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Abstract  The growth performance, nutrient removal, lipid accumulation and morphological changes of Cyanobacterium apon-
inum OUC1 and Scenedesmus obliquus which were cultured in secondary effluents from two wastewater treatment plants: Tuandao 
Wastewater Treatment Plant (ETD) and Licun River Wastewater Treatment Plant (ELR) were investigated. The results showed that 
both C. aponinum OUC1 and S. obliquus have superior growth performances in both undiluted effluents, while the better of them 
was that in ETD effluent, with cell densities of C. aponinum OUC1 and S. obliquus increased by 159% and 66% over that of BG11 
(control), respectively. Regarding nutrient removal, S. obliquus could completely remove inorganic phosphorus, and decrease ammo-
nia nitrogen in ETD effluent by 81%. In addition, both C. aponinum OUC1 and S. obliquus cultivated in ETD exhibited extraordinary 
potential for biofuel production, increasing lipid productivities by 133% and 89% of that cultivated in ELR, respectively. As to ultra-
structural changes, the differences in the lipoidal globules and glycogen granules of S. obliquus and C. aponinum OUC1 among the 
ETD and ELR treatments were mostly related to phosphorus limitations. The findings from this research reveal the probability using 
the secondary effluents as cultivation media to enhance algal biomass, nutrient removal and lipid productivity. 
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1 Introduction 
Accelerated urbanization generates increasing quanti-

ties of secondary effluents discharged from municipal 
wastewater treatment plants (WWTPs), which contain 
residual nutrients and organic compounds (Ge and 
Champagne, 2016; Gojkovic et al., 2019; Yu et al., 2019). 
Residual nutrients in secondary effluent, in particular 
nitrogen and phosphorus, may induce eutrophication in 
rivers and coastal areas and endanger the stability of the 
ecosystem (Deegan et al., 2012; Yu et al., 2019). In this 
sense, urgent demand for more efficient approaches to 
diminish the consequences of nutrients in effluent dis-
charge from WWTPs has attracted extensive attention 
from researchers (Yao et al., 2015, Mirzaei et al., 2019). 

Simultaneously, concerns about the energy crisis, cou-
pled with the burgeoning demand for energy and an ex-
panding consciousness of the global effect of associated 
gaseous and particulate emissions, have made the ad-
vancement of sustainable and environmentally friendly 
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energy sources indispensable (Tripathi et al., 2019). 
Along with the development of biofuels, the use of 
oil-rich microalgae as a replaceable biofuel feedstock is 
acquiring booming interest due to its promising advan-
tages, including extraordinarily adaptive capacity, un-
complicated cell structures, high lipid content and a lipid 
composition suitable for biodiesel production (Markou 
and Georgakakis, 2011; Cai et al., 2013; Sakthivel et al., 
2018). Nevertheless, production of biodiesel by microal-
gae at an industrialised scale has still not been shown to 
be economically and technically feasible on account of 
the high cost of cultivation, extraction, and harvesting 
techniques as well as the low yield (Tang et al., 2020). To 
solve this problem, adopting secondary effluents to pro-
duce microalgae-based biofuel has exhibited potential in 
contemporaneously resolving water eutrophication issues 
and the energy crisis for sustainable development (Chen 
et al., 2015). 

Microalgae have been cultivated in diverse categories 
of effluent media to accomplish simultaneous biofuel 
production and nutrient elimination (Ge and Champagne, 
2016; Cheng et al., 2018; Marella et al., 2019). Li et al. 
(2010) found that Scenedesmus sp. LX1 achieved the 
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highest biomass (0.11 g L−1, dry mass) and lipid content 
(31%33%, dry mass) when cultivated in secondary ef-
fluents after 15 days and had an extremely high inorganic 
nutrient assimilation efficiency (98%) in 10 days. Al 
Momani and Örmeci (2016) compared the dissimilar 
treatment efficiencies of Chlorella vulgaris and Neo-
chloris oleoabundans for the removal of ammonia 
(NH4

+-N), nitrate (NO3
−-N), total inorganic nitrogen 

(TIN), and total dissolved phosphorus (TDP) in the sec-
ondary effluents after 28 days or 25 days of cultivation. 
Overall, microalgae cultivation in the presence of secon-
dary effluents can promote microalgal growth and nutri-
ent removal efficiency, and the results ordinarily rely on 
the microalgal species, cultivation time, and type of sec-
ondary effluent. Accordingly, it would be worthwhile to 
investigate the corresponding tolerance and growth char-
acteristics of microalgae in a secondary effluent contain-
ing different levels of nutrients. 

