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Abstract To purify cellulosic ethanol wastewater (CEW) and
obtain algae simultaneously, culturing microalgae using CEW
as the medium is a potentially promising technology. In this
study, mutation breeding of Scenedesmus sp. induced by ul-
traviolet (UV) and ethyl methanesulfonate (EMS) was per-
formed, and three mutant strains were screened using undilut-
ed CEW. Among them, the mutant MU1 showed a high bio-
mass yield of 1075 mg L−1 and biomass productivity of
39.81 mg L−1 day−1, and the lipid and protein content of
MU1 can reach up to 21.4 and 41.9% (dry weight of biomass),
respectively. Meanwhile, the chemical oxygen demand
(COD), total ammonia nitrogen (TAN), total phosphorus
(TP) and chroma (CHR) removal percentages in CEW
reached to 33.5, 71.2, 46.4 and 17.8%, respectively. These
results indicated that MU1 is suitable for purifying CEW and
producing biomass simultaneously, providing a prospective
way for CEW treatment and low-cost microalgae cultivation.
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Introduction

Compared with oil crops and food waste oil, microalgae can
grow faster, require less land, and contain richer biomass,
which makes microalgae prospective raw materials for pro-
ducing biodiesel, bioethanol, feed and food products (Amini
et al. 2016). However, the high cost of microalgal cultivation
prevents microalgal biomass from being used in a large scale
(Slade and Bauen 2013). To solve the problem, various tech-
nologies are being developed to reduce the cost of microalgae
cultivation. For instance, Baer et al. (2016) found mixed light
consisting of red, green and blue could improve microalgae
productivity, and de Mooij et al. (2016) indicated microalgae
perform photosynthesis at a high efficiency under low light
conditions. Moreover, anaerobically digested piggery waste-
water was used by Jia et al. (2016) as a cheap culture
medium for microalgal growth, and Yang et al. (2015) found
that the appropriate proportion between anaerobic digested
starch wastewater and alcohol wastewater could improve
microalgal growth. Among these technologies, cultivating
microalgae in cheap wastewater may be a better choice to
reduce the cost of microalgae cultivation and reuse the waste-
water simultaneously.

The cellulosic ethanol production has received much atten-
tion around the world and large amounts of cellulosic ethanol
wastewater (CEW) are produced during the production pro-
cess (Mabee et al. 2011). It is predicted that 7.95 × 106 m3 of
cellulosic biofuels will be produced by 2022 in USA, and
1.59 × 107 m3 of CEWwill be accompanied by the generation
of cellulosic ethanol (Dwivedi et al. 2009). CEW is composed
of many compounds, e.g., humic acids, furfurals, phenolic
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compounds, aldehydes and aliphatic organic compounds, gen-
erated from different procedures of cellulosic ethanol produc-
tion, which are difficult to be utilized by microorganism and
might lead to high chroma (CHR) in CEW (Shan et al. 2016).
Thus, dealing with so much CEW will be a new challenge in
the future. Although various methods such as catalytic oxida-
tion reaction, anaerobic fermentation, and membrane filtration
have been used to treat CEW, the concentrations of nutrients
in CEWwere still very high (Zhao 2013). Taking into account
the advantages of culturing microalgae in wastewater, incu-
bating microalgae in the treated CEW can not only remove the
nutrients in CEW, but also reduce the cost of culturing
microalgae. The purpose of purifying CEW and obtaining
microalgae simultaneously can be achieved.

Over the past 50 years the unicellular green algae
Scenedesmus sp. has been used in wastewater treatment
(Hintz et al. 1966; Garcia-Moscoso et al. 2013; Guerrero-
Cabrera et al. 2014; Duong et al. 2015; Leite et al. 2016).
However, in most studies, the chemical oxygen demand
(COD), total ammonia nitrogen (TAN) and total phosphorus
(TP) in wastewater were much lower than those of CEW (Li
et al. 2011; Cabanelas et al. 2013; Chiu et al. 2015). As a kind
of highly concentrated wastewater, the concentrations of
COD, TAN, and TP in CEW were up to 5749.0, 865.5 and
12.24 mg L−1, respectively, in this study. Such high-
concentration organic constituents will inhibit the growth of
microalgae in CEW. Till now, to our knowledge, little research
on culturing microalgae in CEW has ever been reported.
Herein, developing the practical technology for cultivating
microalgae in CEW is necessary and imperative.

