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Abstract 19 

This study investigated the impacts of selective sole carbon source-induced micropollutants 20 

(MPs) cometabolism of Chlorella sp. by: (i) extracellular polymeric substance (EPS), 21 

superoxide dismutase and peroxidase enzyme production; (ii) MPs removal efficiency and 22 

cometabolism rate; (iii) MPs’ potential degradation products identification; and (iv) 23 

degradation pathways and validation using the Eawag database to differentiate the 24 

cometabolism of Chlorella sp. with other microbes. Adding the sole carbon sources in the 25 

presence of MPs increased EPS and enzyme concentrations from 2 to 100-fold in comparison 26 

with only sole carbon sources. This confirmed that MPs cometabolism had occurred. The 27 

removal efficiencies of tetracycline, sulfamethoxazole, and bisphenol A ranged from 16-99%, 28 

32-92%, and 58-99%, respectively. By increasing EPS and enzyme activity, the MPs 29 

concentrations accumulated in microalgae cells also fell 400-fold. The cometabolism process 30 

resulted in several degradation products of MPs. This study drew an insightful understanding 31 

of cometabolism for MPs remediation in wastewater. Based on the results, proper carbon 32 

sources for microalgae can be selected for practical applications to remediate MPs in 33 

wastewater while simultaneously recovering biomass for several industries and gaining 34 

revenue. 35 

Keywords: cometabolism, micropollutant, microalgae, extracellular polymeric substance, 36 

peroxidase 37 

38 
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1. Introduction 39 

Among thousands of micropollutants (MPs), tetracycline (TC), sulfamethoxazole (SMX), and 40 

bisphenol A (BPA) are attracting many interests due to their widespread consumption. Up to 41 

5500 tons of TC are consumed annually in the US and Europe (Ahsan et al., 2018). Notably, 42 

50% of the used TC is released into the environment via human excretions; in the meantime, 43 

TC appears in surface water in concentrations ranging from 0.11 to 4.2 μg/L (Ahsan et al., 44 

2018). The SMX of sulphonamide drug is used for bacterial disinfection and several medical 45 

purposes. It especially targets the Listeria monocytogenes and Escherichia coli. However, 46 

similar to TC, 10-50% of the consumed SMX is excreted via human waste into the 47 

environment (Ahsan et al., 2018). Together with TC and SMX, BPA - a plasticizer chemical – 48 

also receives much attention recently. BPA is utilized for epoxy resin, polycarbonate 49 

polymers, and plastic fabrication. It resists biodegradation even though it only presents in 50 

water at ppt level (Luo et al., 2014). Those toxic MPs need appropriate removal as current 51 

wastewater treatment plants are ineffective in MPs removal (Luo et al., 2014). This waste 52 

stream is a great risk to public health since it causes antibiotic-resistant genes in 53 

microorganisms (Menz et al., 2019). Long term study has indicated those MPs also 54 

accumulate in the food chain and drinking water, which threatens public health, especially 55 

children (Wang et al., 2020). 56 

Despite chemical treatment proved to be useful for MPs removal, biological treatment is still 57 

preferable because of its low-cost and biomass recovery. However, several MPs are poorly 58 

biodegradable and toxic to the microbial consortium in wastewater treatment systems. In 59 

practice, MPs exist at only small quantities in wastewater, they cannot participate in the 60 

catabolic and anabolic processes of microbes. That is, bacteria are unable to consume those 61 

compounds as sole carbon sources for building up cells. The received metabolic energy from 62 

MPs is insignificant to microorganism. Thus, the sole and utilizable carbon substrates are 63 
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essential for the MPs biodegradation. Microorganism metabolizes the sole carbon sources 64 

(e.g., carbonate, glucose, acetate) in wastewater and cometabolizes the MPs (Tran et al., 65 

2013). Cometabolism was initially proposed in the 1950s, which projected to the degradation 66 

of chlorinated solvents and aromatic compounds. The cometabolism brings along potential 67 

advantages. It triggers the conversion of persistent compounds to intermediates, which are 68 

more biodegradable and readily participate in the metabolic pathways (Tran et al., 2013). 69 

Therefore, cometabolism is a current approach to hazardous compounds removal. 70 

Extracellular polymeric substances (EPS) and enzymes, which are excreted by 71 

microorganisms, are the main catalysts of cometabolism. EPS adhere chemically and 72 

physically onto several extracellular organic and inorganic substances thanks to their 73 

functional groups (i.e., -COOH, -NH, -OH, -CO) (Xiao and Zheng, 2016). EPS can create a 74 

hydrated biofilm which bind closely to the cells and function as an extracellular digestive 75 

system. They facilitate the MPs cometabolism of various MPs forms such as dissolved, 76 

colloidal, or solid ones. Protein and carbohydrate of EPS are charged and start accumulating 77 

and cometabolizing MPs. EPS also serve as surfactant or emulsifier to condition the 78 

bioavailability of MPs (Xiong et al., 2018). Previous studies have demonstrated that EPS and 79 

enzymes of microorganism can remediate MPs and organic pollutants (Barajas-Rodriguez 80 

and Freedman, 2018; Zhou et al., 2019). For example, the ammonia-oxidizing bacteria (e.g., 81 

Nitrososphaera gargensis, Nitrosomomas nitrosa Nm90, and Nitrospira inopinata) can 82 

remediate seven sulphonamide compounds via particular enzymes. The typical enzymes are 83 

ammonia monooxygenase, hydroxylamine dehydrogenase, and nitrite oxidoreductase (Zhou 84 

et al., 2019). These enzymes degrade the sulphonamide compounds extensively, given that 85 

none intermediates are detected. From those examples, it can be seen the cometabolism of 86 

bacteria is understood increasingly recently. Nevertheless, little attention has been paid for 87 

microalgae. 88 
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Microalgae have performed distinctively in terms of green technology. Unlike bacteria, 89 

biomass of microalgae serves as feedstock for several industries such as fertilizer, stabilizing 90 

substances (Nagarajan et al., 2020), supplementary drugs and bioenergy. Cultivating 91 

microalgae in MPs-impacted wastewater can cut off extra costs of nutrient by reusing nutrient 92 

in wastewater itself. It gains potential revenue. For instance, if microalgae biomass is 93 

recovered from the wastewater treatment process, $ 0.27 to $ 1.80 per kg can be earned (Vo 94 

Hoang Nhat et al., 2018). Biofuel production costs also diminish by $0.55 to $ 0.59 per liter 95 

when using municipal wastewater to yield biomass of microalgae (Vo Hoang Nhat et al., 96 