The present work aimed to explore the feasibility of 
growth and lipid production of microalgae cultivated in 
secondary effluents from two municipal WWTPs under 
different dilution ratios; the removal efficiency of nutri-
ents from secondary effluents by microalgae was also 
considered. In order to fulfil this purpose, cell densities, 
lipid contents and productivities, biomass production, 
nutrient concentration, and cell ultrastructure were deter-

mined. Two species of microalgae were used here: S. ob- 
liquus and C. aponinum OUC1. The former is a unicellu-
lar green alga, which has been reported to be used for 
wastewater treatment due to its high tolerance to a wide 
range of nitrogen and phosphorus loads and higher lipid 
yields (Arias et al., 2019). The latter is a unicellular 
blue-green alga, which has a tolerance to higher tempera-
ture (surviving at 20℃ to 50℃) and acidic conditions 
(Meng et al., 2018), as well as being able to grow rapidly.  

2 Material and Methods  
2.1 Effluent Sampling 

The secondary effluent samples used in this study were 
taken from the Tuandao Wastewater Treatment Plant 
(ETD) and Licun River Wastewater Treatment Plant 
(ELR) in Qingdao (Shandong Province, China) (Table 1). 
For each plant, the effluent samples were collected at four 
different times (1:00, 7:00, 13:00, and 19:00) and mixed 
in equal volumes followed by precipitation (12 h) and 
filtration (0.45 μm filter membrane). The mixed effluents 
were sterilized at 121℃ for 20 min, kept at 4℃. Before 
use, the effluents were diluted with distilled water to achi- 
eve various ratios of effluent volume to total volume (v/v 
= 1/5, 2/5, 3/5, 4/5, and 5/5) and used for algal culture. 

Table 1 Characteristics of the ETD, ELR, and BG11 medium 

Parameter ETD ELR BG11 

pH 7.34 ± 0.47 7.34 ± 0.34 7 
COD 39 ± 0.21 26.5 ± 0.50 0 
NH4

+-N (mg L−1) 3.99 ± 0.27 3.69 ± 0.38 − 
NO2

−-N (mg L−1) 1.65 ± 0.05 0.21 ± 0.02 − 
NO3

−-N (mg L−1) 8.19 ± 0.06 4.14 ± 0.30 247.4 
T-N (mg L−1) 14.56 ± 0.12 8.84 ± 0.39 247.4 
Pi (mg L−1) 0.12 ± 0.002 0.03 ± 0.001 5.44 
T–P (mg L−1) 0.40 ± 0.02 0.30 ± 0.05 5.44 
Source Domestic sewage Industrial wastewater  Laboratory preparation 

Notes: Data are shown as mean ± standard deviation (SD) (n = 3). ETD, effluent from the Tuandao Wastewater Treatment Plant; ELR, 
effluent from the Licun River Wastewater Treatment Plant; NH4

+-N, ammonia nitrogen; NO2
−-N, nitrite nitrogen; NO3

−-N, nitrate ni-
trogen; T-N, total nitrogen; Pi, orthophosphate; T-P, total phosphorus 

 

2.2 Algal Strains and Cultivation in Effluent 

The S. obliquus used in this study was provided by the 
Institution of Hydrobiology, Chinese Academy of Science. 
C. aponinum OUC1 was isolated from water samples, 
which were collected near Jimo hot springs, Qingdao, 
China (Meng et al., 2018). Two microalgae were pre- 
cultured to the exponential phase using BG11 medium 
(Stanier et al., 1971) under the continuous illumination at 
60 μmol photons m−2

 s−1 on a rotatory shaker at 150 r min−1. 
For C. aponinum OUC1 and S. obliquus, their tempera-
tures were maintained at 35 ± 1℃ and 25 ± 1℃, respec-
tively. 

