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a b s t r a c t

Microalgae-mediated biodegradation of antibiotics has recently gained increased attention from inter-
national scientific community. However, limited information is available regarding microalgae-mediated
biodegradation of SMX in a co-metabolic system. Here we investigated the biodegradation of sulfa-
methoxazole (SMX) by five algal species (Pseudokirchneriella subcapitata, Scenedesmus quadricauda,
Scenedesmus obliquus, Scenedesmus acuminatus and Chlorella pyrenoidosa), and its transformation path-
ways by C. pyrenoidosa in a sodium acetate (3 mM) co-metabolic system. The results showed that the
highest SMX dissipation (14.9%) was detected by C. pyrenoidosa after 11 days of cultivation among the
five tested algal species in the absence of other carbon sources. The addition of sodium acetate (0e8 mM)
significantly enhanced the dissipation efficiency of SMX (0.4 mM) from 6.05% to 99.3% by C. pyrenoidosa
after 5 days of cultivation, and the dissipation of SMX followed the first-order kinetic model with
apparent rate constants (k) ranging from 0.0107 to 0.9811 d�1. Based on the results of mass balance
analysis, biodegradation by C. pyrenoidosa was the main mechanism for the dissipation of SMX in the
culture medium. Fifteen phase I and phase II metabolites were identified, and subsequently the trans-
formation pathway was proposed, including oxidation, hydroxylation, formylation and side chain
breakdown, as well as pterin-related conjugation. The majority of metabolites of SMX were only
observed in the culture medium and varied with cultivation time. The findings of the present study
showed effective co-metabolism of a sulfonamide by microalgae, and it may be applied in the aquatic
environment remediation and wastewater treatment in the future.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Sulfamethoxazole (SMX) is one of the most widely used drugs
for human and veterinary medicine due to its ability to inhibit
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bacteria and protozoa (Ying et al., 2017; Zhang et al., 2009).
Following treatment in animals and human, a considerable pro-
portion of sulfonamides could be excreted with unchanged or
metabolized forms through feces and urine due to their poor
absorbability and degradability in vivo (Zhang et al., 2015). The
extensive application of SMX and the low removal efficiency of
SMX in wastewater treatment plants (WWTPs) has resulted in its
frequent detection in surface water and groundwater with the
concentrations ranging from ng/L to mg/L (Kummerer, 2009; Wang
and Wang, 2018). The occurrence of SMX in the aquatic environ-
ment could exhibit adverse effects on the growth of microorgan-
isms, aquatic plants and fish, and even affect the structure and
function of microbial communities (Boxall et al., 2012; Xiong et al.,
2019a). Moreover, there is an increasing evidence showing that the
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residual SMX would pose potential risks to human health by
inducing the development and spread of antibiotic resistance (He
et al., 2016). Therefore, it is of great importance to explore sus-
tainable methods to remove SMX from the aquatic environment.

Previous studies revealed that the removal of sulfonamides by
conventional activated sludge treatment in WWTPs is usually
incomplete (Chen and Xie, 2018), while biodegradation by pure
bacteria isolated from activated sludge can enhance the dissipation
of SMX, and some species can even completely mineralize SMX
(Wang and Wang, 2018). The main concern related to these ap-
proaches is the potential for bacteria to develop antibiotic resis-
tance and transfer antibiotic resistance genes (He et al., 2016).
Recently, microalgae-mediated biodegradation has received sci-
entific interests and is proved to be an ecofriendly, effective and
safe technology to remove antibiotics (Xiong et al., 2018). It has
been verified that mixotrophic microalgae have varied capacities to
dissipate antibiotics from wastewater or synthetic wastewater
through bioadsorption, bioaccumulation and biodegradation pro-
cesses (Xiong et al., 2018; Zhou et al., 2014). In a recent study by
Xiong et al. (2019b), the removal kinetics of sulfamethazine (SMZ)
and SMX by S. obliquus was investigated, and the dissipation ratios
for SMZ (1 mg/L) and SMX (1 mg/L) were calculated as 15.7% and
29.3%, respectively. After 14 days of cultivation, the removal effi-
ciency of SMX and triclosan byNannochloris sp. was found to be 32%
and 72%, respectively (Bai and Acharya, 2016). Our previous study
has also found that four freshwater green microalgal species
exhibited capacity for simultaneous removal of total nitrogen, total
phosphorus, metals and some organic compounds in wastewater
(Zhou et al., 2014).

Furthermore, recent studies have demonstrated that augment-
ing wastewater with organic substrates (e.g., glucose and sodium
acetate) or other nutrient substrates (e.g., nitrogen and phosphorus
sources) to form a co-metabolic system would be an effective
strategy to enhance the biodegradation of persistent organic pol-
lutants (Lu et al., 2019; Xiong et al. 2017b, 2018). The biodegrada-
tion of ciprofloxacin by Chlamydomonas mexicana was obviously
increased from 13% to 56% with the addition of sodium acetate as
co-metabolic organic substrate (Xiong et al., 2017b). Additional
exogenous carbon (glucose, sodium acetate, or methanol) could
also significantly accelerate the biodegradation of some acidic
drugs (e.g. diclofenac, ibuprofen and naproxen) by Pseudox-
anthomonas sp. DIN-3 (Lu et al., 2019). The additional organic
substrates not only serve to sustain biomass production, but also
act as an electron donor for the co-metabolism of the non-growth
substrate (Xiong et al., 2018). To our knowledge, however, the co-
metabolism of SMX by microalgae remains unknown so far.
Moreover, the transformation mechanism and proposed pathways
of SMX involved in the co-metabolic system need to be further
studied as it is essential to understand the environmental fate and
the risk assessment of SMX in the aquatic environment.