2018). Thus, culturing microalgae in wastewater can remediate pollutants such as MPs and 97 

also recover biomass for industries input. This concept provides both remediation and 98 

economic benefits which could be referred as the “zero waste” one (Xiong et al., 2018). In 99 

addition, microalgae can metabolize by both autotrophic and heterotrophic modes depending 100 

on the available carbon sources in wastewater. This mechanism of microalgae metabolism 101 

delivers substantial benefits compared to that of bacteria and fungi because microalgae are 102 

more flexible and adapt well to the change of living conditions (Xiong et al., 2018). This is 103 

the main momentum for studying MPs remediation by microalgae in wastewater. 104 

Similar to bacteria, microalgae can secrete EPS and several types of hydrocarbon and protein. 105 

Chlorella sp. is a common strain of microalgae that has been studied widely. It can excrete 106 

several types of enzyme such as superoxide dismutase and peroxidase (Vo et al., 2020). 107 

Those enzymes prime the cometabolism and degrade MPs. For example, peroxidase 108 

participates in a cyclic reaction process of phenolic compound decontamination (Eq. 1-3), 109 

which can catalyze the reaction of H2O2 and MPs to degradation products (Francoz et al., 110 

2015).  111 

Peroxidase + H2O2 � Peroxidase1 + H2O (Eq. 1) 112 

Peroxidase1 + PhOH’ � Peroxidase2 + PhO (Eq. 2) 113 
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Peroxidase2 + PhOH” � Peroxidase + PhO + H2O (Eq. 3) 114 

Our knowledge of cometabolism in microalgae towards MPs removal requires much more 115 

attention. Several engineering aspects of cometabolism by microalgae also need to be 116 

addressed (Xiao and Zheng, 2016). In general, cometabolism is influenced by a number of 117 

factors (e.g., the solid retention time, originality of the MPs, microalgae strain, and nutrient 118 

types) (Tran et al., 2013). Amongst them, the critical factor for cometabolism is the sole 119 

carbon source type for microalgae growth. Several recent studies have indicated the influence 120 

of some sole carbon sources on microalgae’s growth, including glucose, saccharose, acetate 121 

and sodium bicarbonate (Moon et al., 2013; Tu et al., 2018; Vergnes et al., 2019; Wang et al., 122 

2016). For example, monosaccharides such as glucose and galactose at concentration of 1% 123 

show a significant effect on Chlorella pyrenoidosa (Wang et al., 2016). They increase 124 

carbohydrate levels in microalgae cells by 103.2–266.5% and 91.9–240.0%, respectively. On 125 

the other hand, disaccharides and starch did not change the concentrations of lipid, protein 126 

and carbohydrate in cells (Zhang et al., 2014). While the effect of carbon sources on the lipid, 127 

protein and carbohydrate content is adequate, the mechanisms attributed to cometabolism and 128 

MPs’ degradation products are still unknown. Previously, some studies investigated the 129 

impact of different substrates on micropollutant cometabolism (Barajas-Rodriguez and 130 

Freedman, 2018; Liang et al., 2011; Zhou et al., 2019). However, they are subjected to 131 

aerobic and anaerobic bacteria, rather than microalgae. In practice, microalgae are applicable 132 

for dealing with wastewater sources from slaughterhouses or pharmaceutical, beverage, and 133 

textile industries (Bhattacharya et al., 2017; Cheng et al., 2019). Apart from sufficient 134 

nitrogen and phosphorus, the sugar, alcoholic, acetate and other carbon sources in the 135 

mentioned wastewater are essential nutrients for cultivating microalgae. The raising question 136 

is how microalgae’s cometabolism respond to those carbon sources in terms of EPS excretion 137 

and catalytic of relevant enzymes in extracellular and intracellular environments. Also, the 138 
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concern about MPs removal efficiency and MPs’ degradation products also needs to be 139 

elaborated. 140 

To broaden scientific knowledge of cometabolism in microalgae, we investigated the effect of 141 

different organic and inorganic carbon sources on the cometabolism of microalgae. The 142 

evidence for MPs cometabolism was demonstrated by: (i) EPS and peroxidase enzyme 143 

production, (ii) MPs removal efficiency and cometabolism rate; (iii) identifying the 144 

degradation products of MPs, proposing degradation pathways; and (iv) validating findings 145 

with the Eawag database to differentiate the cometabolism induced by Chlorella sp. and other 146 

microbes. A comparison between Eawag’s degradation pathways and our proposed pathways 147 

proved the hypothesis that MPs’ degradation products were formed differently based on the 148 

microbes’ strains. Overall, this study contributes towards the potential application for 149 

industrial wastewater remediation by microalgae’ cosmetabolism. 150 

2. Materials and methods 151 

2.1 Microalgae strain, artificial wastewater, and chemicals 152 

The microalgae strain (Chlorella sp. CS-436) was supplied by the National Algae Supply 153 

Service (Tasmania, Australia). The detail of microalgae cultivation was described in our 154 

previous work (Vo et al., 2019b). Briefly, the microalgae stock was cultured in MLA media 155 

(AusAqua, Australia), using constant temperature (20±1 oC) and continuous illumination 156 

intensity (4.35 ± 0.03 klux). The illumination intensity was recorded by a digital light meter, 157 

model QM1584 (Digitech, Australia). The microalgae culture was subcultured by renewing 158 

the medium every two weeks. 159 

The experiment’s artificial wastewater was prepared using different sole carbon sources: 160 

methanol (CH3OH), ethanol (C2H5OH), saccharose (C12H22O11), glucose (C6H12O6), sodium 161 

acetate (CH3COONa), glycine (C2H5NO2), and sodium bicarbonate (NaHCO3). They 162 

included six organic and one inorganic carbon sources. Each carbon source was used 163 
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separately to create individual wastewater types. The trace vitamins (i.e., thiamine-HCl, 164 

biotin, and B12) were supplied by AusAqua Company (Australia) and dosed following the 165 

supplier’s instructions (1 mL vitamin for 1 m3 media). The used MPs included TC, SMX and 166 

BPA and they were prepared in stocks of 1 g/L and diluted to the desired concentration. The 167 

physico-chemical properties of those MPs are documented in Table S1. All the chemicals 168 

were purchased from Merck (Australia) and of analytical grade quality. 169 

2.2 Experimental designs 170 

The photobioreactors used 1 L sealed glass bottles inoculated with 50 mg microalgae/L 171 

concentration when the experiment started. The total used volume of each reactor was 900 172 

mL to leave some space for the respiration of microalgae. The light intensity, temperature, 173 

and vitamins were maintained at similar levels as what were applied during the culturing of 174 

the stock. All the nutrient and MPs were added at day 0. Seven photobioreactors were added 175 

with MLA media and each reactor possessed one sole carbon source as stated beforehand. 176 

The initial concentration of total carbon (sole carbon source) in all reactors was 300 mg/L. 177 

The control photobioreactor was also set up by adding MLA media and microalgae only (no 178 

sole carbon source). The initial nitrogen (NaNO3) and phosphorus (KH2PO4) in all reactors 179 

were 30 mg/L and 5 mg/L, respectively. The control reactor was designed as a reference point 180 

to evaluate the influence of sole carbon sources on the MPs’ cometabolism. At the start, 20 181 

