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Abstract. This paper deals with the accumulation of lipids, carbohydrates and proteins in the biomass of the green

algae Chlorella vulgaris that is cultivated in the municipal wastewater of Vilnius City. The growth rate of the culture

on different chemical compositions of media was investigated. Dependence of lipid, carbohydrate and protein content

on total phosphorus and nitrogen initial concentrations in wastewater and removal of nutrients was investigated. Data

showed that the higher amount of total nitrogen is the main factor leading to a higher rate of biomass increase. The

study showed that Chlorella vulgaris is capable of very efficient nutrient removal from wastewater (up to 86% of total

nitrogen and 87% phosphorus was removed). Data showed that there is strong correlation between the initial con-

centration of nitrogen, and in some cases phosphorus, in the media and content of proteins and carbohydrates in the

biomass. A higher amount of nitrogen in the starting media leads to a higher amount of proteins and a lower amount

of carbohydrate in the biomass. There was no correlation found between the initial nitrogen or phosphorus concentra-

tion in the media and content of lipids in the biomass.
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Introduction

There is a plentiful supply of fossil fuels at a reasonably
low cost, but a rising use of fossil fuels is unlikely to be
sustainable in the longer term principally due to the at-
tributed increase in greenhouse gas (GHG) emissions
from using these fuels and the environmental impact of
these emissions on global warming (Hill et al. 2006; Pitt-
man et al. 2011). The potential of microalgae as a source of
lipids, proteins and carbohydrates has received consider-
able interest. The growth and photosynthetic activity of al-
gae have been extensively studied under different environ-
mental conditions over the last few decades (Burlew 1953;
Moraine et al. 1979; Soeder et al. 1985; Cromar et al. 1996;
Torzillo et al. 2003; Park, Craggs 2010; Zheng et al. 2013).
For sustainability and economic viability, production opti-
mization of mass culture conditions is needed. The growth
of microalgae is faster than other photosynthetic plants,
which indicates a high productivity per area. Microalgae
can generally double their biomass within 24 h, and the
lipid content in several microalgae species exceed over

30-80% of the dry biomass weight (Chisti 2007; Cho et al.
2011; Pittman et al. 2011). However, there remains a major
price gap between microalgae-derived biofuels and fossil
fuels despite the tremendous efforts to reduce the costs of
algae production and processing (Pittman et al. 2011).

Wastewater derived from municipal water treatment
plants can provide a low cost and sustainable means to
grow algae for biofuels. The municipal wastewater stream
from primary and secondary settling tanks is rich in nu-
trients including phosphorus, ammonia and organic nitro-
gen (Zhou et al. 2011). In addition, algae could be used in
the aerobic treatment of waste in the secondary treatment
process and in the removal of nitrogen and phosphorus
from the wastewater (Hameed, Ebrahim 2007).

Green algae are one of the most used algae in waste-
water treatment experiments and pilot plants for algae cul-
tivation (Hameed, Ebrahim 2007). Different studies have
shown that Chlorella vulgaris is capable of treating vari-
ous wastewaters including textile wastewater (Lim et al.
2010; Chu et al. 2009), piggery wastewaters (Godos et al.
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2009; Ji et al. 2013), industrial effluent (Valderrama et al.
2002) and municipal wastewater (Cho et al. 2011; Zhou
et al. 2011). Research on strain differences and the meth-
ods to acclimate strains to the wastewater environment
are limited. In order to effectively couple the wastewater
treatment with algae cultivation in the northern climate,
selection and establishment of an adequate microalgae
pool from local habitats becomes particularly important
and necessary (Zhou et al. 2011). There are some limiting
factors for wastewater usage as the source of microalgae
cultivation media. A proper pre-treatment method to re-
move algae-feeding microorganisms and microorganisms
competing for nutrient should be applied to increase algae
biomass production (Cho et al. 2011). However, compara-
tively little effort is being conducted in northern regions
due to strong seasonal effects on climate and solar insola-
tion levels, which are likely to negatively affect feasibility
and production costs. However, these disadvantages can
be potentially mitigated by careful selection of strains that
can be grown in wastewater at lower temperatures (Park
et al. 2015).

The aim of this study is to investigate and establish
mathematical models describing the rate of C. vulgaris
biomass growth and accumulation of lipids, proteins and
carbohydrates in biomass in dependence on total nitrogen
and phosphorus concentration in wastewater and efficien-
cy of removal these nutrient.

