/MS with Scan mode. Based on the peak areas, the yields for
the three main products (A, B and C) were estimated to 21.8%,
3.5% and 18.7% after 5 d incubation of C. pyrenoidosa (Table S1).

The six minor transformation products for progesterone were
identified by LC-MS/MS with the authentic standards based on
our previous quantitative method for various steroids (Liu et al.,
2011). The six products (D to I) at the ngL™! to pugL™! levels
(Table S2) were androgen steroids, including ADD (androsta-1,4-
diene-3,17-dione), 17B-boldenone, AED (4-androstene-3,17-dione),
testosterone, 50-DHT (5a-dihydrotestosterone), and epi-andros-
terone (Table 2). They could be found in both incubation media of
S. obliquus and C. pyrenoidosa with progesterone.

For norgestrel, only two transformation products 4,5-
dihydronorgestrel (J) and 6,7-dehydronorgestrel (K) were tenta-
tively identified based on the mass spectra from GC-MS analysis
of the derivatized extracts, and further confirmed by the NIST li-
brary match (Fig. S7). Silylated product J had a molecular ion
(M+TMS) at m/z of 386.3, while silylated product K had a molecular
ion (M+TMS) at m/z 382.3, which correspond to their molecular
weights of 314 and 310. The two products (J and K) were only
found for norgestrel incubated with C. pyrenoidosa (Table 2), with
their yields estimated to be 47% and 10% after 5d incubation,
respectively. All identified transformation products for progester-
one and norgestrel were detected in the incubation solutions, not
inside the algal cells. Based on the detected transformation prod-
ucts, it is found that hydrogenation and dehydrogenation were
the two main mechanisms for the algal transformation of proges-
terone and norgestrel. The biotransformation pathways for the
two compounds were tentatively proposed and are shown in Fig. 3.

4. Discussion

The results from the present study showed the capability of the
two freshwater microalgae, S. obliquus and C. pyrenoidosa, to de-
grade the two progestogens progesterone and norgestrel (Figs. 1
and 2). The two algae species showed different metabolisms, with
S. obliquus having better biotransformation capability than C. pyre-
noidosa for the two progestogens. A previous pharmaceutical study
of ten different microalgae strains by Pollio et al. (1994 ) found that
the Chlorococcales and Cyanidium groups were the most promis-
ing strains to bioconvert progesterone, while the Volvocaceae and
Euglenophyceae groups did not induce any transformation. The
half-lives for the two compounds in Table 1 clearly suggest easier
biotransformation for the natural progestogen progesterone than
for the synthetic progestogen norgestrel by both algae species. This
is most likely due to the presence of 17a-ethynyl group at the
molecular structure of norgestrel, which makes it more resistant
to microbial attack (Hu et al., 1998).

Algal transformation of progesterone produced three main
transformation products, i.e. 3f-hydroxy-5a-pregnan-20-one (A),
3,20-allopregnanedione (B) and 1,4-pregnadiene-3,20-dione (C)
as well as six minor androgen compounds (D-I) (Table 2). The reac-
tions involved in the algal transformation of progesterone include
the reduction (hydrogenation), hydroxylation, oxidation (dehydro-
genation) and side-chain breakdown (Fig. 3). Similar transforma-
tion pathways for progesterone by some strains of Chlorella spp.
have been previously observed (Pollio et al., 1996). Different
metabolisms among these investigated strains were also found in
their study. Some products such as products A and B detected in
the present study due to the hydroxylation and reduction of pro-
gesterone were also found in their study. Hydroxylation of proges-
terone has been reported as the main transformation pathway by a
terrestrial-isolated cyanobacterium Microchaete tenera with the
formation of 6-hydroxy and 20-hydroxyl derivatives (Safiarian

Table 1
Kinetic parameters for the algal transformation of progesterone and norgestrel.
Compound* CAS Molecular weight Algae species k (h)® ¢ ti2 (h)¢ p°
Progesterone 57-83-0 314.47 S. obliquus 0.044 0.99 16 <0.0001
C. pyrenoidosa 0.018 0.92 39 <0.005
Norgestrel 6533-00-2 312.46 S. obliquus 0.017 0.97 40 <0.0001
C. pyrenoidosa 0.009 0.98 88 <0.0001
¢ The initial concentration of each compound was 1.6 uM in all experiments.
b Kinetic rate constant, calculated using the first-order reaction kinetic model (C= Cy * exp(—k * t)).
¢ Correlation coefficient, which represents the fitness of the modeling data.
4 Half-life, calculated as (In 2)/k.
e

Statistical significance level.