μg/L each of BPA, SMX and TC were dosed in the eight photobioreactors. The experimental 182 

period lasted 10 d in batch condition. The culturing solutions in photobioreactors were gently 183 

stirred at 50 rpm to improve the exposure of microalgae, light, MPs and nutrients throughout 184 

the whole experiment period.  185 

2.3 Biomass yield, microalgae cells’ morphology, elemental and total carbon analysis 186 

The methods of biomass concentration, cell morphology, and elemental analysis were 187 

described in the previous study (Vo et al., 2019b). To determine biomass yield, the optical 188 
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density (OD) of the sample at 680 nm was measured using a spectrophotometer (DR1900, 189 

Hach) and converted to a biomass yield via Eq. 4. This wavelength was chosen since it was 190 

the most sensitive to chlorophyll pigment of microalgae. 191 

y = 0.0021x + 0.0222 (R² = 0.95) (Eq. 4) 192 

Where, x: biomass concentration (mg/L), y: optical density 193 

The cell morphology and elemental analysis of Chlorella sp. were conducted by Scanning 194 

Electron Microscopy (SEM) and Energy Dispersive X-Ray Spectroscopy (EDS) (Zeiss Supra 195 

55VP, Carl Zeiss AG), respectively. The sample was prepared following our previous works 196 

(Vo et al., 2019b). The sample (10 mL) was filtered by a glass fiber filter paper GF/C 197 

(Whatman, Australia), dried for 24 h at 105 °C in an oven and kept in a desiccator to maintain 198 

vacuum conditions. Then it was coated using Au/Pd (10 nm thickness) with a Leica EM 199 

ACE600 High Vacuum Sputter Coater. The coated sample was then imaged by SEM 200 

operating at an accelerating voltage (10 kV), and multiple image magnifications were 201 

produced for each sample (1000 to 5000x). The EDS characterized the C, N, and P 202 

proportions in microalgae cells. The working distance of the electron beam was fixed at 10 203 

mm. The I probe was adjusted accordingly to adjust the dead time from 3% to 10% to avoid 204 

damage caused to the cell surface. 205 

The total carbon concentration was analysed by Multi N/C 3100 (Analytikjena, Germany). 206 

The sample was filtered by 1.2 μm Phenex-GF (Glass fiber) syringe filter, then diluted to fit 207 

the threshold range of the equipment (100 mg/L). 208 

2.5 Extracellular polymeric substances 209 

The EPS extraction and analysis procedures were based on modifications of the methods used 210 

by Deng et al. (2016) and Ni et al. (2009). A 30 mL sample was collected and centrifuged at 211 

3000 rpm for 30 min then filtered through a 0.45 μm Phenex-NY (Nylon) syringe filter for 212 

the soluble EPS. The remaining pellet was suspended in a phosphorus buffer solution to 30 213 
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mL and mixed with cation exchange resin (Dowex) for 2 h at 900 rpm. The bound EPS was 214 

obtained by filtering the mixture through a 1.2 μm Phenex-GF (Glass fiber) syringe filter. 215 

Each of the received soluble and bound EPS were analyzed for proteins and polysaccharides 216 

concentrations using the Lowry method and Anthrone-sulphuric acid method, respectively. 217 

The Lowry method was performed by the modified Lowry kit (Sigma, Australia). 218 

2.6 Superoxide and peroxidase enzymes 219 

The reactivity of superoxide dismutase (SOD) and peroxidase (POX) enzymes was analyzed 220 

using SOD and POX assay kits (Sigma-Aldrich, Australia). Firstly, 20 mL sample was 221 

collected and centrifuged at 4500 rpm for 15 min at 4 oC. The supernatant was used for the 222 

enzymatic activity assay in the culturing environment. The pellet was washed three times and 223 

filled up to 20 mL by Milli-Q water. The pellet sample was quickly frozen at -20 oC, thawed 224 

at room temperature (37 oC), and then sonicated for 1 h following by centrifugation for 10 225 

min at 4500 rpm. The supernatant was used for SOD and POX enzymatic activity in 226 

microalgae cells. The SOD and POX analysis were conducted according to the manufacturer's 227 

instructions. One SOD unit was defined as the amount of enzyme exhibited 50% dismutation 228 

of the superoxide radical. The unit U/mL (nmol/min.mL) was used for SOD activity and the 229 

unit nmol/h.mL was applied for POX activity. 230 

2.8 MPs analysis 231 

Microalgae were harvested by centrifugation at 4500 x g for 15 min. The supernatant was 232 

used to determine the residual BPA, TC, and SMX in the medium. The cell pellets were 233 

collected and gently washed three times using milli-Q water. The washing milli-Q portions 234 

which contained MPs adsorbed to the surface of microalgae were collected (Ji et al., 2014). It 235 

was mixed with the previous supernatant to identify the total MPs in the medium and 236 

absorbed on the microalgae’s surface. After washing, the pellet was collected and incubated 237 

in 3 mL dichloromethane-methanol (1:2 v/v). The mixture was sonicated (350W, 50 Hz) for 1 238 
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h to assist cell lysis and centrifuged for 10 min at 4500 x g. The supernatant was used for 239 

analyzing MPs in microalgae cells. 240 

The samples were concentrated by solid phase extraction (SPE) using the Strata-X-C 33 μm, 241 

Polymeric Strong Cation (Phenomenex, Australia). The analysis involved liquid 242 

chromatography with mass spectrometry (LC MS 8060 Shimadzu), equipped with a Luna 243 

Omega 3 μm Polar C18 column (Phenomenex, Australia). The MS was conducted with an 244 

electrospray ionization (ESI) source (Thermo Fisher Scientific, USA). The ESI positive mode 245 

was used for TC and SMX analysis while the ESI negative mode was applied for BPA. In 246 

positive mode, the mobile A phase was Milli-Q water containing 0.1% formic acid and 247 

mobile phase B was methanol. The gradient elution was performed at a constant flow rate 248 

(0.4 mL/min) as follows: the mobile phase B was retained at 30% (0.01 to 0.29 min), 249 

increased to 95% (0.29 to 7 min), and then decreased to 30% (7 to 7.5 min). The multiple 250 

reaction modes (MRMs) of SMX (254.1>156, 254.1>92) and TC (445.25>410, 445.25>428) 251 

were selected. In negative mode, the mobile phase A was Milli-Q water while the mobile 252 

phase B and flow rate were the same as in positive mode. The gradient elution was: the 253 

mobile phase B rose from 25% to 95% (0.01 to 2 min), held at 95% (2 to 6.5 min), and then 254 

declined to 25% (6.5 to 7 min). The MRM modes of BPA were 227.1>133 and 227.1>212. 255 