1. Materials and methods

Microalgae Chlorella vulgaris, in combination with the
bacteria Flavimonas oryzihabitans was investigated in
the present study. Flavimonas oryzihabitans (previously
known as Pseudomonas oryzihabitans) is a gram-negative
organism that survives in moist environments. There are
a few studies that show the existence of interactions be-
tween microalgae and bacteria (Fukami et al. 1997; Krus-
tok et al. 2015a; Krustok et al. 2015b). These studies pos-
tulate that the bacteria encourage microalgae growth due
to the production of various growth factors, and that the
microalgae produce simultaneously organic substances
that encourage bacterial growth (Verschuere et al. 2000;
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Riquelme, Avendafio-Herrera 2003; Krustok et al. 2015a,
2015b). Microalgae was cultivated in wastewaters taken
from Vilnius City Municipal Wastewater Treatment Plant.
Wastewater samples were taken at two different treatment
stages: after mechanical treatment (after sedimentation of
solid particles) and biological treatment, on 30/06/2011.
The concentration of nitrates (NO,"), ammonium (NH,"),
total nitrogen (TN), phosphates (PO,*), and total phos-
phorus (TP) on wastewater was determined at the Joint-
Stock Company “Vilniaus Vandenys” laboratory. Several
dilutions of wastewater (2-20 times) in order to get the
maximum effect for the algae biomass growth and qual-
ity conducted (Table 1). Samples of wastewater were auto-
claved 30 min at 120° C to avoid contamination of other
algae or bacteria. Distilled water was used for wastewater
dilutions. The volume of one sample was 165 mL (150 mL
of wastewater (diluted or not diluted) and 15 ml of algae
culture which was maintained in Basal media). Flasks
were kept in daylight at room temperature (21-24 °C)
for 19 days. Flasks were mixed once a day before mea-
surements of biomass concentration. The optical density
of cultures was determined with a spectrophotometer at
a wavelength of 680 nm. To estimate algal concentration
standard routines include direct cell counts, absorbance
or turbidity and chlorophyll content measurement. Typi-
cally 680 nm is associated with chlorophyll absorption.
Rodrigues and co-authors published that when spectro-
photometrical absorbance is the chosen method, a read-
ing wavelength of 680 nm and 687 nm have also been
used (Rodrigues et al. 2011). Analyses were performed in
triplicate and then means were calculated. After 19 days
of growth the algal biomass was centrifuged, frozen, ly-
ophilized and used for the determination of the biomass
biochemical composition. The supernatant in every flask
was analyzed by the Joint-Stock Company “Vilniaus Van-
denys” laboratory for determination of chemical compo-
sition. The LAND 58:2003, LAND 84:2006 and LAND
38:2000 were used to measure total phosphorus, total ni-
trogen and ammonium nitrogen, respectively.

The biochemical composition of Chlorella vulgaris (in
combination with the bacteria Flavimonas oryzihabitans)

Table 1. Chemical composition of Vilnius City municipal wastewaters of different clarification stages used in the experiment

Parameter

Wastewater Percentage of raw N NO- NH - — ey
sample type  wastewater in the media 30 4 4

pe P BOD/COD mg N L™ mg L™ mg L™ mg P L™ mg L™
After
mechanical 100% (Undiluted) 312/455 85 0.26 34.5 8.37 7.28
treatment
After
biological 100% (Undiluted) 11/55 35 0.21 29.1 0.14 0.062

treatment
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biomass was determined at the laboratory of the Insti-
tute of Ecosystem Study (Florence, Italy). The total car-
bohydrate content of the biomass was checked using
the phenol-sulphuric acid method (Dubois et al. 1956).
The total protein content was determined using Lowry’s
method (Lowry et al. 1951). The total lipid content was
determined spectrophotometrically (Blight, Dyer 1959)
after carbonization of the material was extracted with a 2:1
methanol/chloroform solution (Marsh, Weinstein 1966).
Glyceryl tripalmitate (tripalmitin) (Sigma-Aldrich, Milan,
Italy) was used as a standard for lipid extraction (Holland,
Gabbott 1971). Analyses were performed in triplicate. All
data presented in mg of compound (lipids, proteins, car-
bohydrates) in 1g of dry algae biomass (mg g™ d. wt.).

For statistical analysis multiple linear regressions
(Quinn, Keough 2002) were used. Analyses were con-
ducted with Microsoft Excel 2013 data analysis tool pack
(Microsoft. Microsoft Excel. Redmond, Washington: Mi-
crosoft, 2013. Computer Software). The significance level
(o) is 0.05.