Experimental cultures were grown in 1000-mL Erlen-
meyer flasks with the addition of 400 mL of effluent at 
different dilution ratios. Controls were performed in 
BG11 medium. The initial cell density was 1.3 × 106

 cell 

mL−1 for both species of algae. Then, the microalgae were 

cultivated continuously to a stationary growth phase un-
der the same conditions as pre-culture. All experiments 
were conducted in triplicate. Cell densities were meas-
ured daily. Algal biomass, lipid content, ultrastructure, 
and nutrient concentration in culture were analysed at the 
end of cultivation.  

2.3 Measurement of Cell Density and Biomass 

Algal cell density (104
 cell mL−1) was measured daily 

using a hemacytometer and an optical microscope (Nik-
onYS2-H, Japan). Microalgal biomass (ρ, g L−1) was de-
termined gravimetrically (Ho et al., 2012) by filtering 10 
mL of culture through 0.45 μm filter membrane and over- 
drying at 50℃ for 8 h. 

2.4 Measurement of Lipid Contents 

The lipid content of the algal biomass was measured by 
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a modified version of chloroform-methanol method 
(Bligh and Dyer, 1959). For each group, a mixture con-
sisting of 0.1 g of dried algal biomass and 7.5 mL of 
chloroform-methanol (2:1, v/v) was sonicated in an ice 
bath for 3 min with a sonicator (JY92-II, Scientz Bio-
technology Co., Ltd, Ningbo, China). Then, 3 mL of the 
chloroform-methanol (2:1, v/v) was added to the mixture 
and allowed to react for 12 h. The chloroform-methanol 
layer containing the lipid was separated from the mixture 
by centrifugation at 5000 g for 10 min. The extract was 
evaporated to dryness under nitrogen and weighed. 
Thereafter, the lipid content was calculated gravimetri-
cally based on Eq. (1): 

1

2

100%,
M

M
                   (1) 

where ω is the lipid content (%), and M1 and M2 represent 
the masses of the extracted lipid and the dry algal bio-
mass, respectively. 

The lipid productivity was calculated using Eq. (2): 

/ ,LP t                   (2) 

where LP is the lipid productivity (mg L−1d−1), ρ is the 
algal biomass, ω represents the lipid content (%), t is the 
cultivation time (d). 

2.5 Chemical Analysis 

Before and after cultivation, an aliquot of the culture 
suspension was filtered through a filter (0.45 μm) to re-
move cells and other particles. The filtrate was adopted to 
detect nutrients. The content of nitrite nitrogen (NO2

−-N) 
was analysed by using a spectrophotometric method 
(MEP, 1987). The nitrate-nitrogen (NO3

−-N) was identi-
fied according to an ultraviolet spectrophotometric 
method (MEP, 2007). The ammonia nitrogen (NH4

+-N) 
was measured by Nessler’s reagent spectrophotometry 
(MEP, 2009). The orthophosphate (Pi) was quantitatively 
estimated by an ammonium molybdate spectrophotomet-
ric method (MEP, 1989). The nutrient removal amount, 
∆C (mg L−1), was obtained by use of Eq. (3): 

0 ,tC C C                         (3) 

where C0 and Ct are defined as the concentration of nu-
trient before and after cultivation, respectively. 

The nutrient removal percentage η was calculated using 
Eq. (4): 

0

100%.
C

C
                 (4) 

2.6 Transmission Electron Microscopic Observation 

After cultivation, algal suspensions in control, undi-
luted ETD and undiluted ELR were centrifuged at 10000 
g for 15 min. The cell pellets were fixed with 2.5% glu-
taraldehyde (1:50, v/v) for 4 h, and rinsed three times with 
phosphate buffer (pH 7.8, 0.1 mol L−1). The cells were 

 

then fixed with 1% OsO4 for 90 min, and subsequently 
embedded in Spurr’s resin before being dehydrated using 
increasing acetone concentrations. Ultra-thin sections of 
cells were cut using an ultramicrotome, counterstained 
with aqueous uranyl acetate and lead citrate (Reynolds, 
1963), and examined by transmission electron micros-
copy (TEM, JEM-2100, Japan). 