The internal standards of the negative mode (diclofenac) and positive mode (sulfadiazine) 256 

were spiked at a concentration of 2 μg/L to guarantee the analytical quality. 257 

2.9 Degradation products analysis 258 

Samples for degradation products screening were prepared in the same way described in 259 

section 2.8. The potential degradation products of the contaminants were investigated using 260 

LC-HRMS system consisted of an Agilent 1290 Infinity LC coupled with an Agilent 6550 261 

iFunnel QTOF equipped with a Dual Spray ESI source. Chromatographic separation was 262 

obtained by an Accquity UPLC BEH column (2.1 x 100mm, 1.7um, Waters, U.S.A) with 263 
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water as mobile phase A and methanol as mobile phase B. The eluting gradient was according 264 

to Table S2. Each sample was analyzed twice, once in negative and once in positive ESI 265 

mode. The obtained data were screened against a local library consisted of potential 266 

degradation products reported previously in the literature using Mass Hunter software 267 

(Agilent, U.S.A). The mass accuracy was set to 5 ppm and isotope pattern scoring was 268 

applied. Instrumental blanks (pure methanol) were analyzed between every 5 samples. 269 

The degradation products and degradation pathways were also proposed using the Eawag-270 

Biocatalyst/Biodegradation Database Pathway Prediction System (Eawag-BBD) (Eawag, 271 

2019). This platform predicted the biotransformation of MPs based on published literature. In 272 

this study, we enabled the MPs degradation pathways of Eawag-BBD by focusing on the 273 

aerobic conditions, which were closely linked to the microalgae. The degradation pathways 274 

hierarchy and degradation products at each level were established at 3 and 5, respectively. 275 

2.10 Cometabolism rate (Kcometabolism) estimation 276 

During the MPs’ cometabolism, other mechanisms occurred and typically these were 277 

volatilization and adsorption. However, both volatilization and adsorption played a minor role 278 

overall. The three MPs had low partitioning coefficiencies (below 500 L/kg) and octanol-279 

water coefficiencies (less than 1) which made them hydrophilic and resistant to the adsorption 280 

process. The volatilization of MPs was calculated via Henry’s constant. A value that was 281 

higher than 10-3 meant the compound was considered volatile. The Henry’s constant of the 282 

MPs was less than 10-5 and this indicated they were highly retained in water. Thus, the 283 

adsorption and volatilization were minor issues in this study, while cometabolism contributed 284 

significantly. The cometabolism rate of selected MPs could be described via the pseudo first-285 

order kinetics as previously in another study (Park et al., 2017) 286 

 (Eq. 5) 287 
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Where k was the first-order rate constant (1/h), Ct was the MPs concentration (μg/L) at time t 288 

(h), and Co was the initial MPs concentration (μg/L).  289 

2.11 Statistic analysis 290 

The analyses of variance (ANOVA) were used for statistical investigation. The repeated 291 

ANOVA measures were applied to examine the significant difference in biomass yield 292 

according to different carbon sources. Concentrations of EPS, enzymes, and MPs in aqueous 293 

phase and cells were presented as mean (standard deviation). All the statistical analyses were 294 

processed using Origin 2017 (Origin Lab, USA) software at 95% confidence level. 295 

3. Results and discussion 296 

3.1. Variation of biomass culturing by different sole carbon sources and micropollutants 297 

Types of carbon sources and MPs impacted differently on the growth of Chlorella sp. Based 298 

on the received biomass yield, we classified the influence of carbon sources into three groups: 299 

high, moderate, and low-yield one (Fig. 1a). The high-yield group included glucose and 300 

saccharose. This group achieved biomass higher than 700 mg/L after 10 d. The moderate-301 

yield group possessed glycine, sodium acetate and sodium bicarbonate. For this group, the 302 

biomass varied from 300 to 700 mg/L. The biomass concentration of bicarbonate and glycine 303 

samples was higher than that of the acetate one 100 mg/L. The low-yield group consisted of 304 

methanol and ethanol with biomass concentration under 300 mg/L. This value was less than 305 

the one of the high-yield group from 4 to 7 times.  306 

The advanced techniques (i.e., SEM and EDS) were also used to investigate the influence of 307 

the sole carbon sources and MPs on biomass (Fig. 1b, c, d, e, and Table 1). By culturing 308 

microalgae with methanol, the shape of microalgae cells became a “flattened balloon”. This 309 

happened similarly to the control sample. For ethanol, although cells density was low, they 310 

looked stronger than the one cultured by methanol and the control sample. In turn, the cells 311 

cultured by carbon sources in the moderate and high-yield groups differed from the low-yield 312 
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group. Those cells’ shape remained dense and full which could be observed clearly. The SEM 313 

images agreed with the data of microalgae biomass because more cells were found in the 314 

high-yield group and vice versa. 315 

[Insert Fig. 1] 316 

Through the EDS technique, we demonstrated the C, N and P percentages in microalgae cells 317 

which impacted by different carbon sources and MPs (Table 1). We analysed the C:N:P ratios 318 

and the results performed consistently with the data of biomass concentrations and addressed 319 

the discrepancies in C percentages. Compared with the optimal C:N:P ratio, so-called 320 

Redfield ratio, we discovered that the ratios of glucose and saccharose-feeding samples were 321 

close to the Redfield ratio. They differed by only 5-10% which was acceptable. The low-yield 322 

group was 50% less than the Redfield ratio. Also, the C:N:P ratios for the moderate group 323 

varied from 20% to 40% compared to the Redfield ratio. Accordingly, the data of EDS re-324 

confirmed the consistent effect of carbon sources and MPs on the growth of Chlorella sp. 325 

[Insert Table 1] 326 

3.2. Sole carbon sources consumption, extracellular polymeric substances and enzymes 327 

production for cometabolism  328 

Microalgae can accumulate C for building up cells which is critical to produce biomass, EPS, 329 

and enzymes. By using 300 mg carbon/L, we studied the sole C assimilation of Chlorella sp. 330 

over 10 d (Fig. 2a). Consequently, the low-yield group removed the sole C insufficiently at 331 

less than 30%. On the contrary, the moderate and high-yield groups can accumulate more 332 

than 70% to 90% of the sole C. This indicated that microalgae consumed those sole carbon 333 

sources for the purposes of metabolism; then it started producing EPS and enzymes for the 334 

cometabolism of MPs (see sections 3.5 - 3.6). The outcome of C assimilation also suggested 335 

applicability for industrial wastewater remediation (discuss in section 4). 336 
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Generally, the EPS concentration ranged from 10 to 30 mg/L (Fig. 2b). Most of the carbon 337 

sources impacted positively on microalgae by excreting more EPS. Glucose, saccharose, and 338 

glycine induced microalgae producing the highest amount of EPS, up to 30 mg/L. These EPS 339 

levels surpassed the ones of alcohol-culturing microalgae by 2- to 3-fold. In details of the 340 

