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Abstract

This study investigated the impacts of selectivie arbon source-induced micropollutants
(MPs) cometabolism ofChlorella sp. by: (i) extracellular polymeric substance (EPS
superoxide dismutase and peroxidase enzyme produdi) MPs removal efficiency and
cometabolism rate; (ii) MPs’ potential degradatiganoducts identification; and (iv)
degradation pathways and validation using the Eawlatpbase to differentiate the
cometabolism ofChlorella sp. with other microbes. Adding the sole carboarses in the
presence of MPs increased EPS and enzyme conoamér&dom 2 to 100-fold in comparison
with only sole carbon sources. This confirmed thi®s cometabolism had occurred. The
removal efficiencies of tetracycline, sulfamethaoxdaz and bisphenol A ranged from 16-99%,
32-92%, and 58-99%, respectively. By increasing B8 enzyme activity, the MPs
concentrations accumulated in microalgae cells @@l 00-fold. The cometabolism process
resulted in several degradation products of MPss $tudy drew an insightful understanding
of cometabolism for MPs remediation in wastewaBased on the results, proper carbon
sources for microalgae can be selected for pracapalications to remediate MPs in
wastewater while simultaneously recovering biom#mss several industries and gaining
revenue.

Keywords: cometabolism, micropollutant, microalgaxtracellular polymeric substance,

peroxidase
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1. Introduction

Among thousands of micropollutants (MPs), tetraieyc(TC), sulfamethoxazole (SMX), and
bisphenol A (BPA) are attracting many interests ttutheir widespread consumption. Up to
5500 tons of TC are consumed annually in the USEmrdpe (Ahsan et al., 2018). Notably,
50% of the used TC is released into the environminhuman excretions; in the meantime,
TC appears in surface water in concentrations rgnffiom 0.11 to 4.2ig/L (Ahsan et al.,
2018). The SMX of sulphonamide drug is used fortdxaa disinfection and several medical
purposes. It especially targets thisteria monocytogeneand Escherichiacoli. However,
similar to TC, 10-50% of the consumed SMX is exegetvia human waste into the
environment (Ahsan et al., 2018). Together withard SMX, BPA - a plasticizer chemical —
also receives much attention recently. BPA is zddi for epoxy resin, polycarbonate
polymers, and plastic fabrication. It resists bg@elation even though it only presents in
water at ppt level (Luo et al., 2014). Those toiEs need appropriate removal as current
wastewater treatment plants are ineffective in Méaoval (Luo et al., 2014). This waste
stream is a great risk to public health since iuses antibiotic-resistant genes in
microorganisms (Menz et al., 2019). Long term stutys indicated those MPs also
accumulate in the food chain and drinking waterjcWwithreatens public health, especially
children (Wang et al., 2020).

Despite chemical treatment proved to be usefuMBis removal, biological treatment is still
preferable because of its low-cost and biomassvezgo However, several MPs are poorly
biodegradable and toxic to the microbial consortismmwastewater treatment systems. In
practice, MPs exist at only small quantities in w®aster, they cannot participate in the
catabolic and anabolic processes of microbes. iBhdtacteria are unable to consume those
compounds as sole carbon sources for building Up. Gdhe received metabolic energy from

MPs is insignificant to microorganism. Thus, thdesand utilizable carbon substrates are
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essential for the MPs biodegradation. Microorganisetabolizes the sole carbon sources
(e.g., carbonate, glucose, acetate) in wastewatgrcametabolizes the MPs (Tran et al.,
2013). Cometabolism was initially proposed in t®&0s, which projected to the degradation
of chlorinated solvents and aromatic compounds. ddraetabolism brings along potential
advantages. It triggers the conversion of perdistempounds to intermediates, which are
more biodegradable and readily participate in tretatolic pathways (Tran et al., 2013).
Therefore, cometabolism is a current approach tarfg@us compounds removal.

Extracellular polymeric substances (EPS) and engymehich are excreted by
microorganisms, are the main catalysts of comeisinol EPS adhere chemically and
physically onto several extracellular organic amibrganic substances thanks to their
functional groups (i.e., -COOH, -NH, -OH, -CO) (¥iand Zheng, 2016). EPS can create a
hydrated biofilm which bind closely to the cellsdafunction as an extracellular digestive
system. They facilitate the MPs cometabolism ofiotes MPs forms such as dissolved,
colloidal, or solid ones. Protein and carbohydcft&PS are charged and start accumulating
and cometabolizing MPs. EPS also serve as surtacdaremulsifier to condition the
bioavailability of MPs (Xiong et al., 2018). Preumstudies have demonstrated that EPS and
enzymes of microorganism can remediate MPs andnargaollutants (Barajas-Rodriguez
and Freedman, 2018; Zhou et al., 2019). For exanipdeammonia-oxidizing bacteria (e.g.,
Nitrososphaera gargensisNitrosomomas nitrosaNm90, and Nitrospira inopinatd can
remediate seven sulphonamide compounds via patiemzymes. The typical enzymes are
ammonia monooxygenase, hydroxylamine dehydrogersase nitrite oxidoreductase (Zhou
et al., 2019). These enzymes degrade the sulphdeacompounds extensively, given that
none intermediates are detected. From those exajmplean be seen the cometabolism of
bacteria is understood increasingly recently. Ninabess, little attention has been paid for

microalgae.
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Microalgae have performed distinctively in terms green technology. Unlike bacteria,
biomass of microalgae serves as feedstock for aewelustries such as fertilizer, stabilizing
substances (Nagarajan et al., 2020), supplemerdangs and bioenergy. Cultivating
microalgae in MPs-impacted wastewater can cutxdfbecosts of nutrient by reusing nutrient
in wastewater itself. It gains potential revenuer Fnstance, if microalgae biomass is
recovered from the wastewater treatment proce®82%to $ 1.80 per kg can be earned (Vo
Hoang Nhat et al., 2018). Biofuel production cadt diminish by $0.55 to $ 0.59 per liter
when using municipal wastewater to yield biomassnadroalgae (Vo Hoang Nhat et al.,
2018). Thus, culturing microalgae in wastewater anediate pollutants such as MPs and
also recover biomass for industries input. Thiscemh provides both remediation and
economic benefits which could be referred as therd'avaste” ongXiong et al., 2018 In
addition, microalgae can metabolize by both aufitio and heterotrophic modes depending
on the available carbon sources in wastewater. fi@shanism of microalgae metabolism
delivers substantial benefits compared to thatamftdria and fungi because microalgae are
more flexible and adapt well to the change of kvconditions(Xiong et al., 2018 This is
the main momentum for studying MPs remediation lgroalgae in wastewater.