2.7 Statistical Analysis 

Results are presented in the form of mean ± standard 
deviation. Statistical analyses were conducted using SPSS 
17.0 software (SPSS Co., USA). The correlations be-
tween biomass and dilution ratios, initial nutrient concen-
trations, and removal amount of nutrients were tested for 
significance using bivariate Pearson correlation analysis 
at significance levels of P < 0.05 and P < 0.01. 

3 Results and Discussion 
3.1 Effect of Effluents on the Growth of Microalgae 

At various concentrations of ETD (Fig.1) and ELR 
(Fig.2), microalgal species had different responses. The 
growth of C. aponinum OUC1 (Fig.1a) and S. obliquus 
(Fig.1b) was highly stimulated by ETD (except for the S. 
obliquus under 1/53/5 ETD treatments). The cell densi-
ties at the stationary phase in undiluted ETD were 112% 
and 19% higher than that of the control, respectively. 
Compared with the control, the biomass concentrations of 
C. aponinum OUC1 and S. obliquus cultivated in undi-
luted ETD were increased by 159% and 66%, respec-
tively (Fig.1c). The cell density and biomass of the two 
microalgae in 1/54/5 ETD were increased with increas-
ing ETD concentration, but they were lower than those in 
the corresponding undiluted ETD treatment group. This 
phenomenon was also found in C. aponinum OUC1 under 
ELR treatment. This may have been due to the declined 
concentrations of nutrients in the diluted effluents. In 
summary, two effluents can be directly used for microal-
gal cultivation without dilution. 

The effect of the two effluents on the growth of micro-
algae indicated that the biomass concentrations of C. 
aponinum OUC1 and S. obliquus in ETD were higher 
than in corresponding ELR treatment groups during the 
stationary phase (Figs.1c and 2c). This is because ETD is 
primarily derived from domestic sewage, which contains 
high concentrations of nutrients such as nitrogen and 
phosphorus (Table 1) for the rapid growth of microalgae. 
A previous study found that Scenedesmus sp. LX1 
achieved a maximum biomass of 0.11 g L−1 after being 
cultured for 15 days in secondary effluents (Li et al., 
2010). In the present study, S. obliquus in undiluted ETD 
and ELR reached maximum biomass of 1.95 times and 
1.36 times higher than that found in the aforementioned 
study, respectively. For these reasons, both undiluted 
ETD and ELR can be substituted for BG11 as a medium 
to promote the growth of microalgae, but undiluted ETD 
is more conducive to the growth of microalgae. 
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Fig.1 Algal cell densities of Cyanobacterium aponinum 
OUC1 (a) and Scenedesmus obliquus (b) cultivated in 
ETD with different dilution ratios and biomass concentra-
tions (c) of two species of microalgae at the end of culti-
vation. Data are shown as mean ± standard deviation (SD) 
(n = 3). Different letters above the bars represent signifi-
cant differences (p < 0.05). 

3.2 Nutrient Removal from Effluents 

Table 1 displays the water quality of the two effluents. 
It was found that the concentrations of various forms of 
nitrogen and phosphorus in ETD were higher than those 
in ELR. In the present study, microalgae were cultivated 
using an open system. CO2 from the air could be used as a 
carbon source for algal growth, while nitrogen and phos-

phorus are entirely derived from the effluents or BG11 
medium. The two microalgae in both the ETD and ELR 
treatment groups had the largest removal amount of 
NO3

−-N, followed by NH4
+-N and NO2

−-N (Fig.3). 
Theremoval amount of NO3

−-N increased with the ETD 
concentration in both microalgae, although a less pro-
nounced increase was observed in S. obliquus when the 
ETD dilution ratio exceeded 4/5. At the end of culti- 

 

Fig.2 Algal cell densities of Cyanobacterium aponinum 
OUC1 (a) and Scenedesmus obliquus (b) cultivated in 
ELR with different dilution ratios and biomass concentra-
tions (c) of two species of microalgae at the end of culti-
vation. Data are shown as mean ± standard deviation (SD) 
(n = 3). Different letters above the bars represent signifi-
cant differences (P < 0.05). 
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Fig.3 Removal of NH4