Common freshwater green microalgae, such as Pseudokirchner-
iella subcapitata, Scenedesmus quadricauda, Scenedesmus obliquus,
Scenedesmus acuminatus and Chlorella pyrenoidosa, have been
employed for the removal of various contaminants, considering
their potential capability for removing various pollutants and po-
tential use as feedstock for bioenergy production or other high
value added products (Xiong et al., 2018; Zhou et al., 2014). The
objectives of this study were to test and compare five microalgal
species as mentioned above for their capacity to dissipate SMX, and
then to investigate degradation of SMX with the selected algal
species C. pyrenoidosa under various co-metabolic conditions. The
influence of sodium acetate as a co-metabolic organic substrate on
the dissipation of SMX by C. pyrenoidosa was further assessed, and
the intermediates of SMX were identified using ultra performance
liquid chromatography coupled to quadrupole time-of-flight mass
spectrometry (UPLC-QTOF-MS), and the possible transformation
pathways of biodegradation were proposed.

2. Materials and methods

2.1. Chemical agents

Sulfamethoxazole (SMX, purity > 99.5%, Table S1) was pur-
chased from Dr. Ehrenstorfer GmbH (Germany). Acetonitrile and
methanol (HPLC grade) were acquired from Merck (Germany).
Formic acid (HPLC grade, purity � 98%) was supplied by ANPEL
Laboratory Technologies (Shanghai, China). Glucose, sodium ace-
tate and sodium formate were purchased from Sigma-Aldrich.
Mineral salts such as NaNO3, Na2CO3 and K2HPO4$3H2O (analyt-
ical grade) used for preparation of algal growth medium were ob-
tained from Damao Chemical Reagent Factory (Tianjin, China).

2.2. Algae culture

Pseudokirchneriella subcapitata FACHB-271, Scenedesmus quad-
ricauda FACHB-1468, Scenedesmus obliquus FACHB-12, Scenedesmus
acuminatus FACHB-1221 and Chlorella pyrenoidosa FACHB-9 used in
the experiment were obtained from the Freshwater Algae Culture
Collection of the Institute of Hydrobiology, Chinese Academy of
Sciences. The microalgal strains were individually inoculated in
250 mL Erlenmeyer flasks containing 150 mL Blue Green Medium
(BG11) amendedwith 1mLmicroalgal suspension (OD680¼ 1) in an
illumination incubator for 10 days and under the following condi-
tions: 4000 lx; 25 ± 1

�
C; 12:12 h light-dark photoperiod; and hu-

midity 60% (Xiong et al., 2019c). To achieve the desired optical
density (OD) for further experiments, the microalgal suspension
(cultivated for 10 days) was diluted using sterilized BG11 with a
visible spectrophotometer (Yoke Instrument, China).

2.3. Batch experiments

2.3.1. Microalgal screening and optimization of initial biomass
A pre-experiment was conducted to screen five microalgal

species (P. subcapitata, S. quadricauda, S. obliquus, S. acuminatus and
C. pyrenoidosa) for their capacity of dissipating SMX. Five micro-
algal species were respectively cultivated for 11 days in 250 mL
capacity Erlenmeyer flasks containing 100 mL sterilized BG11
amended with 1 mL microalgal suspension (OD680 ¼ 1) and 0.4 mM
SMX. Subsequently, the effects of the microalgal initial biomass
(different initial biomass with OD680 of 0.006, 0.012, 0.018, 0.06 and
0.12) on the dissipation of 0.4 mM SMX were also investigated.
Samples were collected on day 0, 2, 4, 7 and 11, respectively.

2.3.2. Effects of organic substrates
Owing to its highest dissipation capacity for SMX in the

screening experiment, C. pyrenoidosa was selected in further ex-
periments. It was cultivated with an initial OD680 of 0.06 to screen
the most suitable organic substrate for the co-metabolic biodeg-
radation of SMX. The biodegradation of SMX (0.4 mM) was inves-
tigated in 250 mL Erlenmeyer flasks containing 100 mL sterilized
BG11 with the addition of glucose (1 mM), sodium acetate (1 mM),
or sodium formate (1 mM) for 11 days.