586 F.-Q. Peng et al./Chemosphere 95 (2014) 581-588

Table 2

Transformation products of progesterone and norgestrel by the two algae.
Product Name CAS Molecular weight  Microalgae Substrate Identification method
A 3B-Hydroxy-5a-pregnan-20-one 516-55-2 318 C. pyrenoidosa Progesterone  GC-MS, NIST; Standard match
B 3,20-Allopregnanedione 566-65-4 316 C. pyrenoidosa Progesterone  GC-MS, NIST Standard match
C 1,4-Pregnadiene-3,20-dione 1162-54-5 312 C. pyrenoidosa and S. obliquus  Progesterone  GC-MS, NIST
D Androsta-1,4-diene-3,17-dione (ADD) 897-06-3 284 C. pyrenoidosa and S. obliquus  Progesterone LC-MS/MS, Standard match
E 17B-Boldenone 846-48-0 286 C. pyrenoidosa and S. obliquus ~ Progesterone LC-MS/MS, Standard match
F 4-Androstene-3,17-dione (AED) 63-05-8 286 C. pyrenoidosa and S. obliquus ~ Progesterone LC-MS/MS, Standard match
G Testosterone 58-22-0 288 C. pyrenoidosa and S. obliquus  Progesterone LC-MS/MS, Standard match
H 5a-Dihydrotestosterone (50-DHT) 521-18-6 290 C. pyrenoidosa and S. obliquus ~ Progesterone LC-MS/MS, Standard match
| Epi-androsterone 481-29-8 290 C. pyrenoidosa and S. obliquus ~ Progesterone LC-MS/MS, Standard match
J 4,5-Dihydronorgestrel 20402-55-5 314 C. pyrenoidosa Norgestrel Derivatization, GC-MS, NIST
K 6,7-Dehydronorgestrel 51087-61-7 310 C. pyrenoidosa Norgestrel Derivatization, GC-MS, NIST

Hydroxylation

Hydrogenation
——>

Progesterone Dehydrogenation

l

Side-chain
Breakdown

Hydrogenation
(—D

Norgestrel

Dehydrogenation
—_—

K

Fig. 3. Tentatively proposed biotransformation pathways for progesterone and norgestrel by S. obliquus and C. pyrenoidosa. Products A-K represent the transformation
products in Table 2.

et al., 2012). Product C has not been reported in algal transforma- progesterone to some androgens (e.g. AED and ADD) by a bacte-
tion before, but was detected as a metabolite of progesterone in rium Mycobacterium smegmatis has also been reported (Jenkins
fungal transformation (Clemons et al, 1989). Conversion of et al., 2004).
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Algal transformation of norgestrel produced only two transfor-
mation products 4,5-dihydronorgestrel (J) and 6,7-dehydronorge-
strel (K) due to the hydrogenation and dehydrogenation (Fig. 3).
This is the first report on algal transformation of norgestrel and
the formation of the two transformation products. However,
hydroxyl derivatives have been observed in the degradation of
norgestrel by some industrial fungi including Rhizopus nigricans,
R. arrhizus and Aspergillus niger (Hu et al., 1996).

In addition to the two progestogens investigated in the present
study, the two common freshwater algae species S. obliquus and C.
pyrenoidosa have been known to degrade other organic compounds
including alkyl phenols (Zhou et al., 2012) and phthalates (Yan
et al.,, 1995), and to remove metals such as zinc and copper (Zhou
et al,, 2011). It should be noted that the two algae species are able
to grow well in wastewater (Lavoie and De la Noiie, 1985). There-
fore, the two algae species could be selected as potential microor-
ganisms for use in the treatment of wastewaters. Further research
is required to understand their removal performance in wastewa-
ter treatment processes.

The present study also demonstrated that various algae species
like S. obliquus and C. pyrenoidosa could play a significant role in
the fate of steroids in the aquatic environment. In fact, microalgae
have also shown their ability to degrade or transform other ste-
roids such as hydrocortisone, 4-androsten,3,17-dione, and prednis-
olone (Abul-Hajj and Qian, 1986; Pollio et al., 1994, 1996; Ghasemi
et al., 2008). The present study and those previous studies clearly
showed bioconversion between different classes of steroids, which
may result in subsequent changes in reproductive endocrine dis-
rupting effects on aquatic organisms. The side-chain breakdown
of progesterone could have significant environmental implications
due to the generation of androgens. The present study indicates
that in addition to the natural excretion from humans and animals,
androgens present in the aquatic environment could be produced
from the transformation of progesterone by widely present fresh-
water algae. Some transformation products such as testosterone
(G), and dehydrotestosterone (H) showed in vitro androgenic activ-
ity in yeasts and in vivo androgenic effects in fish (Katsiadaki et al.,
2002, 2005; Sohoni and Sumpter, 1998). High levels of androgenic
activity were measured in the UK surface water and sediment
receiving sewage effluent discharge (Thomas et al., 2002). A toxic-
ity identification evaluation study of these samples identified
responsible steroid toxicants including dehydrotestosterone (H),
androstenedione (F), androstanedione (D), 58-androstane-3a,11p3-
diol-17-one, androsterone, and epi-androsterone (I). The presence
of these androgen compounds at a trace level in rivers may result
in masculinization of female wild fish (Jenkins et al., 2001). How-
ever, further long-term studies are needed to understand better
the fate of these transformation products from algal degradation
of progestogens and their potential environmental impacts.

5. Conclusions

The two freshwater algae species S. obliquus and C. pyrenoidosa
were shown to have the capability to transform the two steroids
progesterone and norgestrel. Biotransformation was found to be
the main mechanism for the removal of these two compounds,
while biosorption only played a minor role. Different algal trans-
formation performances were observed between the two algae
species, with higher transformation rates found with S. obliquus.
The synthetic compound norgesterel was found to transform much
slower than the natural compound progesterone. Three main
transformation products and six minor androgen products were
detected for progesterone, while only two products were detected
for norgestrel. Hydroxylation, reduction and oxidation as well as
side chain breakdown were proposed to be involved in the algal

transformation pathways for the two progestogens. The algal
transformation of progestogens could have environmental implica-
tions in their environmental fate and potential application in
wastewater treatment.
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