EPS composition, the amount of carbohydrate was 3 - 98 times less than protein. For protein 341 

produced by methanol, ethanol, glycine and bicarbonate carbon sources, the concentration of 342 

the bound form was equal to the soluble one. The bound protein which subjected to glucose 343 

and saccharose carbon source exceeded the soluble protein by 2 to 3 times. It can be seen that 344 

bound protein is the major compound of EPS excreted by microalgae. 345 

The SOD and POX enzymes were produced both in the culturing liquid and microalgae cells 346 

(Fig. 2c, d). SOD and POX were the key enzymes for EPS regulation of stress alleviation and 347 

they reflected the MPs’ cometabolism. The SOD concentration in microalgae cells, when 348 

cultured by sodium acetate and glycine, ranged from 30 to 40 U/mL. Other carbon sources 349 

demonstrated similar SOD levels in the cells compared to the medium. However, the 350 

concentrations of SOD in both environments were still 2 to 6 times higher than the control 351 

samples. For POX, it was produced less 6 nmol/h.mL which was lower than that of SOD. 352 

These concentrations tripled the amounts presented in the microalgae cells. 353 

To sum up, in this section we found that microalgae consumed carbon sources and excreted 354 

EPS in the culturing environment. In addition, SOD and POX enzymes were also detected in 355 

both the culturing environment and cells. Microalgae which cultured in glucose and 356 

saccharose possessed the highest EPS and enzyme concentrations. 357 

[Insert Fig. 2] 358 

 359 
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3.3 How carbon sources impact on microalgae? 360 

From sections 3.1 and 3.2, it can be seen that biomass concentration, cell morphology, EPS, 361 

and enzyme productivities of microalgae were influenced by carbon sources and MPs. In this 362 

section, we discussed the impact of carbon sources on microalgae and cometabolism 363 

processes insightfully, using scientific evidences of biochemistry studies. In brief, there were 364 

two plausible reasons: energy content of carbon sources and metabolic pathways of 365 

microalgae (Vo et al., 2020). 366 

The studied carbon sources possessed energy content at various degrees. For example, 367 

saccharose, glucose, and acetate had energy contents at 4.2, 2.8 and 0.8 kJ energy/mol, 368 

respectively (Perez-Garcia et al., 2011). This explained why saccharose and glucose yielded 369 

the highest biomass concentrations, EPS and enzymes compared to acetate. In turn, the 370 

alcoholic carbon sources (e.g., methanol and ethanol) wielded lower energy pools of 0.1 371 

kJ/mol and 0.5 kJ/mol, respectively (Cardol et al., 2011). This confirmed the low level of 372 

biomass and related products of microalgae culturing by alcoholic carbon sources (Fig. 1). 373 

Consuming carbon sources by various metabolic pathways is another explanation for the 374 

discrepancy of biomass yield, cell morphology and related products. The involved metabolic 375 

pathways for those carbon sources include Embden–Meyerhof Pathway (EMP), tricarboxylic 376 

acid (TCA), Glyoxylate Cycle and Calvin Cycle.  377 

The EMP and TCA cycles involved in the metabolism of sugar-based carbon sources. In 378 

detail, microalgae metabolized glucose by the EMP and the TCA cycles to produce ATP. 379 

Likewise, microalgae consumed saccharose by catalytic enzymes that degraded saccharose to 380 

monomers (i.e., glucose and fructose) (Wang et al., 2016). The monosaccharides were then 381 

uptaken and transported by the EMP and the TCA cycles. Via the EMP and TCA cycles, cells 382 

only used one ATP to transport one sugar molecule (Perez-Garcia et al., 2011). Those cycles 383 

could also convert sugar molecules into phosphoanhydride bonds of ATP for storing energy 384 
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pool. The conversion efficiency reached up to 12%. Thus, by consuming fewer ATP pools 385 

and storing energy effectively, cells could generate more biomass, EPS and enzyme for co-386 

metabolism. The cell morphology was also full-filling for the same reason. 387 

Unlike the sugar carbon sources, acetate involved in the Glyoxylate Cycle for lipid 388 

production prior to being metabolized in the TCA cycle. This diminished acetate stock 389 

available for biomass, EPS, and enzyme production. Bouarab et al. (2004) stated that glucose 390 

contributed 38 moles of ATP whereas acetate gave 12 moles for microalgae growth. This 391 

clarified the productivities of microalgae culturing in acetate were less than glucose and 392 

saccharose. Similarly, glycine contained an amino group (-NH2), which particularly served 393 

for chlorophyll and carotene production (Cecchin et al., 2018). This process also reduced 394 

glycine stock for biomass, EPS and enzymes production. Likewise, inorganic carbon source 395 

produced less biomass, EPS and enzymes because photoautotrophic performed less effective 396 

than the heterotrophic and mixotrophic modes (Yeh and Chang, 2012). The reason attributed 397 

to the Calvin cycle. In the autotrophic mode, it used 70% ATP stock and produced 3.11 g 398 

biomass/mmol ATP. In turn, it yielded 19.3 g biomass/mmol ATP in the heterotrophic and 399 

mixotrophic modes (Yang et al., 2000). For the alcohol carbon sources, microalgae lost ATP 400 

substantially because they used ATP to repair the damage caused by those carbon sources. 401 

The lost amount reached up to 45 – 82% of the total ATP pool (Yang et al., 2000). This also 402 

explained why the morphology of cells was flat in alcoholic carbon sources. 403 

3.4 Proof of micropollutants’ cometabolic degradation 404 

As the TC, SMX, and BPA (20 μg/L each) were dosed together with different carbon sources, 405 

the microalgae cometabolized those MPs in different ways. The efficiencies in removing TC, 406 

SMX and BPA ranged from 16-99%, 32-92% and 58-99%, respectively (Fig. 3a, b). Without 407 

adding carbon sources, the removal efficiencies of the control samples were 27-41%, which 408 

was half that of adding carbon sources. This evidence, together with the increase of EPS and 409 
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enzyme level after adding carbon sources, confirmed that the MPs’ removal was due to 410 

cometabolic transformation. It is because the additional carbon sources could participate in 411 

the cometabolism of MPs as electron donors. They also conditioned the increasing release of 412 

catabolic enzymes for degrading MPs, such as EPS, SOD and POX of this study (Xiong et al., 413 

2018). By the stress of both carbon sources and MPs to the reactive oxygen species system, 414 

microalgae excreted EPS and several enzymes as self-defensive react.  415 

In the culturing liquid, the glucose-cultivating microalgae achieved the highest MPs removal 416 

efficiency, which was above 80% for all MPs. The saccharose and glycine-culturing 417 

microalgae also removed large amounts of MPs, greater than 90% for at least two MP types. 418 

Other carbon sources, namely methanol, ethanol, acetate, and bicarbonate removed more than 419 