Sodium acetate was selected for further experiments as it pro-
duced the highest dissipation of SMX. The dissipation of SMX
(0.4 mM) exposed to different sodium acetate concentrations (0,1, 2,
3, 4 and 8 mM) was investigated in 250 mL Erlenmeyer flasks
containing 100 mL sterilized BG11 inoculated with the initial OD680
of 0.06. All the flasks were incubated in an illumination incubator
for microalgal cultivation. The biodegradation kinetics experiments
with the addition of sodium acetate were conducted for 5 d with
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sampling on every 0.5 d, and all treatments were carried out in
triplicate. To assess the chemical effects on algal growth, the biotic
controls were conducted with absence of SMX. Abiotic controls
were also included with 0.4 mM SMX, but without algae in the
medium, under light and darkness conditions, respectively, to
measure the abiotic losses (photolysis and hydrolysis) of the target
compound from the culture medium.

2.4. Analytical methods

2.4.1. Measurement of cell growth
The dry cell weight (DCW) in each treatment was measured

according to our previous study (Peng et al., 2014). A linear corre-
lation between OD680 and DCW of C. pyrenoidosa (g L�1) was ob-
tained as follows:

DCW¼0:3781�OD680 þ 0:0021
�
R2 ¼ 0:9905

�

The specific growth rate m was calculated using the following
equation:

m¼ lnNt � lnN0

tt � t0

where Nt is the DCW at time tt and N0 is the DCW at the beginning
of the test (t0 ¼ 0 d).

2.4.2. Sampling and pretreatment
Exactly 2 mL microalgal suspension was sampled at each sam-

pling time and centrifuged at 15,000 rpm for 5 min to separate
microalgal cells, and then 1mL of the supernatant was filtered with
a 0.22-syringe filter (ANPEL Laboratory Technologies, China) for
analysis of residual concentrations of SMX in the BG11 medium.
Meanwhile, 50 mL microalgal sample was gathered to evaluate the
bioadsorption, bioaccumulation, and biodegradation of SMX by C.
pyrenoidosa. The harvested microalgal cell pellets were re-
suspended in distilled water (2 mL) and shaken for 2 min to
obtain the SMX absorbed on the cell walls (Xiong et al., 2017a). The
sample solution was centrifuged again and the supernatant was
recovered for analysis of the concentration of SMX adsorbed onto
the cell surface. The rest cell pellets were frozen (�20

�
C) over night

to breakdown the cell walls, and then re-suspended by adding 2mL
of dichloromethane: methanol (1:2, v/v), followed by sonication for
20 min (40 kHz, 2.2 Kw). The extraction was repeated three times.
The supernatant recovered by centrifugation at 15,000 rpm for
5 min was used to determine the concentration of bioaccumulated
SMX by C. pyrenoidosa biomass.

2.4.3. Instrumental analysis of SMX and its transformation products
The quantification of SMX was achieved by using an Agilent

1260 Infinity LC system equipped with a diode array detector
(Agilent Technologies, USA) set at 270 nm and an Agilent Eclipse
XDB C18 chromatographic column (150 � 4.6 mm, 5 mm). The
mobile phase consisted of 60:40 water (acidified by 0.1% formic
acid)/acetonitrile at a flow rate of 1.0 mL min�1. The injection vol-
ume was 100 mL.

The transformation products for SMX were identified by using
an Agilent 1290 Infinity LC system equipped with an Agilent 6545
quadrupole-time-of-flight mass spectrometer (UPLC-QTOF-MS).
The injection volume was 3 mL. Separation was accomplished using
an Agilent Eclipse Plus C18 column (2.1 � 150 mm, 1.8 mm). A
gradient programwas used with twomobile phases (A: 0.1% formic
acid in water; B: acetonitrile) at a flow rate of 0.3 mL min�1. The
gradient elution started with 10% B and increased to 20% B within
5 min, and then increased to 25% B at 10 min, followed by a linear
gradient to 30% B at 15 min, 40% B at 20 min, and then back to the
initial conditions (10% B) for 5 min. The Agilent 6545 system was
operated with Dual AJS source in positive and negative electrospray
ionization (ESI) mode, using the following operation parameters:
capillary voltage, 3500 V ESI-/4000 V ESIþ; nebulizer pressure, 40
psi; drying gas flow rate, 9.0 L min�1; gas temperature, 325

�
C

sheath gas flow rate, 11 L min�1; sheath gas temperature, 350
�
C;

skimmer voltage, 65 V; octapole 1 rf, 750 V; fragmentor voltage,
175 V. LC-MS accurate mass spectra were recorded across the range
50e750 m/z in both positive and negative ion mode. Samples were
first screened using MS1 scan mode at a rate of 2.5 spectra/s and
then 4 spectra/s for auto-MS/MS mode with three collision energy
values (10, 20 and 40 V) for confirmation. When MS/MS spectra
were missing, additional injections in targeted MS/MS mode with
selected precursor ions were conducted to obtain fragmentation
spectra for some metabolites. The identification of transformation
products can refer to Baduel et al. (2019), with details being pre-
sented in the Supporting Information (Text S1).

2.5. Data analysis

In the present study, all experiments were carried out in trip-
licate and samples were stored at�20

�
C prior to analysis. One-way

analysis of variance (ANOVA) with Tukey-Kramer multiple com-
parison test was conducted to analyze statistical differences among
data with Graph Pad Prism 5 software (p < 0.05).