+-N, NO3
−-N, NO2

−-N and Pi in ETD and ELR at the end of algal cultivation. The blank bar means 
that no nutrients have been removed. Ca, Cyanobacterium aponinum OUC1; So, Scenedesmus obliquus. Data are shown as 
mean ± standard deviation (SD) (n = 3).  
 

vation, the removal rates of NO3
−-N for C. aponinum 

OUC1 and S. obliquus in undiluted ETD were 86.2% and 
59% (Table 2), respectively. In the treatment of ELR, the 
removal amount of NO3

−–N by microalgae still increased 
with the increase of ELR concentrations. Treatment of 
ETD and ELR causes a decrease in the concentration of 
NH4

+-N, while a comparable trend was observed in the 
ETD treatment groups for the NO2

−-N concentration. The 

C. aponinum OUC1 in different concentrations of ELR 
did not decrease the concentration of NO2

−-N. Some stud-
ies have reported that microalgae preferentially assimi-
lated reduced nitrogen (NH4

+-N) because the NO3
−-N is 

first reduced to NO2
−-N with the facilitation of nitrate 

reductase (NR) (Cai et al., 2013; Ge and Champagne, 
2016), and the latter is transported into the chloroplast 
where it is transformed into NH4

+-N by nitrite re- 

Table 2 Removal rates of nutrients in ETD and ELR by Cyanobacterium aponinum OUC1 and Scenedesmus obliquus 

Species Treatment NH4
+-N (%) NO2

−-N (%) NO3
−-N (%) TIN (%) Pi (%) 

1/5 ETD 0 0 49.1 ± 1.8 33.2 ± 2.9 92.1 ± 7.9 
2/5 ETD 0 0 70.2 ± 1.4 36.4 ± 0.8 83.0 ± 6.0 
3/5 ETD 20.6 ± 4.2 16.9 ± 2.8 75.3 ± 0.8 52.5 ± 2.0 89.0 ± 3.9 
4/5 ETD 44.2 ± 1.7 17.5 ± 4.2 87.2 ± 1.2 66.5 ± 2.8 87.2 ± 3.0 
ETD 19.3 ± 9.2 26.1 ± 2.9 86.2 ± 0.7 59.7 ± 1.2 84.5 ± 1.5 
1/5 ELR 0 0 60.0 ± 10.5 28.0 ± 3.7 100 
2/5 ELR 0 0 76.4 ± 2.7 34.6 ± 5.3 81.0 ± 8.2 
3/5 ELR 8.7 ± 9.7 0 82.2 ± 0.9 47.9 ± 2.9 80.0 ± 10.0 
4/5 ELR 35.6 ± 3.5 0 70.2 ± 5.8 52.8 ± 2.5 66.7 ± 5.5 

C. aponinum OUC1 

ELR 52.7 ± 3.3 0 70.3 ± 5.8 59.8 ± 1.0 75.5 ± 1.7 

1/5 ETD 0 87.2 ± 1.3 80.9 ± 1.8 55.1 ± 4.8 100 
2/5 ETD 45.2 ± 9.3 82.5 ± 1.4 77.6 ± 1.7 68.9 ± 1.6 100 
3/5 ETD 37.9 ± 5.8 78.0 ± 1.4 73.7 ± 1.1 63.8 ± 1.9 100 
4/5 ETD 56.9 ± 8.3 72.7 ± 0.5 67.9 ± 0.4 65.3 ± 1.5 100 
ETD 81.4 ± 1.3 71.6 ± 0.4 59.0 ± 0.5 67.0 ± 2.8 100 
1/5 ELR 42.0 ± 5.1 50.7 ± 5.1 70.9 ± 2.3 70.8 ± 3.7 100 
2/5 ELR 57.7 ± 5.7 72.6 ± 2.6 87.5 ± 0.9 74.5 ± 5.3 100 
3/5 ELR 72.0 ± 2.8 79.1 ± 1.3 88.2 ± 2.0 81.1 ±2.9 100 
4/5 ELR 75.9 ± 1.0 28.7 ± 2.7 75.0 ± 0.8 74.3 ± 2.5 100 