In this study, the mutant strains with high tolerance to CEW
were first screened. Ultraviolet light (UV) and ethyl
methanesulfonate (EMS) were used as physical mutagen and
chemical mutagen to improve the tolerance of Scenedesmus
sp. (Fu et al. 2014; Zhang et al. 2016). Moreover, the growth
characteristics and stability of mutants as well as the nutrients
removal efficiency in CEWwere also investigated. The results
showed that the mutant was suitable for purifying highly con-
centrated CEWand producing biomass simultaneously, which
has the practical potential in CEW treatment and raw material
supply for biodiesel production.

Materials and methods

Microalgae strain and cultivation conditions

Scenedesmus sp. (FACHB-489) was obtained from the
Freshwater Algae Culture Collection at the Institute of
Hydrobiology (Wuhan, China). The initial strain was tempo-
rarily incubated in sterile BG11 medium (Luo et al., 2016).
The cultivation conditions were 46 μmol photons m−2 s−1, pH
7.5 ± 0.5, and 25 ± 1 °C.

Source of wastewater

The CEW treated by anaerobic digestion was collected from
Tianguan Fuel Ethanol Company (Nanyang, China). The con-
stituents of CEW was analyzed by GC-MS, and the major
constituents are shown in the supplementary material
(Fig. S1 and Table S1). In the study, the suspended solids in
CEW were simply filtered by gauze of eight layers, and the
COD, TAN, TP, CHR and pH in CEW are shown in Table 1.

Mutation procedures and screening mutants

The procedures of mutation and screening as well as culturing
are presented in Fig. 1.

UV mutation procedure: The suspension liquid with an
algae density of 400 cells mL−1 was plated onto sterile
BG11 medium solidified with 1.5% agar in Petri dishes.
Then, the initial strain was irradiated by a 20 W UV lamp
(GPH436, Jie Kang UV Lamp Co., Ltd., China;
λ = 254 nm) at a distance of 35 cm for different time inter-
vals (30, 60, 100, 120, 180, 240 and 270 s). After that, the
initial strain was kept in darkness for 24 h, followed by
incubation at 46 μmol photons m−2 s−1 and 25 ± 1 °C for
2 weeks. The optimal irradiation time was determined based
on the cell percent mortality calculated by the observed
quantities of single colonies on the plates. Each treatment
was performed in triplicate. The cell percent mortality was
calculated as follows:

Cell percent mortality %ð Þ ¼ N0−Nð Þ=N0 � 100% ð1Þ
where N0 and N are the observed quantities of single colo-
nies on the plates from experimental group and control
group, respectively.

EMS mutation procedure: The suspension (2 mL) with an
algae density of 2.2 × 107 cells mL−1 was harvested by cen-
trifugation at 3007×g for 5 min and the algal pellet was

Table 1 The parameters
of CEW Parameters Value

COD (mg L−1) 5749.0 ± 38.6

TN (mg L−1) 896.2 ± 16.3

TAN (mg L−1) 865.5 ± 12.0

TP (mg L−1) 12.24 ± 0.80

CHR (times) 4242 ± 88

pH 8.3 ± 0.2

Data were expressed as the means with
standard deviations of three replicates

CHR was measured with distilled water as
reference

TN is an abbreviation for total nitrogen in
CEW
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incubated for 2 h in 2 mL of variously concentrated EMS
(0.05, 0.1, 0.2, 0.3 and 0.4 M) prepared in phosphate buffer
(pH 7.0). Another group was also treated the same way and
the algal pellet was inoculated in 2 mL of 0.2 M EMS for
different time intervals (0.5, 1, 2, 3 and 4 h). Thereafter, all
the treated groups were first washed with sodium thiosulfate
solution (5%, w/v), and then with BG11 medium for three
times to remove the residual EMS. The algae from all treat-
ments were inoculated in sterile BG11 media solidified with
1.5% agar in Petri dishes and then kept in darkness for 24 h,
followed by being incubated under 46 μmol photons m−2 s−1

and 25 ± 1 °C for 2 weeks. The optimal EMS dose and treat-
ment time were determined according to the quantity of single
colonies observed on dishes.