The dissipation (Pb) of SMX by C. pyrenoidosa in culture medium
was calculated using a previously reported equation (Xiong et al.,
2017a) as follows:

Pb ¼ðAt �Ar �Ad �Aa �AcÞ100At

where At is the initial concentration of SMX added into the me-
dium, Ar is the residual quantity of SMX in the medium, Ad is the
amount of SMX adsorbed by microalgal cells, Aa is the amount of
SMX dissipated by abiotic processes, and Ac is the amount of SMX
accumulated in the microalgal cells.

The SMX biodegradation kinetics of C. pyrenoidosa were
assessed according to the first order model as follows (Peng et al.,
2014):

Ct ¼C0 � expð� ktÞ

where C0 is the initial concentration of SMX at time zero, Ct is the
concentration of SMX at time t, and k is the biodegradation rate
constant (d�1).

3. Results and discussion

3.1. Microalgal screening

The dissipation capacity for SMX (0.4 mM) of the five microalgal
strains (P. subcapitata, S. quadricauda, S. obliquus, S. acuminatus and
C. pyrenoidosa) is listed in Table S2. Among the five species, C.
pyrenoidosa showed the highest growth rate and dissipation effi-
ciency for SMX (14.9 ± 0.22%) (Fig. 1a and b). Consequently, C.
pyrenoidosa was chosen for the subsequent biodegradation exper-
iments in this study. Previous studies have demonstrated that
Chlorella genus has the potential to dissipate various kinds of xe-
nobiotics (Gao et al., 2011; Song et al., 2019; Xiong et al., 2017a;
Zhou et al., 2014). C. vulgaris was found to be the most effective
strain among six wild species for the biodegradation of 1 mg/L
levofloxacin (Xiong et al., 2017a), and Chlorella sp. L38 exhibited the
potential for accelerating the dissipation of florfenicol from



Fig. 1. The dissipation capacity of 0.4 mM SMX with different microalgal strains (left) and effects of organic substrates on the dissipation of SMX (right). The dissipation capacity of
five microalgal strains (P. subcapitata, S. quadricauda, S. obliquus, S. acuminatus and C. pyrenoidosa) (a), and difference in the specific growth rate (b) and dry cell weight (c) during 11
days of cultivation. The dissipation kinetics of SMX (d), specific growth rate (e) and dry cell weight (f) of C. pyrenoidosa with addition of three different organic substrates (glucose
(C6H12O6) 1 mM, sodium formate (HCOONa) 1 mM and sodium acetate (CH3COONa) 1 mM) during 11 days of cultivation. CK1 and CK2 were two abiotic controls which contained
0.4 mM SMX, but without algae under light and darkness, respectively. CON was blank control which contained 0.4 mM SMX and algae, but without any additional organic substrates.
Error bars represent standard deviations (n ¼ 3).
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different water sources (Song et al., 2019). It is surprising to find
that S. quadricauda achieved the highest DCW with 0.35 g L�1 after
11 days of cultivation, whilst it showed the lowest SMX dissipation
among the five algal strains in the present study (Fig. 1c). These
results suggested that cellular composition and structure rather
than cell biomass would be responsible for the capability of
freshwater algae to biodegrade organic pollutants (Gao et al., 2011).
Besides, metabolic and enzymatic activities should be taken into
consideration. However, there is a complex enzyme system in
microalgae, the exact role of these enzymes in biodegradation
requires further investigation (Xiong et al., 2018).
A non-linear relationship between the initial biomass of

microalgae and the corresponding dissipation efficiency of con-
taminants has been found in a previous study (Xiong et al., 2017a).
Therefore, the effects of initial biomass on the dissipation efficiency
of SMX was investigated in the present study. The dissipation ef-
ficiency of SMX by C. pyrenoidosawas enhanced with OD680 ranged
from0.006 to 0.06, and then decreasedwith the increasing of OD680
until 0.12 (Fig. S1a). Thus, the optimal initial biomass concentration
for C. pyrenoidosa was selected at OD680 ¼ 0.06, as it showed the
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highest dissipation efficiency (Fig. S1a). Similar results have been
found in the study by Xiong et al. (2017a), where the dissipation
efficiency of levofloxacin by C. vulgaris decreased with the
increasing of initial biomass concentration (OD680 ¼ 2.0, 3.0 and
5.0). The DCW of C. pyrenoidosa increased with the increase of
initial biomass concentration (assessed by OD680 values), whereas
the specific growth rate of C. pyrenoidosa increased until
OD680 ¼ 0.06 and then decreased with the increase of OD680
(Figs. S1b and S1c).