S. obliquus 

ELR 75.6 ± 1.9 0 67.1 ± 3. 69.0 ± 1.0 100 

Notes: TIN, total inorganic nitrogen. Data are shown as mean ± standard deviation (SD) (n = 3). 
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ductase (NiR) and ferredoxin (Fd). Ultimately, NH4
+–N is 

incorporated into the amino acid glutamine by glutamine 
synthase (Cai et al., 2013). However, the assimilation of 
oxidised nitrogen by microalgal cells is also related to the 
activities of intracellular NR and NiR. Lomas and Gilbert 
(2000) found that the diatoms Thalassiosira weissflogii 
and Chaetoceros sp. perform differently in intracellular 
assimilation of the same form of nitrogen. The accumula-
tion content of NH4

+-N in Chaetoceros sp. cells was lar-
ger than that of T. weissflogii, while the assimilation rate 
of NO3

−-N in T. weissflogii cells was several times higher 
(310 fmol-N cell−1

 h−1 vs. 24 fmol-N cell−1
 h−1) compared 

with the Chaetoceros sp. cells. Further studies showed 
that the intracellular NiR and NR activities of T. weiss-
flogii were significantly higher than those of Chaetoceros 
sp. (P < 0.01) (Lomas and Gilbert, 2000). Above all, the 
considerable utilisation of NO3

−-N by the two microalgae 
in the present study may be associated with the high ac-
tivities of NiR and NR in the cells, but further research is 
required to verify this. 

Phosphorus plays critical role in the conveyance of 
metabolic energy and as an essential macro-nutrient of 
nucleic acids, lipids, proteins, and phospholipid mole-
cules in microalgae cells (Yao et al., 2015). Only the in-
organic form of phosphorus can be utilised by microalgae 
(Markou and Georgakakis, 2011). In this study, both mi-
croalgae can eliminate Pi significant amount of in differ-
ent concentrations of ETD and ELR. S. obliquus can re-
move Pi completely, while the Pi removal rates of C. 
aponinum OUC1 in ETD and ELR were 84.5%92.1% 
and 66.7%81.0%, respectively (Fig.3). Several previous 
studies reported similar Pi removal efficiencies (exceed-

ing 90%) by microalgae in municipal wastewater (Arbib 
et al., 2014; Tuantet et al., 2014). The optimum N/P ratio 
for the growth of microalgae was found to range from 6.8 
to 10 (Martin et al., 1985; Wang et al., 2010). In the pre-
sent study, ETD and ELR had an N/P ratio of 36.4 and 
29.5, respectively, demonstrating an extreme phosphorus 
limitation to microalgae growth and subsequent nitrogen 
assimilation. This means that, when the Pi in an effluent 
is exhausted, inorganic nitrogen inevitably remains 
therein. The higher biomass and the greater assimilation 
of N and P obtained in a short period of time (46 d) in-
dicated the appropriateness of C. aponinum OUC1 and S. 
obliquus for ETD and ELR treatment, providing an effec-
tive method for removing nutrients from secondary ef-
fluent. 

3.3 Correlation Analysis Between Nutrients  
and Biomass 

According to Table 3, there was a significant and posi-
tive correlation (P < 0.05) between the initial concentra-
tions (C) of nutrients and algal biomass (ρ) when C. 
aponinum OUC1 was cultivated in ETD and ELR, while 
for S. obliquus, the significant correlation between C and 
ρ was only found in ETD (P < 0.01). Similarly, the re-
moval amounts (△C) of nutrients, except for NO2

−-N, 
were also positively correlated with the biomass of each 
alga (P < 0.05 or P < 0.01) (Table 4). This indicated that 
microalgal growth was highly dependent on the utilisation 
of nutrients from effluents. For S. obliquus cultivated in 
ELR, the poor or even insignificant, correlations between 
C or △C of nutrients and algal biomass, may be related to 

Table 3 Correlations between the initial concentrations of nutrients (C) and microalgal biomass concentrations (ρ)  

Treatment Biomass 
4NH -NC   

2NO -NC   
3NO -NC   PiC  

ρCa 0.937** 0.937** 0.937** 0.934** 
ETD 

ρSo 0.941** 0.941** 0.941** 0.969** 

ρCa 0.896** 0.898** 0.898** 0.906** 
ELR 

ρSo 0.617* 0.621* 0.621* 0.604* 

Notes: Ca, Cyanobacterium aponinum OUC1; So, Scenedesmus obliquus; **P < 0.01, *P < 0.05.  