Similar to bacteria, microalgae can secrete EPSsawmdral types of hydrocarbon and protein.
Chlorella sp. is a common strain of microalgae that has lséasied widely. It can excrete
several types of enzyme such as superoxide disenaad peroxidase (Vo et al., 2020).
Those enzymes prime the cometabolism and degrade. MBr example, peroxidase
participates in a cyclic reaction process of phenobmpound decontamination (Eq. 1-3),
which can catalyze the reaction of®4 and MPs to degradation products (Francoz et al.,
2015).

Peroxidase + pD, - Peroxidase+ H,O (Eqg. 1)

Peroxidase+ PhOH’'—> Peroxidasg+ PhO (Eq. 2)
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Peroxidasg+ PhOH”-> Peroxidase + PhO +:B (Eq. 3)

Our knowledge of cometabolism in microalgae towawi®s removal requires much more
attention. Several engineering aspects of comatmboby microalgae also need to be
addressed (Xiao and Zheng, 2016). In general, aboksm is influenced by a number of
factors (e.g., the solid retention time, originakif the MPs, microalgae strain, and nutrient
types) (Tran et al., 2013). Amongst them, the aaltifactor for cometabolism is the sole
carbon source type for microalgae growth. Sevexedmt studies have indicated the influence
of some sole carbon sources on microalgae’s grawthyding glucose, saccharose, acetate
and sodium bicarbonate (Moon et al., 2013; Tu.e28l18; Vergnes et al., 2019; Wang et al.,
2016). For example, monosaccharides such as glaubsgalactose at concentration of 1%
show a significant effect oihlorella pyrenoidosa(Wang et al., 2016)They increase
carbohydrate levels in microalgae cells by 103.5-2% and 91.9-240.0%, respectively. On
the other hand, disaccharides and starch did rexigehthe concentrations of lipid, protein
and carbohydrate in cells (Zhang et al., 2014).Ighie effect of carbon sources on the lipid,
protein and carbohydrate content is adequate, gahamisms attributed to cometabolism and
MPs’ degradation products are still unknown. Praesip, some studies investigated the
impact of different substrates on micropollutantmetabolism (Barajas-Rodriguez and
Freedman, 2018; Liang et al., 2011; Zhou et al1920However, they are subjected to
aerobic and anaerobic bacteria, rather than migaealln practice, microalgae are applicable
for dealing with wastewater sources from slauglteses or pharmaceutical, beverage, and
textile industries (Bhattacharya et al.,, 2017; Ghent al.,, 2019). Apart from sufficient
nitrogen and phosphorus, the sugar, alcoholic,atéeetind other carbon sources in the
mentioned wastewater are essential nutrients filivating microalgae. The raising question
Is how microalgae’s cometabolism respond to th@sban sources in terms of EPS excretion
and catalytic of relevant enzymes in extracell@ad intracellular environments. Also, the
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concern about MPs removal efficiency and MPs’ degtian products also needs to be
elaborated.

To broaden scientific knowledge of cometabolismrmioroalgae, we investigated the effect of
different organic and inorganic carbon sources los ¢ometabolism of microalgae. The
evidence for MPs cometabolism was demonstrated(ipyEPS and peroxidase enzyme
production, (i) MPs removal efficiency and cometlidm rate; (iii) identifying the
degradation products of MPs, proposing degradatethways; and (iv) validating findings
with the Eawag database to differentiate the cobwditam induced b hlorella sp. and other
microbes. A comparison between Eawag’s degradaidmvays and our proposed pathways
proved the hypothesis that MPs’ degradation praduetre formed differently based on the
microbes’ strains. Overall, this study contributesvards the potential application for
industrial wastewater remediation by microalgaesmetabolism.

2. Materials and methods

2.1 Microalgae strain, artificial wastewater, ahemicals

The microalgae strainChlorella sp. CS-436) was supplied by the National Algaep8up
Service (Tasmania, Australia). The detail of mitgaa cultivation was described in our
previous work (Vo et al., 2019b). Briefly, the noatgae stock was cultured in MLA media
(AusAqua, Australia), using constant temperatur@+{2°C) and continuous illumination
intensity (4.35 + 0.03 klux). The illumination imgity was recorded by a digital light meter,
model QM1584 (Digitech, Australia). The microalgadture was subcultured by renewing
the medium every two weeks.

The experiment’s artificial wastewater was prepansthg different sole carbon sources:
methanol (CHOH), ethanol (gHsOH), saccharose (@H,20:1), glucose (GH120¢), sodium
acetate (CBCOONa), glycine (@HsNO,), and sodium bicarbonate (NaH@O They
included six organic and one inorganic carbon sEsir&each carbon source was used
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separately to create individual wastewater typdse Trace vitamins (i.e., thiamine-HCI,
biotin, and B,) were supplied by AusAqua Company (Australia) a@oded following the
supplier’s instructions (1 mL vitamin for 1*media). The used MPs included TC, SMX and
BPA and they were prepared in stocks of 1 g/L ahdedl to the desired concentration. The
physico-chemical properties of those MPs are dootedein Table S1. All the chemicals
were purchased from Merck (Australia) and of anedytgrade quality.

2.2 Experimental designs

The photobioreactors used 1 L sealed glass battlesulated with 50 mg microalgae/L
concentration when the experiment started. Thd tsed volume of each reactor was 900
mL to leave some space for the respiration of naiga@e. The light intensity, temperature,
and vitamins were maintained at similar levels &stwvere applied during the culturing of
the stock. All the nutrient and MPs were addedagt @ Seven photobioreactors were added
with MLA media and each reactor possessed onecaslgon source as stated beforehand.
The initial concentration of total carbon (solelxar source) in all reactors was 300 mg/L.
The control photobioreactor was also set up byraplMLA media and microalgae only (no
sole carbon source). The initial nitrogen (NajN@nd phosphorus (KIPO,) in all reactors
were 30 mg/L and 5 mg/L, respectively. The contealctor was designed as a reference point
to evaluate the influence of sole carbon sourcetherMPs’ cometabolism. At the start, 20
ug/L each of BPA, SMX and TC were dosed in the eidtobioreactors. The experimental
period lasted 10 d in batch condition. The cultgrsolutions in photobioreactors were gently
stirred at 50 rpm to improve the exposure of milgae, light, MPs and nutrients throughout
the whole experiment period.