90% of only one MP. Specifically, the acetate-cultivating microalgae only cometabolized 420 

16% of TC. Overall, TC and BPA were degraded efficiently in all bioreactors at 91 ± 15% 421 

(n=6) and 81 ± 17% (n=7), respectively. The removal efficiency of SMX was somewhat less 422 

efficient at 66 ± 25% (n=7). 423 

For MPs that had accumulated in microalgae, adding carbon sources reduced their 424 

intracellular concentrations compared to those without a carbon source. Without adding a 425 

carbon source, the concentrations of TC, SMX, and BPA in microalgae cells were 425.8, 426 

480.8 and 88.3 ng/mg, respectively (Fig. 3c). By adding the carbon sources, the accumulated 427 

MPs’ concentration diminished 400-fold, and an insightful discussion on this decrease was 428 

documented in section 3.6. Of the three MPs related the sole carbon sources, microalgae 429 

accumulated TC the most (23.2 ± 32.0 ng/mg). It was 10 to 20 times higher than the 430 

accumulated concentrations of SMX and BPA, these being 1.12 ± 1.87 and 2.69 ± 2.89 431 

ng/mg, respectively (Fig. 3d). 432 

[Insert Fig. 3] 433 
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The cometabolism rate of MPs (Kcometabolism) was estimated in Table 2. According to Joss et 434 

al. (2006), Kcometabolism less than 0.1/d implicates minimal removal of MPs, in fact less than 435 

20%. In turn, the Kcometabolism exceeded 0.1/d suggested that the cometabolism degradation 436 

was significant. The Kcometabolism values and MPs’ removal efficiencies of this study agreed 437 

with other analyses (Joss et al., 2006; Park et al., 2017). Most of the Kcometabolism of SMX was 438 

less than 0.1/d which persisted throughout the low SMX removal efficiencies. Only the 439 

Kcometabolism of glucose- and saccharose-culturing microalgae varied from 0.1 to 0.4/d and this 440 

range indicated a significant amount of MPs being removed. This showed glucose and 441 

saccharose cometabolized MPs the most efficiently. 442 

[Insert Table 2] 443 

3.5 How micropollutants influence on microalgae? 444 

In this section, we explained in detail the impact of MPs on the EPS and enzymes production 445 

of microalgae, which play a key role in MPs’ cometabolism. By comparing the results of 446 

using non-MPs carbon sources to culture microalgae, we found that the impact of MPs on 447 

EPS and enzyme generation was significant (Vo et al., 2020). The EPS concentration 448 

increased 2 to 4-fold for most carbon sources after adding MPs (Table S3). The concentration 449 

of POX also rose by 20 to 100 times while using MPs rather than non-MPs environments. In 450 

contrast, the concentration of SOD in both liquid and cells of MPs-cultured microalgae 451 

declined 2 to 20 times. Microalgae excreted EPS, which contained various types of enzymes, 452 

not restricted only to SOD and POX. It might include catalase, malondialdehyde, glutathione 453 

S-transferase (GST), and Cyt P450 (Wang et al., 2018; Xiong et al., 2017). The detection of 454 

all enzymes in EPS was technically difficult but this suggested that many more unknown 455 

enzymes might participate in the MPs’ degradation. For instance, GST could catalyze the 456 

conjugation of reduced glutathione to various substrates, encompassing MPs (Tang et al., 457 

1998). 458 
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The SOD enzyme constructed the first line of defense against reactive oxygen species. It 459 

catalyzed O2
.- to H2O2 and reduced toxicity to cells. Technically, under pressure from the 460 

MPs, microalgae increasingly excreted SOD to alleviate the stress. However, in this case, the 461 

spiked MPs concentration exceeded the tolerable threshold of microalgae and it led to a 462 

decrease of SOD concentration. This outcome agreed with findings from previous studies 463 

(Sun et al., 2018; Xiong et al., 2019). For instance, one agricultural crop could not produce 464 

SOD when the MPs’ concentration was higher than 5 μg/L (Sun et al., 2018). Some MPs (i.e., 465 

triclosan and galaxolide) possessed high toxicity that interfered with the SOD’s functioning. 466 

In this study, we used TC, SMX and BPA which also possessed high toxicity (Xiong et al., 467 

2019). The EC50 value of SMX and triclosan were 0.12 mg/L and 0.39 mg/L, respectively 468 

(Orvos et al., 2002). However, microalgae can tolerate high-dose of some chemicals i.e., 469 

ciprofloxacin, in fact up to 100 mg/L (Xiong et al., 2016). In this case, microalgae consumed 470 

the MPs as the sole carbon source; however, the generated SOD did not exceed 2 U/g. This 471 

meant that the SOD system of microalgae suffered differently according to the types of MP. 472 

By increasing the amount of MPs, H2O2 was accumulated substantially and exceeded the 473 

detoxification level of the SOD system, which explained the SOD inhibition. 474 

Unlike the SOD system, microalgae excreted more POX when exposed to MPs, thus 475 

indicating the adaptation and resistance of the POX system to MPs. This POX enzyme 476 

catalysed the reaction using H2O2 for the degradation of MPs (Eq.1 - 3). For instance, it could 477 

oxidize xenobiotics such as diclofenac and estradiol (Huber et al., 2016; Li et al., 2017). 478 

Generation of POX was studied in plants and bacteria but very limited in microalgae. 479 

Compared to plants and bacteria, the POX concentration of microalgae was relatively smaller. 480 

For example, Scirpus validus could produce 0.5 U/g while exposed to hospital wastewater 481 

containing 10 mg acetaminophen/L (Vo et al., 2019a). Pseudomonas spp. and Bacillus spp. 482 

also produced 1.4 U/mL while being subjected to 100 mg BPA/L (Moussavi and Abbaszadeh 483 
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Haddad, 2019). Thus, we hypothesized POX contributed to the MPs’ cometabolism as shown 484 

in Fig. 4. 485 

3.6 Degradation products of MPs induced by cometabolism 486 

Although MPs were cometabolized efficiently, their fate and transformation need to be 487 

explored in more detail. To identify the degradation products of MPs, the suspected screening 488 

was conducted in both the culturing liquid and microalgae cells. We focused on the 489 

degradation products of cometabolism culturing in saccharose since the EPS and enzymes of 490 

this carbon source received the highest level. Based on the established criteria (section 2.9), 491 

we only detected the degradation products of BPA as illustrated in Table 3. A possible reason 492 

was that both TC and SMX were degraded to the degradation products, which were not in the 493 

suspected list. Or else, the degradation products presented at concentrations below the 494 

detection limit and did not satisfy the screening criteria.  495 

SMX and TC were antibacterial agents and could be degraded by some possible enzymes. For 496 

instance, the cytochrome c and membrane-bound hydrogenases are known to be involved in 497 