Screening mutants: In this process, BG11 medium was
replaced by undiluted CEW solidified with 1.5% agar. The
dishes plated with algae were irradiated by a UV lamp of
20 W at the distance of 35 cm under the condition of the
optimal irradiation time. Simultaneously, another group was
treated under the optimal condition of EMS dose and treat-
ment time. Subsequently, the selected mutant strains were
inoculated into sterile undiluted CEW solidified with 1.5%
agar for three times to ensure the growth stability of mutant
strains.

Culturing mutants in undiluted CEW

The mutated strains were grown in 250-mL Erlenmeyer flasks
with undiluted CEW. The cultivation conditions were as fol-
lows: inoculum density 0.3 g L−1 (dry weight, DW),
63 μmol photons m−2 s−1, pH 8.0 ± 0.5, and 25 ± 2 °C. The
optical density (OD) of the suspension was monitored every
3 days. Each experimental group was performed in triplicate
and the undiluted CEW without microalgae was used as the
control group.

Growth characteristics of microalgae

The microalgae densities were monitored using the OD of the
suspension as indicator, and the OD was determined with
undiluted CEW as reference solution by a spectrophotometer
(UV-2102PC, Shanghai Instrument Co., Ltd., China) at 680-
nm wavelength. The specific growth rate (μ) was calculated
according to Eq. (2).

μ ¼ lnN2−lnN1ð Þ= t2−t1ð Þ ð2Þ
where N2 and N1 are microalgal densities at time t2 and t1,
respectively.

All strains were harvested by centrifugation (1925×g, 20min)
after 27 days of growth and the dry weight of microalgae was
measured gravimetrically with control groups as reference.

Analysis of COD, TP, TAN and CHR in CEW

The COD and TP in CEW were analyzed by a multi-
parameter water analysis instrument (5B-3B (V8), Beijing
LianHua Technology Co., Ltd., China) with undiluted CEW
as reference solution. The TAN in CEW was measured by
Nessler Reagent Spectrophotometry (HJ535-2009) with undi-
luted CEWas reference solution (Wu et al. 2016). Meanwhile,
CHR in CEW was determined by a water chroma analysis
instrument (XZ-S, Shanghai HaiZheng Electronic
Technology Company, China). Thus, the nutrient removal per-
centages (CODrp, TPrp, TANrp, CHRrp) were calculated ac-
cording to Eqs. (3)–(6):

CODrp %ð Þ ¼ COD1−COD2ð Þ=COD1 � 100 ð3Þ
TPrp %ð Þ ¼ TP1−TP2ð Þ=TP1 � 100 ð4Þ
TANrp %ð Þ ¼ TAN1−TAN2ð Þ=TAN1 � 100 ð5Þ
CHRrp %ð Þ ¼ CHR1−CHR2ð Þ=CHR1 � 100 ð6Þ

Fig. 1 The procedures of mutation and screening as well as culturing

J Appl Phycol (2018) 30:969–978 971



where COD1, TP1, TAN1 and CHR1 and COD2, TP2, TAN2

and CHR2 are the COD, TP, TAN, and CHR in CEW before
and after growth of microalgae.

Total lipid extraction

The total lipids in microalgae were measured gravimetrically
using a modified method according to the Ryckebosch et al.
(2012). One hundred-milligram dry algae powder was added
into a 10 mL centrifuge tube, followed by 2 mL distilled wa-
ter. Then, the tube containing algae and distilled water was
heated in a water bath at 70 °C for 15 min and then frozen
immediately to −20 °C for 30 min to disrupt cells of
microalgae. The step of heating and cooling was repeated four
times, after which 4 mL solvent mixtures of chloroform:
methanol (2:1, v/v) were added and then 2 mL distilled water
was subsequently added for another 10 min. The suspensions
were centrifuged at 1925×g for 10 min; then, the chloroform
extracts were collected and the algae residual was extracted
for another four times. All the chloroform extracts were com-
bined and dried to constant weight. The total lipid content was
expressed as a dry weight percentage (% of biomass DW).

Fatty acid composition

Fatty acid (FA) was first converted into fatty acid methyl esters
(FAMEs) using 2% H2SO4–MeOH solution and then analyzed
by gas chromatography-mass spectrometry (GC-MS) with FID
detector (Shimadzu, GC-2010, Japan) using a Supelco SP-2340
fused silica capillary column (30 m × 0.25 mm × 0.2 μm) (Wu
et al. 2011). The content of FA constituents was expressed as a
weight percentage (% of total FAs).