2.3 Biomass yield, microalgae cells’ morphologgneéntal and total carbon analysis

The methods of biomass concentration, cell morghgleand elemental analysis were

described in the previous study (Vo et al., 2019lm).determine biomass yield, the optical
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density (OD) of the sample at 680 nm was measusatjla spectrophotometer (DR1900,
Hach) and converted to a biomass yield via Eq.Ms Wavelength was chosen since it was
the most sensitive to chlorophyll pigment of midgaee.

y = 0.0021x + 0.0222 (R2 = 0.95) (Eq. 4)

Where, x: biomass concentration (mg/L), y: optabahsity

The cell morphology and elemental analysisCoflorella sp. were conducted by Scanning
Electron Microscopy (SEM) and Energy Dispersive XyRSpectroscopy (EDS) (Zeiss Supra
55VP, Carl Zeiss AG), respectively. The sample mapared following our previous works
(Vo et al.,, 2019b). The sample (10 mL) was filteteg a glass fiber filter paper GF/C
(Whatman, Australia), dried for 2dat 105°C in an oven and kept in a desiccator to maintain
vacuum conditions. Then it was coated using Au/B@ rfm thickness) with a Leica EM
ACE600 High Vacuum Sputter Coater. The coated samyphs then imaged by SEM
operating at an accelerating voltage KW), and multiple image magnifications were
produced for each sample (1000 to 5000x). The Eb&racterized the C, N, and P
proportions in microalgae cells. The working dis&rof the electron beam was fixed at 10
mm. The | probe was adjusted accordingly to adjustdead time from 3% to 10% to avoid
damage caused to the cell surface.

The total carbon concentration was analysed by IMNIE 3100 (Analytikjena, Germany).
The sample was filtered by 1j@n Phenex-GF (Glass fiber) syringe filter, then @ituto fit
the threshold range of the equipment (100 mg/L).

2.5 Extracellular polymeric substances

The EPS extraction and analysis procedures weetlms modifications of the methods used
by Deng et al. (2016) and Ni et al. (2009). A 30 sample was collected and centrifuged at
3000 rpm for 30 min then filtered through a 0% Phenex-NY (Nylon) syringe filter for
the soluble EPS. The remaining pellet was suspemdadphosphorus buffer solution to 30
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mL and mixed with cation exchange resin (Dowex)Zdr at 900 rpm. The bound EPS was
obtained by filtering the mixture through a uth Phenex-GF (Glass fiber) syringe filter.
Each of the received soluble and bound EPS wengzatafor proteins and polysaccharides
concentrations using the Lowry method and Anthremighuric acid method, respectively.
The Lowry method was performed by the modified LpWit (Sigma, Australia).

2.6 Superoxide and peroxidase enzymes

The reactivity of superoxide dismutase (SOD) anwxydase (POX) enzymes was analyzed
using SOD and POX assay kits (Sigma-Aldrich, Adstya Firstly, 20 mL sample was
collected and centrifuged at 4500 rpm for 15 mid &€. The supernatant was used for the
enzymatic activity assay in the culturing enviromtnd he pellet was washed three times and
filled up to 20 mL by Milli-Q water. The pellet squte was quickly frozen at -2, thawed

at room temperature (3), and then sonicated for 1 h following by centygtion for 10
min at 4500 rpm. The supernatant was used for S@® ROX enzymatic activity in
microalgae cells. The SOD and POX analysis werelected according to the manufacturer's
instructions. One SOD unit was defined as the amofianzyme exhibited 50% dismutation
of the superoxide radical. The unit U/mL (nmol/mnh.) was used for SOD activity and the
unit nmol/h.mL was applied for POX activity.

2.8 MPs analysis

Microalgae were harvested by centrifugation at 48@pfor 15 min. The supernatant was
used to determine the residual BPA, TC, and SMXhm medium. The cell pellets were
collected and gently washed three times using +Qilivater. The washing milli-Q portions
which contained MPs adsorbed to the surface ofaalgae were collected (Ji et al., 2014). It
was mixed with the previous supernatant to identifg total MPs in the medium and
absorbed on the microalgae’s surface. After waskimg pellet was collected and incubated
in 3 mL dichloromethane-methanol (1:2 v/v). The tane was sonicated (350W, 50 Hz) for 1

10
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h to assist cell lysis and centrifuged for 10 mird&00 xg. The supernatant was used for
analyzing MPs in microalgae cells.

The samples were concentrated by solid phase &rtigSPE) using the Strata-X-C g8,
Polymeric Strong Cation (Phenomenex, Australia).e Tlanalysis involved liquid
chromatography with mass spectrometry (LC MS 8060n&dzu), equipped with a Luna
Omega 3um Polar C18 column (Phenomenex, Australia). The W8 conducted with an
electrospray ionization (ESI) source (Thermo Fishaentific, USA). The ESI positive mode
was used for TC and SMX analysis while the ESI tieganode was applied for BPA. In
positive mode, the mobile A phase was Milli-Q watentaining 0.1% formic acid and
mobile phase B was methanol. The gradient elutias performed at a constant flow rate
(0.4 mL/min) as follows: the mobile phase B wasairegd at 30% (0.01 to 0.29 min),
increased to 95% (0.29 to 7 min), and then decdets80% (7 to 7.5 min). The multiple
reaction modes (MRMSs) of SMX (254.1>156, 254.1>88) TC (445.25>410, 445.25>428)
were selected. In negative mode, the mobile phaseas Milli-Q water while the mobile
phase B and flow rate were the same as in positigde. The gradient elution was: the
mobile phase B rose from 25% to 95% (0.01 to 2 nhe)d at 95% (2 to 6.5 min), and then
declined to 25% (6.5 to 7 min). The MRM modes ofABRere 227.1>133 and 227.1>212.
The internal standards of the negative mode (ckcla) and positive mode (sulfadiazine)
were spiked at a concentration ofi@L to guarantee the analytical quality.