3.2. Enhancement effect of sodium acetate as the co-metabolic
substrate

The addition of organic substrates or other nutrients has shown
the potential for accelerating the biodegradation of antibiotics by
microalgae (Xiong et al., 2018). In the present study, three organic
substrates (glucose 1 mM, sodium formate 1 mM and sodium ac-
etate 1mM), which had been proved to be easily biodegradable and
thus frequently used as co-substrate (Liang et al., 2019; Xiong et al.,
2017b), were applied to evaluate their effects on the dissipation of
SMX by C. pyrenoidosa. The results indicated that the dissipation of
SMX significantly decreased (p < 0.05) with the addition of sodium
formate (Fig. 1d), which was in accordance to those in a previous
study that the dissipation of ciprofloxacin by Chlamydomonas
mexicanawas inhibitedwith the addition of sodium formate (Xiong
et al., 2017b). This negative effect could be related to the catabolite
repression, as sodium formate would inhibit the synthesis of en-
zymes involved in catabolism of carbon sources (Kurade et al.,
2011). The dissipation of SMX by C. pyrenoidosa was slightly
increased from 12.6 to 14.9% in the treatment with glucose as co-
metabolic substrate, whilst it significantly increased to 34.6% with
sodium acetate as co-metabolic substrate (Fig. 1d).

Moreover, with the presence of sodium formate, glucose and
sodium acetate, the DCW of C. pyrenoidosa cultivated for 11 days
was increased by 20.7%, 85.9% and 49.5%, respectively (Fig.1e and f),
indicating that glucose was the best option for improving the
growth of C. pyrenoidosa. It was possible that C. pyrenoidosa
preferred to consume readily degradable carbon source, leading to
increased algal growth in the presence of glucose without a cor-
responding increase in SMX dissipation. Similar results have been
observed in a previous study of Pseudomonas aeruginosa (Larcher
and Yargeau, 2012). The addition of an easily degradable carbon
source such as glucose might result in competitive inhibition and
consequently weakened the degradation of the target compound
(Abtahi et al., 2018). It should be noted that sodium acetate can not
only serve as carbon source to sustain algal growth, but also act as
an electron donor for co-metabolic degradation of the non-growth
substrate (Xiong et al. 2017b, 2018). As a result, sodium acetate was
selected as the co-metabolic substrate for the degradation of SMX
in the subsequent experiment.

The dissipation of SMX (0.4 mM) was significantly (p < 0.05)
promotedwith addition of sodium acetate comparing to the control
group (6.05%). After 5 days of cultivation, the dissipation rate of
SMX by C. pyrenoidosa achieved to 36.1%, 89.1%, 93.1%, 98.8%, and
99.3% at 1, 2, 3, 4, and 8mMof sodium acetate, respectively (Fig. 2a).
As shown in Table 1, an assumed first order reaction kinetic model
was applied to explain the dissipation of SMX (0.4 mM) at different
sodium acetate concentrations. Considering the lag phase, the
second day of cultivation was set as the initial day of degradation.
The apparent dissipation rate constant (k) and the half-lives (T1/2)
of SMX (0.4 mM) at each concentration of sodium acetate ranged in
0.0107e0.9811 d�1 and 0.71e65.08 d, respectively. These results
indicated that the dissipation of SMX was increased with the dose
of sodium acetate. This was in agreement with the results of a
previous study (Liang et al., 2019) that the co-metabolism of some
pharmaceuticals such as venlafaxine, tramadol and ciprofloxacin
were dependent on the dose of carbon source. In the present study,
the dissipation of SMX by C. pyrenoidosa was initiated on the sec-
ond day during the cultivation for all treatments, which may be
related to the lag phenomenon in algal growth. In a previous study,
an adaptation phase for microorganism was observed with the
addition of high concentrations of xenobiotics, leading to a lag
phase or change of the kinetics (El-Taliawy et al., 2018). The
maximum dissipation rate of SMX occurred on the third day, and
subsequently the consumption of SMX by C. pyrenoidosa turned to
slow down, even reached a plateau on the 4th and 5th day with the
treatment of 1 mM sodium acetate. As shown in Fig. 2a and b, a
similar trend was found for the dissipation rate of SMX and the
growth rate of C. pyrenoidosa, implying their potential positive
correlation. However, the specific growth rate and DCW of C. pyr-
enoidosawere observed to be inhibited with a high concentration of
sodium acetate (4 or 8 mM) (Fig. 2b and c). Liang et al. (2019) found
that the influence of acetate on the biodegradation of pharma-
ceuticals was dose- and compound-dependent, inducing differ-
ences in some enzymes involved in the biodegradation. However,
further research is still needed to reveal the complex co-
metabolism relationship between the dissipation of SMX and
dose of sodium acetate.

The mass balance of SMX dissipation by C. pyrenoidosa (Table 2)
was calculated to reveal the potential enhancing mechanisms of
sodium acetate, including biodegradation, bioaccumulation and
bioadsorption (Xiong et al., 2018). As shown in Table 2, the dissi-
pation of SMX via abiotic processes was 4.08%. This result was
consistent with that found in a previous study, in which insignifi-
cant dissipation of SMX by S. obliquus was found by abiotic pro-
cesses (Xiong et al., 2019b). These observations suggested that the
dissipation of SMX from medium was mediated by the biotic pro-
cesses of C. pyrenoidosa. Based on the results that bioaccumulation
was not observed in any group, biomass uptake and biodegradation
were supposed as the main dissipation mechanisms of SMX in the
present study. Generally, biomass uptake consisted of an initial
rapid and passive adsorption, and subsequently slow, active ab-
sorption (Wang et al., 2018). However, surface adsorption caused by
C. pyrenoidosawas accounted for only a small part in the dissipation
of SMX (Table 2). The amount of SMX detected on the surface of C.
pyrenoidosa was not enough to compensate for the depletion of
SMX from culture medium. Meanwhile, majority metabolites of
SMX (Fig. 3) were detected in culture medium and varied over time
during the 5 days of cultivation. Therefore, it was postulated that
biotransformation would be the main process responsible for the
loss of SMX in culturemedium. Combining our results with those in
previous studies (Wang et al., 2018), it can be concluded that SMX
was adsorbed by C. pyrenoidosa, and then biotransformed into
other metabolites, which were subsequently released into medium.