SMX degradation (Gonzalez-Gil et al., 2019). They catalyzed feroxidin, an iron-sulphur 498 

protein, reducing N-O bond of isoxazole ring in SMX. In addition, SMX can react with aryl-499 

acylamidases (EC 3.5.1.13) due to the strong reactivity of mono- or unsubstituted anilide 500 

substructures. In one recent report, the cometabolic degradation of SMX was subjected to 501 

three degradation products consisting of masses of 237, 239, and 300 (Zhou et al., 2019). 502 

They underwent deamination, hydroxylation and nitration mechanisms and produced nitro 503 

and hydroxyl groups. In those studies, the degradation products of SMX were not detected in 504 

the intracellular environment and Zhou et al. (2019) indicated that no active uptake of SMX 505 

happned. However, we detected SMX in microalgae cells. 506 

In both positive and negative modes of LC-HRMS, the detected degradation products were 507 

mostly from BPA which possessed masses of 163.07, 261.11, 153.09, 133.06 and 253.21 508 
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(denoted as “P163”, “P261”, “P153”, “P133” and “P253”), respectively (Fig. S1 – S5). Based 509 

on accurate masses of the degradation products, we proposed the structure of degradation 510 

products accordingly. It can be seen that four of them were scavenged by the oxidation 511 

process. Three degradation products consisted of one benzene ring, while the other benzene 512 

ring derived from BPA molecules was totally scavenged. The substance methyl cinnamate 513 

was probably a product of peroxidase enzyme oxidation. Previously, it was detected after 514 

laccase oxidation in a fungal reactor (Daâssi et al., 2016). The peroxidase and laccase were 515 

the enzymes of a similar oxidoreductase class. The degradation of BPA did not occur 516 

completely since some degradation products had larger masses compared to the parents, such 517 

as P261 and P253. For the P261, perhaps after the benzene ring was broken, the hydroxyl 518 

radical group continually encountered the opened C chain and bound the O atom to the chain. 519 

Also, the straight C chain of the P253 resulted from the opening of two benzene rings. Those 520 

proposed structures needed confirmation by using reference standards. However, such 521 

standards were not commercially available so the given structures remain hypothetical (Yu et 522 

al., 2018). 523 

Based on the detected peak areas, the P133 and P253 were likely the dominant degradation 524 

products out of five. P133 was the main degradation product in the culturing liquid, whereas 525 

P253 governed the intracellular one. Their peak intensities surpassed the ones of P163, P261, 526 

and P153 by 10 to 80-fold. In the intracellular of microalgae cells, both the benzene rings of 527 

BPA molecules were cleaved to straight chain degradation products of P253. The high-528 

intensity straight chain product indicated an on-going detoxification process undertaken by 529 

cometabolism. We did not detect any straight-chain degradation products in the culturing 530 

liquid. 531 

[Insert Table 3] 532 
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Based on the hypothetical structure of BPA degradation products, we proposed the 533 

cometabolic degradation pathway as shown below (Fig. 4). At first, the hydroxyl radical 534 

group (•OH) of enzymes encountered various positions in the BPA molecules. The P261 was 535 

formed while the •OH scavenged the C6 and C6’ of the two aromatic rings. The C6 and C6’ 536 

were likely the weakest positions in BPA molecules since the values of the “highest occupied 537 

molecular orbital” were the highest (Zhao et al., 2018). It meant they were the most active 538 

ones for the •OH scavenger. In the meantime, the transient radical (*C(CH3)2C6H4OH, C) was 539 

created and rapidly turned into P133. In the next step, the P261 was divided into aromatic 540 

ring degradation products, including P153, while the connecting C of the two rings was 541 

cleaved. This degradation pathway agreed with Zhao et al. (2018) who studied BPA 542 

degradation by the •OH scavenger. The contribution of the •OH group to the cometabolic 543 

enzyme in this study was thus confirmed. For the P163 and P253, the degradation pathway 544 

was complicated. Although these degradation products have been investigated (Sarma et al., 545 

2019), their degradation pathways remained unclear. Unlike the P253, the P163 was not 546 

considered to be the final product since the ester group could be displaced from the ring and 547 

oxidized into more simple products. This explained why the peak area of the P163 was lower 548 

than that of the P253. 549 

[Insert Fig. 4] 550 

To validate the proposed degradation pathway, we used the Eawag-551 

Biocatalyst/Biodegradation Database Pathway Prediction System (Eawag-BBD) and obtained 552 

another degradation pathway as depicted in Fig. 5. This degradation pathway included typical 553 

enzymes such as phenol 2-monooxygenase (denoted bt0014), bisphenol A-hydrolase (denoted 554 

bt0225), and bisphenol A-1-monooxygenase (denoted bt0436) for breaking the bonds of the 555 

two aromatic rings. For example, the bisphenol A-hydrolase catalyse bisphenol A compound 556 

transformed into 1,2-bis(4-Hydroxyphenyl)-2-propanol (product 2 in Fig. 6) when it received 557 
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H+ from NADH. Later on, the extradiol or an extradiol-type enzyme (denoted bt0357) opened 558 

the ring and formed maleylacetate (product 6 in Fig. 5), succinate (product 10 in Fig. 5) and 559 

other derivatives (products 11, 12 in Fig. 5). Technically, our degradation pathway and the 560 

one in the Eawag-BBD agreed on the gradual breakdown of BPA compound into simpler 561 

products. Some of the degradation products were apparently similar. For example, our P163 562 

and product 7 of Eawag-BBD only differed in terms of one OH group at the side chain of the 563 

aromatic ring. This was because the •OH group continually struck the side chain. 564 

Nonetheless, the P133 in this study and product 9 of Eawag-BBD only differed in the =CH2 565 

and =O functional groups being at the side chain. The Eawag-BBD database was constructed 566 

from a huge set of aerobic microbes, whereas our degradation products were derived from 567 

microalgae cometabolism. This resulted in only a slight variation in the degradation products’ 568 

structures. 569 

[Insert Fig. 5] 570 

4. Implications for wastewater remediation 571 

This study highlighted the potential for industrial wastewater remediation. For instance, the 572 

chemical, pharmaceutical, aquaculture, and cattle industries discharge millions of cubic 573 

meters of wastewater every year (Bhattacharya et al., 2017; Cheng et al., 2019). Those waste 574 

streams brought with them various carbon sources, for example, sugar, acetate, and alcohol-575 

based which were beneficial for microalgae cultivation. Glycine and acetate were also part of 576 

the amine-rich wastewater, released from the degradation of amine-based adsorbent (Dong et 577 

al., 2019). In addition, those streams also contained MPs such as antibiotics, hormones and 578 

sulphonamide, which infiltrated the chemical production process, food fed to cattle and 579 

aquatic animals. By culturing microalgae in those wastewater sources, nutrients and valuable 580 

pigment such as chlorophyll and carotene could be recovered. Simultaneously, MPs were able 581 

to be partially removed via cometabolism.  582 



25 

 