Analysis of protein

The protein content in microalgae was determined by the
Kjeldahl Method (Wang et al. 2016). Then, 0.4 g dry algae
powder was used for nitrogen determination. The protein con-
tent was calculated according to Eq. (7).

The protein content g 100 gð Þ−1
� �

¼ V1−V2ð Þ � N � 0:0140� F � 100=m ð7Þ

where V1 and V2 are the volume (mL) of titration solution (HCl)
used for sample groups and the volume (mL) of titration solution
used for blank group. N is the concentration (mol L−1) of HCl
and m is the sample weight (g). F is the nitrogen to protein
conversion factor (F = 6.25) and the constant of 0.0140 is the
weight of nitrogen corresponding to 1 mL of 1 M HCl.

All the data are expressed as the mean ± standard de-
viation. The results were analyzed by one-way ANOVA
and two-tailed t test. p < 0.01 indicates a statistically

significant difference. The error bars in all figures show
the standard deviation.

Results

Comparisons of mutagenesis efficiency on Scenedesmus
sp. between UVand EMS

The CEW mainly consists of phenol, ketone, aldehyde, ben-
zene and heterocyclic compounds (Table S1) which are

a

c

b

Fig. 2 a Mutagenesis efficiency of UVand EMS on Scenedesmus sp. b
0.05~0.4 mol L−1 of EMS for 2 h and c 0.2 mol L−1 of EMS for 0.5~4 h
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commonly toxic to most of microorganisms. It was observed
that the original wild-type Scenedesmus sp. (FACHB-489)
could not grow well in CEW due to the inhibitation effect of
harmful constituents in CEW. To improve the resistance to
CEW, UV and EMS were used as the mutagens and the mu-
tagenesis efficiencies of UVand EMS were investigated.

The percent mortality of the microalgae cells increased
from 6 to 100% as the UV radiation time increased from 30
to 270 s (Fig. 2a). When the radiation time was 60 s, the
percent mortality sharply increased to 44%, which was six
times more than that at 30 s exposure. Furthermore, the exten-
sion of irradiation time resulted in an obvious increase of

a

b

Fig. 3 a The mutant strains
inoculated in undiluted CEW
solidified with 1.5% agar under
25 °C, pH 8.0,
63 μmol photons m−2 s−1. b The
morphology of Scenedesmus sp.
cells (initial wild-type strain and
mutant strains) in stationary phase

F i g . 4 T h e g r ow t h c u r v e s o f m i c r o a l g a e ( pH 8 . 0 ,
63 μmol photons m−2 s−1, 25 °C and inoculum density 0.3 g L−1)
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percent mortality. When the irradiation time was 120 s, the
percent mortality was 72%. When the irradiation time
surpassed 180 s, the percent mortality was above 90%, which
means that most algae cells were killed by UV. As shown in
Fig. 2b, as the EMS concentration increased, the percent mor-
tality of Scenedesmus sp. increased gradually. It was observed
that when the treatment time was fixed to 2 h, at a low EMS
concentration of 0.2 M, the percent mortality was about 75%.
When the concentrations of EMS were increased to 0.3 and
0.4 M, the percent mortality increased to 82 and 90%.
Similarly, under the fixed EMS concentration of 0.2 M, the
percent mortality of Scenedesmus sp. cells also increased with
the prolonging of treatment time (Fig. 2c). When the treatment
time was less than 2 h, the percent mortality was lower than
75%. A higher percent mortality of 85 and 95% was obtained
with treatment times of 3 and 4 h.

Mutant clones were observed on plates containing undilut-
ed CEW solidified with 1.5% agar under the condition of UV
irradiation after 13 days of growth. Fifteen large and deep
green strains named MU1~MU15 were first selected and then
transferred onto the new CEW solidified with 1.5% agar for
three times. It was found that only MU1, MU2, and MU15
were able to form clones steadily (Fig. 3a). Moreover, the
morphology of the three mutant strains was different from that
of initial wild-type strain (Fig. 3b). Unfortunately, no clones
were observed under the condition of EMS treatment.

Growth characteristics and stability of Scenedesmus sp.