3.3. Identified products and proposed transformation pathways

Potential transformation products (TPs) of SMX were identified
based on the accurate mass-to-charge ratios (m/z) and possible
molecular formulas, and their chemical structures were subse-
quently confirmed by the characteristic fragment ions. The mass
spectra information and proposed structures of SMX and its main
TPs are summarized in Table S3, while extracted ion chromato-
grams and the high-resolution mass spectra are shown in Fig. S2
and Fig. S3, respectively. To obtain more information about the
actual biotransformation pathways, the area-time trends of SMX
and its TPs are presented in Fig. 3. Based on these results, the
transformation pathways for SMX are proposed in Fig. 4. The algal
transformation of SMX was divided into two major pathways: A) a,
b, g, d and ε cleavage; and B) reactions of the amine group on the



Fig. 2. The dissipation kinetics of SMX (0.4 mM) by C. pyrenoidosa with the addition of different concentrations of sodium acetate (0, 1, 2, 3, 4 and 8 mM) (a). The changes in the
specific growth rate (b) and dry cell weight (c) of C. pyrenoidosa during 5 days of cultivation. CK3 and CK4 were two abiotic controls which contained 0.4 mM SMX in the medium, but
without algae under light and darkness, respectively. Error bars represent standard deviations (n ¼ 3).

Table 1
Kinetic parameters and total dissipation of 0.4 mM SMX by C. pyrenoidosa with different sodium acetate concentrations after 5 days of cultivation. Error values represent
standard deviations (n ¼ 3).

Sodium Acetate Concentration (mM) k a(d�1) T1/2 b(d) R2 c Total dissipation (%)

0 0.0107 ± 0.0005 65.1 ± 3.19 0.93 6.05 ± 0.28
1 0.0349 ± 0.0025 19.9 ± 1.50 0.99 36.1 ± 1.01
2 0.0567 ± 0.0049 12.3 ± 1.09 0.98 89.1 ± 1.48
3 0.2348 ± 0.0051 2.95 ± 0.06 0.94 93.1 ± 2.03
4 0.7188 ± 0.0231 0.96 ± 0.03 0.95 98.8 ± 1.03
8 0.9811 ± 0.0013 0.71 ± 0.01 0.94 99.3 ± 2.71

The lag-time was not taken account for the calculation of kinetic parameters based on an assumed first order kinetic reaction.
a Kinetic rate constant, calculated using the first-order reaction kinetic model.
b Half-life, calculated as (ln 2)/k.
c Correlation coefficient, which represents the fitness of the modeling data.

Table 2
Mass balance of SMX (0.4 mM) in terms of biodegradation, bioaccumulation, bioadsorption and abiotic processes after 5 days of cultivation.

Sodium Acetate (mM) Mass balance of SMX dissipation (%)

Biodegradation Bioaccumulation Bioadsorption Abiotic dissipation Total dissipation

0 0.49 ± 0.03 ND 1.48 ± 0.08 4.08 ± 0.27 6.05 ± 0.28
1 30.3 ± 0.23 ND 1.68 ± 0.32 36.1 ± 1.01
2 82.7 ± 0.65 ND 2.31 ± 0.37 89.1 ± 1.48
3 84.3 ± 0.54 ND 4.73 ± 0.12 93.1 ± 2.03
4 89.6 ± 0.87 ND 5.09 ± 0.61 98.8 ± 1.03
8 89.2 ± 0.73 ND 6.28 ± 0.72 99.3 ± 2.71

ND e Not detected. The SMX concentrations were below the detection limits of HPLC.
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benzene ring including oxidation and hydroxylation, as well as
pterin-related conjugation.