Despite the fact that microalgae could efficiently degrade some investigated MPs in this 583 

study, the metabolism pathways were still not fully discovered and understood. It was 584 

important to further explore the transformation pathways of MPs in the cometabolism 585 

process. As well, the related enzymes also required an in-depth investigation. In practice, the 586 

wastewater matrix was complex because it contained many inhibitors. The degradation 587 

products’ transformation might occur in unpredictable ways and enzyme activity could be 588 

diminished. 589 

Based on the above results, recalcitrant compounds like SMX were not removed efficiently. 590 

Thus, several alternatives could be considered to handle the issue: (i) using external enzyme 591 

sources, (ii) adding cofactors to increase enzyme activity, and (iii) using metabolic 592 

engineering. The external peroxidase sources could improve enzyme activity and accelerate 593 

the MPs’ degradation rate. External peroxidase could be obtained from various sources, such 594 

as soybean and horseradish (Duarte Baumer et al., 2018; Moussavi and Abbaszadeh Haddad, 595 

2019; Tavares et al., 2018). The enzyme could be doped on materials (i.e., activated carbon, 596 

ferroxyte nanoparticles) or presented in the free-enzyme form. Alternatively, cofactors 597 

helped to enhance cometabolic efficiency. The natural mediators included syringaldehyde, 598 

acetosyringone, and vanillin. For instance, MPs’ degradation increased by 60 - 95% while 599 

using the cofactors (Nguyen et al., 2014).  600 

5. Conclusion 601 

The understanding of cometabolism in microalgae is still limited. This study documents proof 602 

that MPs can be cometabolized by microalgae fed by different sole carbon sources. We have 603 

demonstrated the evidence for the following: (i) sole carbon sources’ consumption and their 604 

effects on biomass; (ii) EPS and enzyme generation; (iii) MPs’ cometabolism; and (iv) MPs’ 605 

degradation products and proposed certain degradation pathways. This offers very useful and 606 

practical insights into MPs’ cometabolism by microalgae. The experimental data also 607 
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suggested that various enzyme types are involved in the MPs’ cometabolism process, but not 608 

only SOD and POX, which need further detailed investigation. Finally, the degradation 609 

products of microalgae’s cometabolism included the straight-chain version, which differed 610 

from other microbes in the Eawag database. 611 
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List of tables 1 

Table 1. Element percentages of C, N and P and C:N:P ratios in microalgae cells feed by different carbon sources, cultured with TC, SMX and 2 

BPA (each 20 μg/L). 3 

Elements 

Carbon sources* 

Redfield ratio Methanol Ethanol Saccharose Glucose Acetate Glycine Bicarbonate Control 

C 28.4 (2.5) 33.9 (3.2) 46.7 (2.9) 57.6 (3.8) 51.7 (4.2) 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) 11.9 (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) 0.3 (0.04) 0.2 (0.01) 0.4 (0.02) 1.5 (0.1) 

C:N:P 50:16:1 57:16:1 99:16:1 97:16:1 69:16:1 61:16:1 85:16:1 59:16:1 106:16:1 

*All measures showed significant differences (p<0.01). Numbers in brackets are standard deviation (SD). 4 



Table 2. Estimated MPs cometabolism rate (Kcometabolism) (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 (p<0.01). 



Table 3. Degradation products of the used MPs inducing by cometabolism 

Name Environment 
Degradation 

product of 
Formula Recorded m/z 

Retention time 

(min) 
Peak area 

Peak area 

in the 

blank 

sample 

Possible structure 

Positive mode    

Methyl Cinnamate Extracellular BPA C10H10O2 163.07 8.58 6.82E6 N/A 

 

6,6'-diOH-BPA Intracellular BPA C15H16O4 261.11 8.65 9.89E5 N/A 

 

BPA degradation product D Intracellular BPA C9H12O2 153.09 4.77 5.76E5 N/A 

 

Negative mode    

4-isopropenylphenol Extracellular BPA C9H10O 133.06 7.72 2.34E7 N/A 

 

Valeric acid, undec-2-enyl 

ester 
Intracellular BPA C16H30O2 253.21 12.34 4.67E7 N/A 
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Control (E) 

Fig. 1. Biomass growth of Chlorella sp. (A) and selected SEM images of microalgae feeding by different carbon sources: methanol (B), glucose 2 

(C), sodium bicarbonate (D) and control (E). The reactors were dosed TC, SMX and BPA (each 20 μg/L). All measures showed significant 3 

differences (p<0.01) amongst carbon sources. Dash lines represent fitted curves of Gompertz model: � = �. ����	
(��(����. Where, y is the 4 



biomass yield (mg/L), a presents maximum biomass yield (mg/L), k presents biomass yield per day (mg/L.d), x presents cultured time (d), xc 5 

presents lag time of biomass yield (d). 6 

  7 



 8 

 9 

Fig. 2. Total carbon removal efficiencies (panel A), concentrations of EPS (panel B), SOD (panel C) and POX (panel D) enzyme of Chlorella sp. 10 

at day 10th feeding by different carbon sources, cultured with TC, SMX and BPA (each 20 μg/L). Removal (%) = (C0-Ct)/C0 × 100%. Ct 11 



represents the concentrations of carbon sources at time T, C0 represents the concentrations of carbon sources at the initial time. All measures 12 

show significant differences (p<0.01). The x axis of all panels performs carbon sources. The y axis presents removal efficiency (%) (panel A) 13 

and concentration (panel B, C, D) (n=2). Notes: the scales of y axis of panels B, C and D are different. 14 



 



Fig. 3. Concentrations of MPs in the aqueous phase, expressed by each carbon source (panel A) and sum of all carbon sources (panel B). 

Concentrations of MPs in microalgae cell, expressed by each carbon source (panel C) and sum of all carbon sources (panel D). All measures 

show significant differences (p<0.01). The analysed data in panel B and D is performed in box plots and does not include the control sample 

(n=7). The y axis of all panels performs concentration of MPs. The x axis presents carbon sources (panel A & C) and MPs (panel B & D). The 

value being marked with * is not reported due to improper mass balance. The values in the shade of panel C are below 5 ng/mg biomass. 



 

 

Fig. 4. Chemical structure of BPA (A) and proposed BPA degradation pathways scavenged 

by •OH group (B). The chemical structure is retrieved from Zhao et al. (2018) and performed 

in quantum visualization. The C atoms in pink (number 4 and 6) are the weakest in the 

aromatic ring and easily encountered by scavengers. 

  



 

 

Fig. 5. Proposed BPA degradation pathway by Eawag BBD. The “btxxx” stands for the code 

of particular enzyme in Eawag database. Colour of the arrow presents the likelihood of 

degradation products formation. The green colour is “likely”. The yellow colour is “neutral”. 
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