2.9 Degradation products analysis

Samples for degradation products screening werpaped in the same way described in
section 2.8. The potential degradation productthefcontaminants were investigated using
LC-HRMS system consisted of an Agilent 1290 InfinitC coupled with an Agilent 6550
iIFunnel QTOF equipped with a Dual Spray ESI souféeromatographic separation was

obtained by an Accquity UPLC BEH column (2.1 x 100ml.7um, Waters, U.S.A) with
11
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water as mobile phase A and methanol as mobileepBa$he eluting gradient was according
to Table S2. Each sample was analyzed twice, omagegative and once in positive ESI
mode. The obtained data were screened against a libcary consisted of potential
degradation products reported previously in therditure using Mass Hunter software
(Agilent, U.S.A). The mass accuracy was set to & @nd isotope pattern scoring was
applied. Instrumental blanks (pure methanol) waiayzed between every 5 samples.

The degradation products and degradation pathways aiso proposed using the Eawag-
Biocatalyst/Biodegradation Database Pathway PredicBystem (Eawag-BBD) (Eawag,
2019). This platform predicted the biotransformatod MPs based on published literature. In
this study, we enabled the MPs degradation pathwéysawag-BBD by focusing on the
aerobic conditions, which were closely linked te thicroalgae. The degradation pathways
hierarchy and degradation products at each leved established at 3 and 5, respectively.
2.10 Cometabolism rate {Knetabolisp €Stimation

During the MPs’ cometabolism, other mechanisms wedu and typically these were
volatilization and adsorption. However, both vdiasition and adsorption played a minor role
overall. The three MPs had low partitioning coeéfitcies (below 500 L/kg) and octanol-
water coefficiencies (less than 1) which made thgdrophilic and resistant to the adsorption
process. The volatilization of MPs was calculatéa Menry’s constant. A value that was
higher than 18 meant the compound was considered volatile. Therye constant of the
MPs was less than fOand this indicated they were highly retained intemaThus, the
adsorption and volatilization were minor issueshis study, while cometabolism contributed
significantly. The cometabolism rate of selectedsMBuld be described via the pseudo first-
order kinetics as previously in another study (Rarél., 2017)

dc

T =—kxC o C=C,xe " (EQ.5)
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Where kwas the first-order rate constant (1/h)was the MPs concentratiopg/L) at timet
(h), and G was the initial MPs concentratiopg/L).

2.11 Statistic analysis

The analyses of variance (ANOVA) were used forigiatl investigation. The repeated
ANOVA measures were applied to examine the sigaificdifference in biomass vyield
according to different carbon sources. Concenmatf EPS, enzymes, and MPs in aqueous
phase and cells were presented as mean (standaatia®. All the statistical analyses were
processed using Origin 2017 (Origin Lab, USA) saitevat 95% confidence level.

3. Resultsand discussion

3.1. Variation of biomass culturing by different solelman sources and micropollutants
Types of carbon sources and MPs impacted diffgremtithe growth ofChlorella sp. Based
on the received biomass yield, we classified tfie@mce of carbon sources into three groups:
high, moderate, and low-yield one (Fig. 1a). Thghhkyield group included glucose and
saccharose. This group achieved biomass higher tB@&mimg/L after 10 d. The moderate-
yield group possessed glycine, sodium acetate addira bicarbonate. For this group, the
biomass varied from 300 to 700 mg/L. The biomasgentration of bicarbonate and glycine
samples was higher than that of the acetate onentfdD. The low-yield group consisted of
methanol and ethanol with biomass concentratioreu880 mg/L. This value was less than
the one of the high-yield group from 4 to 7 times.

The advanced techniques (i.e., SEM and EDS) werewded to investigate the influence of
the sole carbon sources and MPs on biomass (Fjgc,1dh e, and Table 1). By culturing
microalgae with methanol, the shape of microalgals decame a “flattened balloon”. This
happened similarly to the control sample. For ethaalthough cells density was low, they
looked stronger than the one cultured by methandlthe control sample. In turn, the cells

cultured by carbon sources in the moderate andyigjtd groups differed from the low-yield
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group. Those cells’ shape remained dense and fulhacould be observed clearly. The SEM
images agreed with the data of microalgae biomasause more cells were found in the
high-yield group and vice versa.

[Insert Fig. 1]
Through the EDS technique, we demonstrated the &)dNP percentages in microalgae cells
which impacted by different carbon sources and RRble 1). We analysed the C:N:P ratios
and the results performed consistently with the @dtbiomass concentrations and addressed
the discrepancies in C percentages. Compared wwihoptimal C:N:P ratio, so-called
Redfield ratio, we discovered that the ratios afcgse and saccharose-feeding samples were
close to the Redfield ratio. They differed by oBKL0% which was acceptable. The low-yield
group was 50% less than the Redfield ratio. Alke, €:N:P ratios for the moderate group
varied from 20% to 40% compared to the Redfielibrahccordingly, the data of EDS re-
confirmed the consistent effect of carbon sourcesMPs on the growth &@hlorella sp.

[Insert Table 1]
3.2. Sole carbon sources consumption, extracellulampeiic substances and enzymes

production for cometabolism

Microalgae can accumulate C for building up cellgch is critical to produce biomass, EPS,
and enzymes. By using 300 mg carbon/L, we studiedsole C assimilation @hlorella sp.
over 10 d (Fig. 2a). Consequently, the low-yieldugr removed the sole C insufficiently at
less than 30%. On the contrary, the moderate aglo-yield groups can accumulate more
than 70% to 90% of the sole C. This indicated thatroalgae consumed those sole carbon
sources for the purposes of metabolism; then rtestgoroducing EPS and enzymes for the
cometabolism of MPs (see sections 3.5 - 3.6). Tuteamne of C assimilation also suggested

applicability for industrial wastewater remediati@hiscuss in section 4).
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Generally, the EPS concentration ranged from 180tang/L (Fig. 2b). Most of the carbon
sources impacted positively on microalgae by exwyatore EPS. Glucose, saccharose, and
glycine induced microalgae producing the highesbamh of EPS, up to 30 mg/L. These EPS
levels surpassed the ones of alcohol-culturing maigae by 2- to 3-fold. In details of the
EPS composition, the amount of carbohydrate wa98times less than protein. For protein
produced by methanol, ethanol, glycine and bicaat®ioarbon sources, the concentration of
the bound form was equal to the soluble one. Thantdgrotein which subjected to glucose
and saccharose carbon source exceeded the sotatdenby 2 to 3 times. It can be seen that
bound protein is the major compound of EPS excriyeahicroalgae.