The growth characteristics of initial algae and mutants in
CEW are shown in Fig. 4. Almost no growth of cells was
observed for initial algae throughout the cultivation of 27 days.
In comparison, the cell concentrations of three mutant strains
increased greatly at the end of cultivation, and the precipitated
microalgae can be easily observed. The biomass yields, bio-
mass productivities and specific growth rates of all strains are
shown in Table 2. The maximum biomass yield of
1074.8 mg L−1 was obtained from MU1, showing a 423.8%
increase than that of the initial strain. A 259.1 and 326.7%
increase in biomass yields of MU2 and MU15 was also

obtained. The biomass productivity which was closely related
to biomass yield and cultivation time showed a similar trend
as biomass yield. Meanwhile, a low specific growth rate of
0.0042 day−1 was obtained from the initial strain. However,
the specific growth rates of MU1, MU2 and MU15 increased
significantly compared to that of initial strain, and they were
0.060, 0.045 and 0.0685 day−1, respectively.

To investigate the growth stability of three mutant strains,
the biomass yields, lipid contents, and protein contents in
three mutant strains were determined after serial subculture
for nine times in undiluted CEW (Fig. 5). The biomass yields
in MU1, MU2 and MU15 decreased slightly after nine times
of subculture (Fig. 5a) and the protein contents in MU1, MU2
and MU15 also showed a slight decrease (Fig. 5b). The lipid
contents in MU1, MU2 and MU15 were 21.45, 23.75 and
18.55%, respectively, at the end of subculture (Fig. 5c), which
were slightly lower than that before subculture.

Protein and lipid content and fatty acids composition

The protein contents and protein yields in all strains are shown
in Table 3. The protein contents in all algae were in the range
of 25~45%. The maximum protein content (41.9%) and pro-
tein yield (450.3 mg L−1) were obtained from MU1, an in-
crease of 3 and 441% compared to the initial strain. In MU2
andMU15, protein content decreased by 3 and 12% compared
with the initial strain. However, the protein yields in MU2
(290.3 mg L−1) and MU15 (311.7 mg L−1) increased by 249
and 274%.

The total lipid contents in microalgae were measured and
expressed as a weight percentage of dry algae (Table 3). Fifty
percent more lipid than the initial strain was produced by
MU2, showing the maximum lipid content (23.8%).
Compared with the initial strain, a 35 and 17% increased lipid
content was obtained in MU1 and MU 15, respectively.

The lipid yields in all algae are shown in Table 3. MU1
showed the maximum lipid yield of 230.0 mg L−1, increasing
by 606% compared with the initial strain. Lipid yields inMU2
and MU15 also increased by 438 and 400% compared with
the initial strain.

Table 2 Biomass yields, biomass
productivities, specific growth
rates of all strains

Algae strains Biomass yield (mg L−1) Biomass productivity
(mg L−1 day−1)

Specific growth
rate (day−1)

Initial strain 205.2 ± 3.0a 7.6 ± 0.11a 0.0042 ± 0.0001a

MU1 1074.8 ± 3.3b 39.81 ± 0.12b 0.0600 ± 0.0099b

MU2 736.9 ± 7.6c 27.29 ± 0.28c 0.0450 ± 0.0042c

MU15 875.6 ± 4.0d 32.43 ± 0.15d 0.0685 ± 0.0021d

Data were expressed as the means with standard deviations of three replicates

Different superscripts across columns indicate significant difference (p < 0.05) among all algae strains (n = 3,
ANOVA:F(3,8) = 171.906, 171.906, and 162.312, p < 0.001 for biomass yield, biomass productivity and specific
growth rate, respectively)
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The fatty acids (FAs) composition in all algae is shown in
Table 4. The FAs mainly consisted of palmitic acid (C16:0),
octadecenoic acid (C18:1n9), linoleic acid (C18:2n6), and
linolenic acid (C18:3n3). For each strain, the total contents
of C16 and C18 were above 88% (of total FAs). In addition,
polyunsaturated fatty acids (PUFAs) and monounsaturated
fatty acids (MUFAs) are two important indexes for biodiesel
production. The content of PUFAs in initial strain (44.63%)

was slightly lower than that in MU1 (46.21%) and a little
higher than in MU2 (43.00%) and MU15 (43.22%). The
MUFAs contents in MU1, MU2 and MU15 were 33.33,
34.17 and 31.64%, respectively, which were slightly higher
than the 31.58% in the initial strain.