 
pollution stresses acting in this effluent. According 
to our investigation, most of the wastewater treated in 
Licun River WWTP comes from industrial activities, in-
dicating that ELR may contain chemical compounds with 
higher concentrations than ETD which mainly receives 
domestic sewage. It has been reported cyanobacteria in 
general have higher tolerance to abiotic stresses including 
chemical pollutants (Ricci et al., 2017; Tiwari et al., 
2018), conductive to uninhibited absorption of nutrients; 
however, other microalgae such as S. obliquus may not 
grow well due to their sensitivity to pollutants in the ef-
fluent. Interestingly, both algae, cultivated in ELR, pre-
sented a negative correlation between the growth and 
NO2

−-N removal (Table 4) because of the low rate of re-
moval of NO2

−-N. In fact, most ELR treatments with both 
algal species resulted in an increase of nitrite levels in the 
final effluent after treatment (Fig.3), which was attributed 

to nitrification of ammonia. Such increases were signifi-
cantly higher with C. aponinum OUC1 and may be a 
consequence of the significant volume of oxygen released 
due to more rapid growth of this species thus oxidising 
ammonia to nitrite (Gupta et al., 2016). Other researchers 
have also observed this anomaly in NO2

−-N (Lorenzen et 
al., 1998; Gupta et al., 2016). As for Pi, it is generally 
accepted that phosphorus can be eliminated from effluent 
in which microalgae grow through two ways: absorption 
into algal cells and formation of struvite precipitation by 
reaction with ammonium and magnesium ions (Cai et al., 
2013; Ge and Champagne, 2016), however, no precipitate 
was observed in the algal cultures in the present study, 
which was consistent with the results of Diniz et al. 
(2017). This was probably because of the low initial 
phosphate concentrations in effluents and the rapid algal 
uptake, therefore, it is speculated that Pi was mainly re-
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moved from effluent by microalgal assimilation, which 
was supported by the significant and positive correlations 

between the △C of Pi and algal biomass in all cases (Ta-
ble 4). 

Table 4 Correlations between the removal amounts of nutrients (C) and microalgal biomass (ρ) 

Treatment Biomass 
4NH -NC   

2NO -NC   
3NO -NC   PiC  

ρCa 0.795** 0.889** 0.951** 0.919** 
ETD 

ρSo 0.879** 0.952** 0.960** 0.941** 

ρCa 0.874** −0.799** 0.821** 0.887** 
ELR 

ρSo 0.587* −0.276 0.589* 0.604* 

Notes: Ca, Cyanobacterium aponinum OUC1; So, Scenedesmus obliquus; **P < 0.01, *P < 0.05. 

 

3.4 Lipid Content and Lipid Productivity 

Ordinarily, microalgae accumulate lipids under nutrient 
limitations when light and CO2 are available (Courchesne 
et al., 2009). In the present study, the lipid content in S. 
obliquus generally decreased with increasing ETD con-
centration, and the maximum lipid content was observed 
in 1/5 ETD, which was 28% higher than those in the con-
trol (Table 5). S. obliquus also reached its maximum lipid 

content in the 1/5 ELR group and was increased by 49% 
compared with the control. Other researchers have ob-
served the highest lipid accumulation (28.36 ± 2.02%) by 
S. obliquus cultivated in wastewater at a dilution ratio of 
25% (Gupta et al., 2016). This is likely to have occurred 
because Pi was rapidly consumed by microalgae at lower 
concentrations of effluent, resulting in phosphorus limita- 
tion. Some studies have reported that lipid accumulation 
could be triggered under environmental stresses from, for 

Table 5 Lipid content (%) in microalgae cultivated in different concentrations of ETD and ELR 