The SOD and POX enzymes were produced both inuhering liquid and microalgae cells
(Fig. 2c, d). SOD and POX were the key enzyme&f® regulation of stress alleviation and
they reflected the MPs’ cometabolism. The SOD cotraéion in microalgae cells, when
cultured by sodium acetate and glycine, ranged f8@ro 40 U/mL. Other carbon sources
demonstrated similar SOD levels in the cells compato the medium. However, the
concentrations of SOD in both environments weré 3tio 6 times higher than the control
samples. For POX, it was produced less 6 nmol/hwhich was lower than that of SOD.
These concentrations tripled the amounts presentid microalgae cells.

To sum up, in this section we found that microalgaesumed carbon sources and excreted
EPS in the culturing environment. In addition, S@&m POX enzymes were also detected in
both the culturing environment and cells. Microagahich cultured in glucose and
saccharose possessed the highest EPS and enzyceattations.

[Insert Fig. 2]
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3.3 How carbon sources impact on microalgae?

From sections 3.1 and 3.2, it can be seen thatdgsmoncentration, cell morphology, EPS,
and enzyme productivities of microalgae were inileed by carbon sources and MPs. In this
section, we discussed the impact of carbon souaesmicroalgae and cometabolism
processes insightfully, using scientific evidenoébiochemistry studies. In brief, there were
two plausible reasons: energy content of carbonrcesuand metabolic pathways of
microalgae (Vo et al., 2020).

The studied carbon sources possessed energy carterdrious degrees. For example,
saccharose, glucose, and acetate had energy comerdt2, 2.8 and 0.8 kJ energy/maol,
respectively (Perez-Garcia et al., 2011). This &xgld why saccharose and glucose yielded
the highest biomass concentrations, EPS and enzgomapared to acetate. In turn, the
alcoholic carbon sources (e.g., methanol and ethavielded lower energy pools of 0.1
kJ/mol and 0.5 kJ/mol, respectively (Cardol et 2011). This confirmed the low level of
biomass and related products of microalgae culyusyhalcoholic carbon sources (Fig. 1).
Consuming carbon sources by various metabolic patews another explanation for the
discrepancy of biomass yield, cell morphology agldted products. The involved metabolic
pathways for those carbon sources include Embdeypeilef Pathway (EMP), tricarboxylic
acid (TCA), Glyoxylate Cycle and Calvin Cycle.

The EMP and TCA cycles involved in the metabolismsogar-based carbon sources. In
detail, microalgae metabolized glucose by the EMB @he TCA cycles to produce ATP.
Likewise, microalgae consumed saccharose by cat@gzymes that degraded saccharose to
monomers (i.e., glucose and fructose) (Wang et280L6). The monosaccharides were then
uptaken and transported by the EMP and the TCAesyd8lia the EMP and TCA cycles, cells
only used one ATP to transport one sugar molededeez-Garcia et al., 2011). Those cycles
could also convert sugar molecules into phosphadnds bonds of ATP for storing energy
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pool. The conversion efficiency reached up to 1d%us, by consuming fewer ATP pools
and storing energy effectively, cells could gerenmabre biomass, EPS and enzyme for co-
metabolism. The cell morphology was also full-filii for the same reason.

Unlike the sugar carbon sources, acetate involvedhe Glyoxylate Cycle for lipid
production prior to being metabolized in the TCAcley This diminished acetate stock
available for biomass, EPS, and enzyme producBonarab et al. (2004) stated that glucose
contributed 38 moles of ATP whereas acetate gavend2s for microalgae growth. This
clarified the productivities of microalgae cultuginn acetate were less than glucose and
saccharose. Similarly, glycine contained an amiraug (-NH,), which particularly served
for chlorophyll and carotene production (Cecchinakt 2018). This process also reduced
glycine stock for biomass, EPS and enzymes praaoluctiikewise, inorganic carbon source
produced less biomass, EPS and enzymes becausapiottophic performed less effective
than the heterotrophic and mixotrophic modes (Ymdh @hang, 2012). The reason attributed
to the Calvin cycle. In the autotrophic mode, iedis’0% ATP stock and produced 3.11 g
biomass/mmol ATP. In turn, it yielded 19.3 g biosiasmol ATP in the heterotrophic and
mixotrophic modes (Yang et al., 2000). For the lattaarbon sources, microalgae lost ATP
substantially because they used ATP to repair Hmwadje caused by those carbon sources.
The lost amount reached up to 45 — 82% of the i@ pool (Yang et al., 2000). This also
explained why the morphology of cells was flat looholic carbon sources.

3.4 Proof of micropollutants’ cometabolic degradati

As the TC, SMX, and BPA (2(g/L each) were dosed together with different carbaurces,
the microalgae cometabolized those MPs in diffevemgs. The efficiencies in removing TC,
SMX and BPA ranged from 16-99%, 32-92% and 58-98%pectively (Fig. 3a, b). Without
adding carbon sources, the removal efficienciethefcontrol samples were 27-41%, which

was half that of adding carbon sources. This ewidetogether with the increase of EPS and
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enzyme level after adding carbon sources, confirtied the MPs’ removal was due to
cometabolic transformation. It is because the &uftht carbon sources could participate in
the cometabolism of MPs as electron donors. They ebnditioned the increasing release of
catabolic enzymes for degrading MPs, such as EPB, &d POX of this studiXiong et al.,
2018. By the stress of both carbon sources and MPBeadactive oxygen species system,
microalgae excreted EPS and several enzymes adedeffsive react.

In the culturing liquid, the glucose-cultivating croalgae achieved the highest MPs removal
efficiency, which was above 80% for all MPs. Theccdamrose and glycine-culturing
microalgae also removed large amounts of MPs, greain 90% for at least two MP types.
Other carbon sources, namely methanol, ethandkt@cend bicarbonate removed more than
90% of only one MP. Specifically, the acetate-mating microalgae only cometabolized
16% of TC. Overall, TC and BPA were degraded effidly in all bioreactors at 91 + 15%
(n=6) and 81 + 17% (n=7), respectively. The rema@ftiency of SMX was somewhat less
efficient at 66 + 25% (n=7).