Nutrients removal

Purification efficiency on CEW by microalgae at the end of
fermentation was measured and the nutrients removal percent-
age in CEW was calculated. As shown in Fig. 6, little nutrient
in CEW was removed by the wild-type initial strain. However,
significant nutrient removal percentages, particularly TANrp in
CEW by the three mutant strains can be observed. The maxi-
mum CODrp of 38.9% in CEW was obtained from MU2,
which was 2892% higher than for the initial strain. In addition,
2677 and 2477% increased CODrp by MU1 and MU15 over
initial strain were obtained. As shown in Fig. 6, the maximum
TANrp and TPrp with a value of 71.6 and 47.1%were obtained
fromMU1. No significant difference with TANrp among three
mutant strains can be found, while TPrp byMU1 was 1863, 76
and 26% higher than that of initial strain, MU2 and MU15,
respectively. The CHRrp in CEW was also investigated in this
study. Using distilled water as the reference, MU1 showed the
maximumCHRrp (17.8%), which was 4350, 80 and 9% higher
than initial strain, MU2 and MU15, respectively.

Discussion

Comparisons of mutagenesis efficiency on Scenedesmus
sp. between UV and EMS UV irradiation can cause the po-
lymerization between two DNA pyrimidines, which will in-
hibit the DNA double helix from unwinding and then interfere
with DNA replication. As the radiation time ranged from 30 to
60 s, the percent mortality of microalgae increased sharply,
which suggested that the sensitive region of cell mutation
was between 30 and 60 s. The results indicated that UV radi-
ation is an efficient mutagenesis method for breeding of
Scenedesmus sp. It has been reported that low percent mortal-
ity might lead to reverse mutation in subculture, and a percent
mortality range of 75~90% might have a positive impact on
mutagenesis for cells (Liu et al. 2015). Therefore, 120 s was
selected to be the optimal radiation time in the study.

EMS treatment can lead to mismatches among basic pairs
by alkylation reaction between active alkyl of EMS and DNA
hydrogen atom. With the increase of EMS concentration and
treatment time, the percent mortality of Scenedesmus sp.
showed a similar trend to that of UV irradiation (Fig. 2b, c).
Thus, considering the combined effects of EMS concentration
and treatment time, 0.2~0.3 M EMS and 2~3 h of treatment
time were chosen as the optimal mutagenic conditions.

a

c

b

Fig. 5 a The biomass yield (n = 3, t test: t(4) = 2.731, 2.416 and 2.654,
p = 0.052, 0.073, and 0.057 for MU1, MU2 and MU15, respectively). b
Protein content (n = 3, t test: t(4) = 1.967, 2.656 and 2.328, p = 0.121,
0.057 and 0.080 forMU1,MU2 andMU15, respectively). cLipid content
(n = 3, t test: t(4) = 1.559, 2.303 and 1.7955, p = 0.194, 0.083 and 0.147
for MU1, MU2 and MU15, respectively) in mutant strains before and
a f t e r s e r i a l s u b c u l t u r e s f o r n i n e t i m e s ( p H 8 . 0 ,
63 μmol photons m−2 s−1, 25 °C and inoculum density 0.3 g L−1)
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MU1, MU2 and MU15 could grow steadily in CEW solidi-
fied with 1.5% agar for three times (Fig. 2a), suggesting the
metabolic pathway of the three mutant algae might have been
improved by UV. Moreover, the shapes of mutants were ob-
served like an ellipse and the sizes of mutants were almost half
of that of initial strain, which may increase the specific surface
areas of mutant strains. The lack of microalgae being observed
after EMS treatment may be due to the difference of mutagen-
esis mechanism between UVand EMSmutagenesis. The results

indicated that UV mutagenesis is more suitable to breed
Scenedesmus sp.

The growth characteristics and stability The poor growth of
the wild-type initial algae in CEW was probably due to the
inhibition effect of toxic constituents in CEW. In addition, it
has been reported that the optimal ratio of nitrogen to phos-
phorus (N/P ratio) for microalgae biomass production was
8~12, and more than 22 of N/P ratio will have a negative
influence on microalgal growth (Huo et al. 2012; Cabanelas
et al. 2013; Chiu et al. 2015; Rasdi and Qin 2015). The N/P
ratio was 70:1 in CEW, which may be another reason for the
poor growth of the initial algae. However, all of the mutant
strains grew well, suggesting that the tolerance of all mutant
strains to CEW had been improved. In addition, the possible
increased specific surface area of the mutants which equals the
surface area of microalgae divided by the volume of
microalgae, can also result in an increase of nutrient absorp-
tion (Fig. 3b). This might enhance the cell growth of the mu-
tant strains as well. As for the growth stability of the three
mutant strains, the decreases in biomass yield and lipid and
protein content were insignificant, which was similar to the
previous research (Zhang et al. 2016). These results showed
that all the mutant strains can grow steadily in CEW-based
medium. Among them, strain MU1 was more suitable for