Under the analytical conditions applied to the UPLC-QTOF-MS,
SMX was detected at 7.360 min with the molecular ion [MþH]þ

of m/z 254.0599 and exhibited characteristic fragmentation pat-
terns of sulfonamide antibiotics. Consistent with a previous study
(Huynh and Reinhold, 2019), three common characteristic product
ions originating from the 4-aminobenzenesulfonamidemoiety (m/z
92.0498, 108.0446, and 156.0116) and additional product ions
characteristic for SMX (m/z 99.0555) were observed with 20 V
collision energy. In pathway A, the cleavage of the SeN bond was
observed, resulting in the generation of products TP157 (4-amino-
benzenesulfinic acid, 4ABSA) and TP98 (3-amino-5-
methylisoxazole, 3A5MI). A previous study found that S atom of the
sulfonamide group was the most vulnerable site which could be
attacked to break down the functional groups (Yin et al., 2017).
Similar TPs were identified in the biodegradation of SMX by S.
obliquus as reported in a previous study (Xiong et al., 2019b). 3A5MI
was one of themost frequently detected TPs in SMX biodegradation
(Chen and Xie, 2018). It was suggested that TP157 would further
undergo a reaction from the loss of SO2 group (TP93), followed by
addition of hydroxyl group on the benzene ring and then oxidation
(TP107). A similar pathway was proposed in the catalytic oxidation
of SMX by peroxymonosulfate activation (Bao et al., 2019). A pre-
vious study indicated that formylation was one of the main
biotransformation reactions of SMX (Majewsky et al., 2015).



Fig. 3. Changes in the abundance of SMX and its transformation products with the reaction time by C. pyrenoidosa in a co-metabolic systemwith sodium acetate. (a), transformation
products from pathway A; (b), transformation products from pathway B; (c), enlarged graph of five pterin-related transformation products.

Fig. 4. Proposed transformation pathways of SMX by C. pyrenoidosa in a co-metabolic system with sodium acetate. TPs colored with green generated from a, b, g, d and ε cleavage;
orange, from the conjugation with pterin; blue, from oxidation of the amine group on the benzene ring. The structures in brackets represent suggested intermediates. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Although formyl-SMX was not observed in the present study, two
related TPs (TP200 and TP137) were found. With the cleavage of
NeC bond, sulfanilamide would originate, followed by the for-
mylation of amine group to generate TP200. And TP137 might
generate from TP200 with the cleavage of CeS bond and subse-
quent oxidation. As shown in Fig. 3a, the abundance of TP107, TP98,
TP93 and TP157 showed an increasing trend with the extending of
cultivation time. The abundance of TP200 increased rapidly in the
first 2 days and then decreased, whilst TP137 reached a top level on
the third day, implying the formation of TP137 from TP200.

In pathway B, TPs marked in blue were mainly from the reaction
of amine group on the benzene ring (Fig. 4). The N atom on the
benzene ring was the most susceptible sites to be attacked to form
nitroso- or nitro-group adducted SMX (Yin et al., 2018). Nitro-SMX
(TP283) was detected in the present study, and an increasing trend
for its abundance was observed with extension of cultivation time
(Fig. 3b). However, nitroso-SMX was absent in the present study,
implying further reactions might have occurred, as nitroso-SMX
might be further oxidized to generate TP299 (Nitroso-dihydroxy-
SMX) via the substitution of hydrogen with hydroxyl group on the
benzene ring. TP254 (Hydroxy-SMX) could be generated from SMX
by the substitution of amine group with hydroxyl group and sub-
sequently into TP238 (Desamino-SMX) via dehydroxylation. SMX
could also be transformed into TP238 via deamination, which has
been found in the biodegradation of SMX by ammonia oxidizing
bacteria (Kassotaki et al., 2016). Previous studies have
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demonstrated that nitration, nitrosation, hydroxylation and
deamination of the amine group on the benzene ringwere themain
biotransformation reactions for sulfonamides (Deng et al., 2016;
Majewsky et al., 2015), which was in line with the results in the
present study. As presented in Fig. 3b, the four TPs generated from
the reactions of amine group on the benzene ring showed
increasing trends from day 2 to the final sampling point.

Moreover, five conjugated TPs (marked in orange) were identi-
fied in pathway B (Fig. 4). TP429 (m/z 430.0923, RT 7.226 min) was
initially thought to be a glucuronide conjugation product, while its
MS2 spectrum could not correspond with the glucuronide conju-
gation found in Arabidopsis thaliana cell (Dudley et al., 2018). A
second TP with m/z 429.1086 (TP428, RT 6.539 min) exhibited
fragments at m/z 176.0651, 267.0982, 283.0930, 331.0594 and
349.0723 under the collision energy of 20 V (Fig. S2), which have
been previously identified as characteristic fragments of a Pterin-
SMX conjugate (Richter et al., 2013; Stravs et al., 2017). The TP429
(PtO-SMX) could then be explained as a product of Pterin-SMX,
where the primary amine has been transformed to a keto group.
The formation of pterin-sulfonamide conjugates has been found in
the biotransformation of sulfonamides with bacteria (Richter et al.,
2013) and microalgae (Stravs et al., 2017), and even in activate
sludge (Achermann et al., 2018), which was relevant to the mode of
action of sulfonamides. Sulfonamides act as inhibitors of dihy-
dropteroate synthase (DHPS), which catalyzes the formation of
dihydropteroate from dihydropterin pyrophosphate and p-amino-
benzoic acid (pABA). In addition to inhibiting DHPS, sulfonamides
can also act as an alternative enzyme substrate promoting the
formation pterin-sulfonamide conjugates (Richter et al., 2013; Zhao
et al., 2016). Another related product TP430 (Dihydropterin-SMX,
m/z 431.1235) was observed at 6.332 min, which was the dihydro
form of pterin-SMX. Theoretically, dihydropterin-sulfonamides
were originated during the enzymatic reaction between sulfon-
amides and DHPS (Zhao et al., 2016). In accordance with the studies
of Richter et al. (2013) and Stravs et al. (2017), Dihydropterin-SMX
appeared prior to Pterin-SMX and PtO-SMX but disappeared before
the final sampling point (Fig. 3c). With spiking of pterin-
sulfathiazole into activated sludge, Achermann et al. (2018)
further demonstrated the pathway of pterin-related biotransfor-
mation. From the present study and previous studies, it revealed
that Pterin-SMX was the stable form of Dihydropterin-SMX, and it
could lead to further formation of PtO-SMX.