For MPs that had accumulated in microalgae, addiagoon sources reduced their
intracellular concentrations compared to those outha carbon source. Without adding a
carbon source, the concentrations of TC, SMX, aid\ Bn microalgae cells were 425.8,
480.8 and 88.3 ng/mg, respectively (Fig. 3c). Bgliag the carbon sources, the accumulated
MPs’ concentration diminished 400-fold, and anghs#iul discussion on this decrease was
documented in section 3.6. Of the three MPs reltihedsole carbon sources, microalgae
accumulated TC the most (23.2 £ 32.0 ng/mg). It WwBsto 20 times higher than the
accumulated concentrations of SMX and BPA, thesagb#&.12 + 1.87 and 2.69 = 2.89
ng/mg, respectively (Fig. 3d).

[Insert Fig. 3]
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The cometabolism rate of MPs {&etabolisph Was estimated in Table 2. According to Joss et
al. (2006), Kometabolisess than 0.1/d implicates minimal removal of Msfact less than
20%. In turn, the Kometanbolismexceeded 0.1/d suggested that the cometabolismadbgpn
was significant. The Kmewanoismvalues and MPs’ removal efficiencies of this stadyeed
with other analyses (Joss et al., 2006; Park gP@L7). Most of the Kmetabolisrof SMX was
less than 0.1/d which persisted throughout the 8MX removal efficiencies. Only the
K cometabolisnPf glucose- and saccharose-culturing microalgaeddrom 0.1 to 0.4/d and this
range indicated a significant amount of MPs beiegioved. This showed glucose and
saccharose cometabolized MPs the most efficiently.

[Insert Table 2]
3.5 How micropollutants influence on microalgae?
In this section, we explained in detail the impaicMPs on the EPS and enzymes production
of microalgae, which play a key role in MPs’ confietiism. By comparing the results of
using non-MPs carbon sources to culture microalgaefound that the impact of MPs on
EPS and enzyme generation was significant (Vo gt 28120). The EPS concentration
increased 2 to 4-fold for most carbon sources aiftieing MPs (Table S3). The concentration
of POX also rose by 20 to 100 times while using M#&tker than non-MPs environments. In
contrast, the concentration of SOD in both liquidd ecells of MPs-cultured microalgae
declined 2 to 20 times. Microalgae excreted EPSchvbontained various types of enzymes,
not restricted only to SOD and POX. It might incduchtalase, malondialdehyde, glutathione
S-transferase (GST), and Cyt P450 (Wang et al.8;2Bibng et al., 2017). The detection of
all enzymes in EPS was technically difficult butstilsuggested that many more unknown
enzymes might participate in the MPs’ degradatiéor. instance, GST could catalyze the
conjugation of reduced glutathione to various swabss, encompassing MPs (Tang et al.,
1998).
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The SOD enzyme constructed the first line of dedeagainst reactive oxygen species. It
catalyzed @ to H,O, and reduced toxicity to cells. Technically, undeegsure from the
MPs, microalgae increasingly excreted SOD to alievihe stress. However, in this case, the
spiked MPs concentration exceeded the tolerablestimid of microalgae and it led to a
decrease of SOD concentration. This outcome agwnettd findings from previous studies
(Sun et al., 2018; Xiong et al., 2019). For insermme agricultural crop could not produce
SOD when the MPs’ concentration was higher thag/s (Sun et al., 2018). Some MPs (i.e.,
triclosan and galaxolide) possessed high toxidigt interfered with the SOD’s functioning.
In this study, we used TC, SMX and BPA which alssgessed high toxicity (Xiong et al.,
2019). The Egp value of SMX and triclosan were 0.12 mg/L and Om3§/L, respectively
(Orvos et al., 2002). However, microalgae can #&iehigh-dose of some chemicals i.e.,
ciprofloxacin, in fact up to 100 mg/L (Xiong et,a2016). In this case, microalgae consumed
the MPs as the sole carbon source; however, thergieal SOD did not exceed 2 U/g. This
meant that the SOD system of microalgae sufferffdrdntly according to the types of MP.
By increasing the amount of MPs,® was accumulated substantially and exceeded the
detoxification level of the SOD system, which expéal the SOD inhibition.

Unlike the SOD system, microalgae excreted more P@hen exposed to MPs, thus
indicating the adaptation and resistance of the P93tem to MPs. This POX enzyme
catalysed the reaction using®j for the degradation of MPs (Eq.1 - 3). For ins@gntcould
oxidize xenobiotics such as diclofenac and estia@Hober et al., 2016; Li et al., 2017).
Generation of POX was studied in plants and bacteut very limited in microalgae.
Compared to plants and bacteria, the POX conceraf microalgae was relatively smaller.
For example Scirpus validuscould produce 0.5 U/g while exposed to hospitastesaater
containing 10 mg acetaminophen/L (Vo et al., 201Pgeudomonaspp. andBacillus spp.
also produced 1.4 U/mL while being subjected to d@OBPA/L (Moussavi and Abbaszadeh
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Haddad, 2019). Thus, we hypothesized POX contribtdgdhe MPs’ cometabolism as shown
in Fig. 4.

3.6 Degradation products of MPs induced by coméitatho

Although MPs were cometabolized efficiently, théate and transformation need to be
explored in more detail. To identify the degradatmwoducts of MPs, the suspected screening
was conducted in both the culturing liquid and mwaigae cells. We focused on the
degradation products of cometabolism culturingdocharose since the EPS and enzymes of
this carbon source received the highest level. Basethe established criteria (section 2.9),
we only detected the degradation products of BP#estrated in Table 3. A possible reason
was that both TC and SMX were degraded to the dagan products, which were not in the
suspected list. Or else, the degradation productsepted at concentrations below the
detection limit and did not satisfy the screeninitgda.