ETD ELR 
Treatment 

C. aponinum OUC1 S. obliquus C. aponinum OUC1 S. obliquus 

1/5 11.3 ± 1.0 25.4 ± 0.6 7.8 ± 0.7 29.3 ± 0.8 
2/5 13.7 ± 1.0 22.6 ± 1.4 10.9 ± 0.2 26.3 ±1.3 
3/5 9.8 ± 0.1 19.6 ± 0.3 10.8 ± 1. 0 25.2 ± 0.3 
4/5 13.7 ± 2.3 21.6 ± 0.6 11.2 ± 1.2 23.6 ± 0.1 
Undiluted 11.6 ± 0.3 19.8 ± 0.4 10.4 ± 0.4 20.8 ± 0.1 
BG11 17.0 ± 1.9 19.7 ± 0.4 17.0 ± 1.9 19.7 ± 0.4 

 

 

Fig.4 Transmission electron micrographs of Scenedesmus obliquus (a–c) and Cyanobacterium aponinum OUC1 (d–f) cul-
tivated in BG11 medium (control), undiluted ETD and undiluted ELR. Cw, cell wall; CHL, chloroplast; PP, polyphosphate; 
PY, pyrenoid; SS, starch sheath; S, starch granule; L, lipoidal globule; Gg, glycogen granule. 
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example, nitrate or phosphate depletion (Courchesne et 
al., 2009; Zhu et al., 2014): however, the lipid contents in 
C. aponinum OUC1 did not show significant differences 
with the increase of effluent concentration in ELR groups 
and ETD groups (Table 6). All of them were lower than 
those in control, and the highest values of 13.7% and 
11.2% were found, respectively, in the 4/5 ETD group 
and 4/5 ELR group. This was likely to have been related 
to the rapid growth of this species in ELR and ETD com-
pared to that in control (Figs.1(a) and 2(a)). It has been 
reported that microalgae used starch instead of lipids as a 
primary carbon and energy storage under favourable 
growth conditions (Li et al., 2011). 

Table 6 Lipid productivity of two species of microalgae  
cultivated in undiluted effluents 

Lipid productivity (mg L−1 d−1) 
Treatment 

C. aponinum OUC1 S. obliquus 

Undiluted ETD 14.04 12.80 
Undiluted ELR 6.02 6.79 
BG11 9.75 12.75 

 
The TEM images in Fig.4 are consistent with the 

aforementioned results. When exposed to ETD and ELR, 
larger, or more, lipoidal globules appeared in S. obliquus 
cells compared with those in control (Figs.4a–c), however, 
formation of glycogen granules was stimulated and 
they occupied most of the intracellular space in C. apon-
inum OUC1 cells (Figs.4d–f), implying the generation of 
a little lipid. In cyanobacteria, glycogen, instead of starch, 
is the main carbon and energy storage polysaccharide. Its 
synthesis is controlled by the enzyme ADP-glucose py-
rophosphorylase (AGPase; EC 2.7.7.27) (Quintana et al., 
2011). This enzyme is inhibited by inorganic phosphorus. 
When the inorganic phosphorus content is low, the activ-
ity of AGPase is elevated and more carbohydrates are 
synthesised (Markou et al., 2012). In the present study, 
the inhibition of AGPase activity may be relieved by the 
onset of phosphorus limitation later in the cultivation pe-
riod, leading to the massive synthesis of glycogen. On the 
contrary, there is no such mechanism in eukaryotes such 
as S. obliquus, and the organism will shift the fixed car-
bon into lipid as a secondary storage product under phos- 
phorus-limited conditions. 

4 Conclusions 
Disposal of wastewater frequently gives rise to high 

nutrient loading in aquatic environments, which may re-
sult in advantageous conditions for unwanted algae 
blooms. This research demonstrated that undiluted ETD 
significantly increased the cell densities, biomass concen-
trations, and lipid contents of C. aponinum OUC1 and S. 
obliquus. Meanwhile, there was a significant reduction in 
the level of nitrogen and phosphorus in ETD and ELR 
after C. aponinum OUC1 and S. obliquus utilisation. Fol-
lowing ETD and ELR cultivation, the microalgal cells 
exhibited ultrastructural modifications that were corre-
lated with phosphorus limitation in effluent. The results 

of this research showed the potential of microalgae- 
wastewater coupling technology for techno-economical 
wastewater deep purification and microalgal cultivation, 
and further laid a foundation for sustainable microal-
gal-based biofuel production. 
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