Meanwhile, another one pterin-related conjugation TP,
Hydroxy-Pterin-SMX (TP446, m/z 447.1210, RT 3.262 min), was
observed. Additionally, TP592 eluted at a retention time of 7.004
with the accurate mass of m/z 591.1651, with loss of one anhy-
droglucoe moiety during 20 V collision energy fragmentation,
revealing Pterin-SMX and its five signature fragments. Conse-
quently, TP592 was determined to be a pterin glycosyl conjugate of
SMX, which likely formed from Pterin-SMX (TP428). Glycosylated
metabolites have been commonly observed in plants, as a detoxi-
fying mechanism for xenobiotic-exposed (Huynh and Reinhold,
2019). TPs formed from glycosylate conjugation were also detec-
ted in the biotransformation of triclosan by three different micro-
algal species (Wang et al., 2018). Unlike the other three pterin-
related TPs, the abundance of TP446 and TP592 spiked on day 2.5
and subsequently disappeared as shown in Fig. 3c.

As shown in Fig. 4, biodegradation of SMXmight undergo phase
I reactions including oxidation and hydroxylation reactions of the
amine group, which was followed by phase II reactions through
formylation and conjugation. The metabolites generated from
phase I reactions would increase the polarity and hydrophilicity of
the xenobiotics and thus facilitate the excretion of the toxic com-
pounds. Moreover, products of phase I might conjugate with large
and polar compounds (e.g. sugars and amino acids) in phase II
reactions to further increase the water solubility of xenobiotics
(Dudley et al., 2018; Torres et al., 2008). The formation of trans-
formation products might be catalyzed by the species-specific
enzyme systems of algae for detoxification in response to the
toxic pollutants (Wang et al., 2018). The detoxification metabolisms
carried out by cytochrome P450 (CYP450) might be responsible for
the biotransformation of xenobiotics (Torres et al., 2008). Some
products were reported for the first time in the present study,
indicating different transformation mechanisms of SMX by C. pyr-
enoidosa in a co-metabolic system, though majority products
detected in the present study have been frequently reported in
previous studies. Compared to the study of Xiong et al. (2019b),
more TPs were found in our study, especially those from phase II
reactions. The addition of sodium acetate might have effects on the
parent compounds, transformation products and transformation
pathways (Liang et al., 2019).

Metabolism of SMX by microalgae (Stravs et al., 2017; Xiong
et al., 2019b) and plants (Chen et al., 2017; Dudley et al., 2018;
Huynh and Reinhold, 2019) has been reported in recent studies.
Although accumulation of SMX was universal, results as to its
metabolic fate in biota drastically differ (Huynh and Reinhold,
2019). For instance, several metabolites of SMX were observed in
A. thaliana cells (Dudley et al., 2018), while no metabolites were
detected in Chinese cabbage and water spinach exposed to 100 mg/
mL SMX (Chen et al., 2017). In the present study, accumulation of
SMX was not observed in algal cells, and contributions from bio-
adsorption and abiotic processes accounted for a small part of SMX
loss, thus biotransformation would be the main mechanism for the
dissipation of SMX in culture medium. Subsequently, TPs from
phase I and II reactions were observed in culture medium and
varied with cultivation time, which might be attributed to algal
excretion. Similarly, it was demonstrated that triclosan was adsor-
bed by algal cells, then biotransformed into some metabolites, and
subsequently released into the medium (Wang et al., 2018). Based
on these findings, a growing body of evidence indicates that algal
excretion of metabolites may be an additional defense mechanism
against the toxicity of xenobiotics (Khan et al., 2016).

4. Conclusions

In this study, C. pyrenoidosa showed the highest capacity of SMX
dissipation among five green freshwater microalgae species. The
dissipation of SMX was significantly enhanced with the addition of
sodium acetate as co-metabolic substrate. It is concluded that
biotransformation was the predominant mechanism for the
depletion of SMX by C. pyrenoidosa. The co-metabolic pathway of
SMX by C. pyrenoidosa was firstly proposed, involving the break-
down of side chain, reactions of the amine group on the benzene
ring (oxidation and hydroxylation), and pterin-related conjugation.
Although no obviously adverse effects were observed on the
growth of C. pyrenoidosa, the formation of pterin-SMX conjugation
might potentially impair folate biosynthesis. Thus, future studies
are needed to investigate the fate and toxicity of transformation
products of SMX.
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