Table 3 The lipid and protein
contents and lipid and protein
yields of all strains

Algae strains Lipid content (%) Lipid yield (mg L−1) Protein content (%) Protein yield (mg L−1)

Initial strain 15.9 ± 1.4a 32.6 ± 2.9a 40.6 ± 2.1a 83.3 ± 4.3a

MU1 21.4 ± 1.2b 230.0 ± 12.9b 41.9 ± 1.7a 450.3 ± 22.6b

MU2 23.8 ± 0.6c 175.4 ± 4.4c 39.4 ± 3.1a 290.3 ± 22.8c

MU15 18.6 ± 0.4d 162.9 ± 3.5c 35.6 ± 3.0b 311.7 ± 26.3c

Data were expressed as the means with standard deviations of three replicates;

Different superscripts across columns indicate significant difference (p < 0.05) among all algae strains (n = 3,
ANOVA: F(3,8) = 23.945, 174.364, and 92.248, p < 0.001 for lipid content, lipid yield, and protein yield,
respectively; ANOVA: F(3,8) = 6.840, p = 0.013 for protein content)

Table 4 FAs compositions (% of total lipids) in algae strains

FAs Initial strain MU1 MU2 MU15

14:0 0.34 0.37 0.36 0.35

15:0 0.16 0.17 0.11 0.16

16:0 21.41 19.88 20.70 21.95

16:1n7 0.91 1.28 0.66 0.93

16:1n9 3.17 2.60 3.70 2.83

17:0 0.22 0.21 0.20 0.25

17:1 0.45 0.50 0.28 0.49

18:0 0.91 0.98 0.78 1.37

18:1n7 2.01 3.20 2.43 2.90

18:1n9 16.17 14.72 18.30 16.00

18:2n6 20.04 21.00 18.93 19.64

18:3n3 23.01 23.43 22.63 21.76

18:3n6 1.58 1.67 1.38 1.33

20:0 0.04 0.08 0.07 0.12

20:1n9 8.87 9.03 8.80 8.49

20:4n6 – 0.11 0.06 0.18

22:0 0.44 0.44 0.37 0.53

22:5n6 – – – 0.31

24:0 0.27 0.33 0.24 0.41

∑C16 + C18 89.21 88.76 89.51 88.71

∑SFA 23.79 22.46 22.83 25.14

∑MUFA 31.58 33.33 34.17 31.64

∑PUFA 44.63 46.21 43.00 43.22

Fatty acid compositions were expressed in the form of percentage (% of
total fat acids)

∑SFA total saturated fatty acids, ∑MUFA total monounsaturated fatty
acids, ∑PUFA total polyunsaturated fatty acids

Fig. 6 Nutrients removal in CEW (pH 8.0, 63 μmol photons m−2 s−1,
25 °C and inoculum density 0.3 g L−1; n = 3, ANOVA: F(3,8) = 150.336,
220.423, 158.887 and 105.781, p < 0.001 for CODrp, TANrp, TPrp, and
CHRrp, respectively)
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CEWmedium and has potential to purify CEWand to be used
as the raw materials of biomass production.

The protein and lipid content and fatty acids composition
The protein content in all microalgae was comparable to pre-
vious reports (Guerrero-Cabrera et al. 2014; Duong et al.
2015) and the protein contents in all strains were also similar.
This indicated that UV irradiation had little effect on protein
content in the microalgae. However, it can be seen that the
protein yields in the three mutant strains were much higher
than that of the initial strain, which was mainly due to the high
biomass yields.