SMX and TC were antibacterial agents and coulddggatied by some possible enzymes. For
instance, the cytochrome ¢ and membrane-bound bgdeses are known to be involved in
SMX degradation (Gonzalez-Gil et al., 2019). Theyatyzed feroxidin, an iron-sulphur
protein, reducing N-O bond of isoxazole ring in SMKX addition, SMX can react with aryl-
acylamidases (EC 3.5.1.13) due to the strong regciof mono- or unsubstituted anilide
substructures. In one recent report, the cometluEgradation of SMX was subjected to
three degradation products consisting of masse&3éf 239, and 300 (Zhou et al., 2019).
They underwent deamination, hydroxylation and titra mechanisms and produced nitro
and hydroxyl groups. In those studies, the degralg@roducts of SMX were not detected in
the intracellular environment and Zhou et al. (20b8icated that no active uptake of SMX
happned. However, we detected SMX in microalgals.cel

In both positive and negative modes of LC-HRMS, dle¢ected degradation products were
mostly from BPA which possessed masses of 163.6%Z,12, 153.09, 133.06 and 253.21
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(denoted as “P163”, “P261”, “P153”, “P133” and "B} respectively (Fig. S1 — S5). Based
on accurate masses of the degradation productqregwsed the structure of degradation
products accordingly. It can be seen that fourhaint were scavenged by the oxidation
process. Three degradation products consisted ebenzene ring, while the other benzene
ring derived from BPA molecules was totally scawhgThe substance methyl cinnamate
was probably a product of peroxidase enzyme oxadatPreviously, it was detected after
laccase oxidation in a fungal reactor (Daassi ¢t28116). The peroxidase and laccase were
the enzymes of a similar oxidoreductase class. dégradation of BPA did not occur
completely since some degradation products haédarmgasses compared to the parents, such
as P261 and P253. For the P261, perhaps afteretheebe ring was broken, the hydroxyl
radical group continually encountered the openath&n and bound the O atom to the chain.
Also, the straight C chain of the P253 resultednftbe opening of two benzene rings. Those
proposed structures needed confirmation by usirfgraece standards. However, such
standards were not commercially available so tkiergstructures remain hypothetical (Yu et
al., 2018).

Based on the detected peak areas, the P133 andwe28&3ikely the dominant degradation
products out of five. P133 was the main degradagpraauct in the culturing liquid, whereas
P253 governed the intracellular one. Their peaénsities surpassed the ones of P163, P261,
and P153 by 10 to 80-fold. In the intracellulamoitroalgae cells, both the benzene rings of
BPA molecules were cleaved to straight chain degrad products of P253. The high-
intensity straight chain product indicated an omgadetoxification process undertaken by
cometabolism. We did not detect any straight-cldegradation products in the culturing
liquid.

[Insert Table 3]
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Based on the hypothetical structure of BPA degradaproducts, we proposed the
cometabolic degradation pathway as shown below. (Hg At first, the hydroxyl radical
group (*OH) of enzymes encountered various postiarthe BPA molecules. The P261 was
formed while the *OH scavenged the C6 and C6’ efttlio aromatic rings. The C6 and C6’
were likely the weakest positions in BPA molecudage the values of the “highest occupied
molecular orbital” were the highest (Zhao et aQ1®). It meant they were the most active
ones for the «OH scavenger. In the meantime, #resient radical (*C(CkJ.CsH4OH, C) was
created and rapidly turned into P133. In the nésp,sthe P261 was divided into aromatic
ring degradation products, including P153, while donnecting C of the two rings was
cleaved. This degradation pathway agreed with Zbaal. (2018) who studied BPA
degradation by the «OH scavenger. The contributibthe «OH group to the cometabolic
enzyme in this study was thus confirmed. For th63P4nd P253, the degradation pathway
was complicated. Although these degradation pradhate been investigated (Sarma et al.,
2019), their degradation pathways remained uncldatike the P253, the P163 was not
considered to be the final product since the agtaup could be displaced from the ring and
oxidized into more simple products. This explaimédd/ the peak area of the P163 was lower
than that of the P253.

[Insert Fig. 4]
To validate the proposed degradation pathway, weedusthe Eawag-
Biocatalyst/Biodegradation Database Pathway Predi@ystem (Eawag-BBD) and obtained
another degradation pathway as depicted in Filhs degradation pathway included typical
enzymes such as phenol 2-monooxygenase (denotetdhi®isphenol A-hydrolase (denoted
bt0225), and bisphenol A-1-monooxygenase (denot@d36) for breaking the bonds of the
two aromatic rings. For example, the bisphenol Alfblase catalyse bisphenol A compound
transformed into 1,2-bis(4-Hydroxyphenyl)-2-propb(moduct 2 in Fig. 6) when it received
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H* from NADH. Later on, the extradiol or an extradigbe enzyme (denoted bt0357) opened
the ring and formed maleylacetate (product 6 in b)g succinate (product 10 in Fig. 5) and
other derivatives (products 11, 12 in Fig. 5). Trechlly, our degradation pathway and the
one in the Eawag-BBD agreed on the gradual breakdofMBPA compound into simpler
products. Some of the degradation products werarapfly similar. For example, our P163
and product 7 of Eawag-BBD only differed in ternisone OH group at the side chain of the
aromatic ring. This was because the <OH group npaoatly struck the side chain.
Nonetheless, the P133 in this study and produdtBawag-BBD only differed in the =CH
and =0 functional groups being at the side chaire Eawag-BBD database was constructed
from a huge set of aerobic microbes, whereas ogradation products were derived from
microalgae cometabolism. This resulted in onlyighslvariation in the degradation products’
structures.

[Insert Fig. 5]
4. Implications for wastewater remediation
This study highlighted the potential for industnestewater remediation. For instance, the
chemical, pharmaceutical, aquaculture, and cattstries discharge millions of cubic
meters of wastewater every year (Bhattacharya.,e2@17; Cheng et al., 2019). Those waste
streams brought with them various carbon sour@gsgxample, sugar, acetate, and alcohol-
based which were beneficial for microalgae culimat Glycine and acetate were also part of
the amine-rich wastewater, released from the degj@adof amine-based adsorbent (Dong et
al., 2019). In addition, those streams also coethilWlPs such as antibiotics, hormones and
sulphonamide, which infiltrated the chemical pragut process, food fed to cattle and
aquatic animals. By culturing microalgae in thosestewater sources, nutrients and valuable
pigment such as chlorophyll and carotene coulcebevered. Simultaneously, MPs were able
to be partially removed via cometabolism.
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Despite the fact that microalgae could efficiendlggrade some investigated MPs in this
study, the metabolism pathways were still not fulligcovered and understood. It was
important to further explore the transformation hpeys of MPs in the cometabolism
process. As well, the related enzymes also requareish-depth investigation. In practice, the
wastewater matrix was complex because it contaimeay inhibitors. The degradation
products’ transformation might occur in unpredit¢atvays and enzyme activity could be
diminished.