It is known that lipid content is an important indicator for
biodiesel production. To improve the lipid content, it has been
reported that nitrogen starvation strategy can be adopted (Xu
et al. 2015). Thus, the excess nitrogen in CEW might inhibit
lipid accumulation in the microalgae. Fortunately, we found
the lipid content (10~35%) in this study was comparable to
previous results (Xu et al. 2015; Gour et al. 2016; Zhan et al.
2016). It can be inferred that the metabolic mechanism related
to lipid accumulation in mutants might have improved. The
lipid content and yield showed a similar trend to the protein
content and yield. Since the lipid content changed little, the
high lipid yield mainly benefited from the higher biomass
yield. The FA compositions in all algae were different in dif-
ferent degrees, probably due to the different adaptability in the
wastewater (Han et al. 2016). PUFAs can result in oxidation
and MUFAs could enhance the low-temperature liquidity.
Both of them can improve biodiesel quality (Knothe 2008;
Gour et al. 2016). Moreover, the total content of C16 and
C18 in all strains were above 88%. This suggests that all
strains could be used for biodiesel production from the point
of their FAs composition.

Nutrients removal Nutrients removal in CEW was closely
related to the growth of the microalgae, indicating the cultiva-
tion conditions, such as pH, temperature and light intensity
have effects on nutrients removal (Di Pippo et al. 2012). In
this study, the initial COD in CEW was 5749.0 mg L−1. Thus,
1% of CODrp corresponds to COD decrement of 57.5mg L−1,
suggesting that although the CODrp was lower, the absorbed
COD by three mutant strains was actually higher than those in
most reports (Cabanelas et al. 2013; Chiu et al. 2015). At the
end of cultivation, the COD in CEW decreased greatly to
3514 mg L−1. Wen et al. (2016) treated anaerobically digested
swine wastewater with an initial COD of 4800 mg L−1 using
two strains of photosynthetic bacteria and COD decrement in
wastewater reached 3998 mg L−1 which was much higher the
2235 mg L−1 in this study. The reason may be that initial high
nutrient concentrations could result in high osmotic pressure
and high concentration of toxic substances in wastewater,
which were harmful for microalgae to grow. Since the value
of COD was still high, different methods might need to be

combined with algal cultivation to further decrease the COD
(Zhao 2013).

Nitrogen and phosphorus removal percentages are impor-
tant indicators in wastewater purification. The content of ni-
trogen was significantly higher than that of phosphorus and
the main form of nitrogen was ammonia nitrogen in CEW
(Table 1). It was reported that more than 450 mg L−1 of
TAN is commonly toxic to algae (Jia et al. 2016). Therefore,
TANrp can be regarded as an important indicator for the pu-
rification of CEW. In addition, high chroma caused by humic
acid-like matters in CEW also result in a low purification
efficiency in CEW, and the deep color of CEW has a signifi-
cantly negative effect on the utilization of light by microalgae
(Shan et al. 2016). In the study, although the TAN and CHR in
CEW reached up to 865.5 mg L−1 and 4242 times, respective-
ly, higher TANrp can be obtained. Moreover, effects of illu-
mination and TP content on microalgal yield were further
investigated. It was found the biomass yields of the mutant
strains were increased when using diluted CEW as the medi-
um. Meanwhile, when the irradiance was increased to
100 μmol photons m−2 s−1, the biomass yield of these mutant
strains was also increased to some extent. However, only less
than 10% of increase can be obtained. Interestingly, when the
TP content in CEW was increased, the biomass yield of these
mutants increased. This result indicated that the N/P ratio in
CEW plays a key role. It has been reported that Scenedesmus
requires an N/P ratio of ~ 30 to grow without limitation
(Lavoie and de la Noüe 1985). Therefore, an appropriate in-
crease of TP content in CEW may be an effective way to
increase the microalgae yield.

In general, MU1 compared with MU2 and MU15, showed
rapid growth and superior nutrients removal in CEW. It has
practical potential for CEW treatment and low-cost cultiva-
tion. MU1 can be used as good material for biodiesel produc-
tion due to its higher FAs of C16 and C18 (> 88%). Therefore,
it is suitable for purifying CEWand producing biomass simul-
taneously. Future work will focus on further increasing the
biomass yield inMU1 and improving the purification efficien-
cy on wastewater by MU1.

Conclusions UV mutation breeding was an efficient method
to improve the tolerance of Scenedesmus sp. to CEW. The
mutant strainMU1 showed a rapid growth in CEWand a good
stability in producing biomass with the highest biomass yield
of 1074.8 mg L−1. Moreover, compared with initial wild-type
strain, a 441% increase of protein and 606% increase of lipid
yields was obtained from MU1. Along with the growth of
MU1, the COD, TAN, TP, and CHR in CEW were decreased
significantly. The results showed that MU1 is suitable for
purifying CEW and producing biomass simultaneously.
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