Based on the above results, recalcitrant compolikelSMX were not removed efficiently.
Thus, several alternatives could be considerechtalle the issue: (i) using external enzyme
sources, (i) adding cofactors to increase enzymvity, and (iii) using metabolic
engineering. The external peroxidase sources dayidove enzyme activity and accelerate
the MPs’ degradation rate. External peroxidasedbel obtained from various sources, such
as soybean and horseradish (Duarte Baumer et0aiB; 21oussavi and Abbaszadeh Haddad,
2019; Tavares et al., 2018). The enzyme could Ipedion materials (i.e., activated carbon,
ferroxyte nanoparticles) or presented in the freeyme form. Alternatively, cofactors
helped to enhance cometabolic efficiency. The matnediators included syringaldehyde,
acetosyringone, and vanillin. For instance, MPgjredation increased by 60 - 95% while
using the cofactors (Nguyen et al., 2014).

5. Conclusion

The understanding of cometabolism in microalgastilslimited. This study documents proof
that MPs can be cometabolized by microalgae feditbgrent sole carbon sources. We have
demonstrated the evidence for the following: (ilestarbon sources’ consumption and their
effects on biomass; (ii)) EPS and enzyme generafionMPs’ cometabolism; and (iv) MPs’
degradation products and proposed certain degosdptithways. This offers very useful and
practical insights into MPs’ cometabolism by midgaee. The experimental data also
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suggested that various enzyme types are involvéldeiMMPs’ cometabolism process, but not
only SOD and POX, which need further detailed itigasion. Finally, the degradation
products of microalgae’s cometabolism included shaight-chain version, which differed

from other microbes in the Eawag database.
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1 List of tables

2 Table 1. Element percentages of C, N and P andRO:&tios in microalgae cells feed by different carlsources, cultured with TC, SMX and

3 BPA (each 2Qug/L).

Carbon sources*

Elements Methanol Ethanol Saccharose Glucose Acetate Glycine Bicarbonate Control Redfield ratio

C 28.4 (2.5) 33.9(3.2) 46.7 (2.9) 57.6 (3.8) 51.2)4 52.2 (1.9) 48.2 (1.8) 33.5(2.1)

N 8.7 (0.4) 9.2 (0.3) 7.4 (0.7) 9.5 (0.5) 119 (1.2) 13.6(0.7) 9.1 (0.3) 9.4 (0.5)

P 2.6 (0.2) 1.1 (0.08) 0.3 (0.05) 0.3 (0.02) 0.340.0  0.2(0.01) 0.4 (0.02) 15 (0.1)

C:N:P 50:16:1 57:16:1 99:16:1 97:16:1 69:16:1 61:16:1 18% 59:16:1 106:16:1

4 *All measures showed significant differences (p4).0Numbers in brackets are standard deviation .(SD)



Table 2. Estimated MPs cometabolism rate&anoiisnh (1/d) of microalgae feeding by carbon sources.

Carbon sources Methanol Ethanol Saccharose Glucose Acetate Glycine Bicarbonate Control
TC 0.5 0.42 0.4 0.47 0.02 0.3 0.09 0.05
SMX 0.14 0.04 0.27 0.17 0.06 0.06 0.25 0.05
BPA 0.09 0.16 0.1 0.38 0.3 0.43 0.16 0.03

*All measures showed significant differences (p4().0



Table 3. Degradation products of the used MPs imduty cometabolism

Peak area
Degradation Retention time in the
Name Environment Formula Recorded m/z Peak area Possible structure
product of (min) blank
sample
Positive mode
Methyl Cinnamate Extracellular BPA 181100, 163.07 8.58 6.82E6 N/A
6,6'-diOH-BPA Intracellular BPA GH1604 261.11 8.65 9.89E5 N/A
BPA degradation product D Intracellular BPA oH:0, 153.09 4.77 5.76E5 N/A
Negative mode
4-isopropenylphenol Extracellular BPA ol O 133.06 7.72 2.34E7 N/A 5
Valeric acid, undec-2-enyl 5
Intracellular BPA GeH3002 253.21 12.34 4.67E7 N/A ff/

ester #—« .
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2 Fig. 1. Biomass growth d@hlorella sp. (A) and selected SEM images of microalgaeifgeoly different carbon sources: methanol (B), ghe

3 (C), sodium bicarbonate (D) and control (E). Thecters were dosed TC, SMX and BPA (eachu@). All measures showed significant
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5 biomass yield (mg/L), a presents maximum biomasklyfimg/L), k presents biomass yield per day (mi)/Lx presents cultured time (d}, x

6 presents lag time of biomass yield (d).
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12 represents the concentrations of carbon sourcemeatT, G represents the concentrations of carbon sourcteeadnitial time. All measures
13 show significant differences (p<0.01). The x axisalb panels performs carbon sources. The y axesgnts removal efficiency (%) (panel A)

14  and concentration (panel B, C, D) (n=2). Notes:dtedes of y axis of panels B, C and D are differen
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Fig. 3. Concentrations of MPs in the aqueous phasgressed by each carbon source (panel A) ando$uati carbon sources (panel B).
Concentrations of MPs in microalgae cell, expredsg@ach carbon source (panel C) and sum of alocasources (panel D). All measures
show significant differences (p<0.01). The analydath in panel B and D is performed in box plotd does not include the control sample
(n=7). The y axis of all panels performs concemrabf MPs. The x axis presents carbon sourcese(par& C) and MPs (panel B & D). The

value being marked with * is not reported due tpiaper mass balance. The values in the shade ef fa@re below 5 ng/mg biomass.
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Fig. 4. Chemical structure of BPA (A) and propo&#A degradation pathways scavenged
by «OH group (B). The chemical structure is reteg¥rom Zhao et al. (2018) and performed
in quantum visualization. The C atoms in pink (nemd and 6) are the weakest in the

aromatic ring and easily encountered by scavengers.
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