2. Results and discussion
2.1. Consumption of nitrogen and phosphorus

Algae cells can absorb nitrogen and phosphorus from
culture medium (Georgianna, Mayfield 2012). Nutri-
ent (N and P) removal is directly linked to photosyn-
thetic activity and in microalgae-based systems they
are converted into algal biomass that can be sustainably
recycled (Singh et al. 2011). In this experiment the ini-
tial N:P ratio in mechanically treated wastewater was
10:1 and in biologically treated — 10:0.04. It is known,
that such ratio is suitable for photosynthetic microor-
ganisms’ cultivation (Lee et al. 2000; Vezie et al. 2002).
Our results shows, that the highest consumption of to-
tal N and total P was observed in mechanically treated
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undiluted wastewater (73 mg N L' and 7,26 mg P L)
(Fig. 1). By lowering the amount of N and P in waste-
water the consumption of elements lowers too. Another
study (Lau et al. 1996) showed that most of the nitrogen
(>80%) was removed in the five days of cultivation and
most of the phosphorus was removed in one to two days
of cultivation. Our experiment showed that during the
19 day cultivation period 87% of initial nitrogen and
86% of initial phosphorus was removed from the waste-
water. Results of this study demonstrated that Chlorella
vulgaris is capable of efficient nitrogen and phosphorus
removal from wastewater. After the cultivation of C. vul-
garis in the wastewater the nitrogen concentration low-
ers significantly, but never lowered below 1.4 mg N L.
Phosphorus was consumed too, but the concentration
did not drop below 0.2 mg P L-'. The remaining amount
of nitrogen and phosphorus possibly have not been ab-
sorbed by algae due to physiological limitations of algae
or chemical properties of compounds left in the waste-
waters. Growing C. vulgaris in different diluted wastewa-
ter the amount of remaining nitrogen and phosphorus
after cultivation was quite similar and varied from 1.4
to 3.4 mg N L™ and from 0.2 to 0.37 mg P L' Exception
was undiluted wastewater after mechanical treatment.
The concentration of nitrogen and phosphors remaining
after cultivation was 12.0 mg N L' and 1.11 mg P L.
This phenomenon could be explained by the high con-
centrations of nutrients in the medium. In that case the
limiting factors for algae growth could be not chemi-
cal but physical, for example light intensity or density
of culture.

The significant increase of initial phosphorus con-
centrations in Figure 1B compared to Table 1 is due to
addition of phosphorus from phosphorus-rich growth
media which was used preparing the inoculate of Chlo-
rella vulgaris culture.
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Fig. 1. Consumption of nitrogen and phosphorus by Chlorella vulgaris in different type and concentration of wastewaters
of Vilnius city municipal wastewater treatment plant: (a) - after mechanical treatment; b) - after biological treatment). “%”
shows the percentage of raw wastewater in the culture medium. Note the different scales in each panel
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2.2. Growth dynamics

The growth rate of C. vulgaris was determined spectro-
photometrically by measuring the optical density of
the culture every day. During the first two days of cul-
tivation a lag phase was observed in all cultures and
in some cultures, optical density decreased on the sec-
ond day (Fig. 2). It is known, that the changing envi-
ronmental conditions could cause stress to algae cells
and lead to a decrease of pigment content, especially
chlorophyll (Boussiba et al. 1999). From the second to
the fifth day an increase of growth rate was observed.
From day five until the end of the experiment, growth
stabilized and the growth rates of the cultures with dif-
ferent initial nitrogen and phosphorus concentrations
began to differ. The highest growth rate (+0.078 and
+0.076 OD per day) was measured in the culture with
the highest amount of nitrogen and phosphorus. It
were in the mechanically treated undiluted and double
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100%

50%
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59

diluted wastewater. The lowest growth rate (+0.041 OD
per day) was measured in the culture with the lowest
amount of nitrogen (but not phosphorus). The lowest
growth rate was in the mechanically treated wastewater
that was diluted 20 times.

The best-fit trend line shows that the growth rate
depends logarithmically on the amount of nitrogen
from 4.25 to 85.0 mg L' (Fig. 3; Eq. (1)).

y=0.0163In(x)+0.0141; R? =0.847, )

where: y is the growth rate and x is the concentration of
nitrogen in the starting medium.

Equation (1) indicates that the growth rate is 85% de-
termined by the concentration of nitrogen in the starting
medium. Since this dependence is logarithmic, the addi-
tion of nitrogen has a lower impact to the growth rate as
the concentration of nitrogen in the starting medium get-
ting higher.
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Fig. 2. Growth dynamics of Chlorella vulgaris (in combination with bacteria Flavimonas oryzihabitans)
in different type and concentration of wastewater of Vilnius city municipal wastewater treatment plant
(a) — wastewater after mechanical treatment; b) — wastewater after biological treatment). “%” shows the

percentage of raw sewage water in the medium
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Fig. 3. Variation of the optical density with the initial nitrogen
concentration

2.3. Biochemical composition of the biomass

There were obvious differences in biochemical composi-
tion in Chlorella vulgaris biomass treated under different
conditions. It is known, that proteins comprise a large
fraction of the biomass of actively growing microalgae
and in certain species protein content can reach values as
high as 50-60% by dry weight biomass (Gonzalez-Lopez
et al. 2010). Our data shows that algae cultivated under
nitrogen-rich conditions accumulated higher amounts
of proteins and lower amounts of carbohydrates in their
biomass. Lower initial concentrations of nitrogen led to
a lower amount of proteins and higher amount of carbo-
hydrates in the algae cells. The highest protein content
(432 mg g' d. wt.) was detected in the biomass cultivated
in undiluted mechanically treated wastewaters. The high-
est carbohydrate content (577 mg g™ d. wt.) was in the
biomass cultivated in 10% mechanically treated wastewa-
ters. A step wise multiple linear regression analysis was
performed in order to predict the biochemical biomass
composition under different initial concentrations of ni-
trogen and phosphorus in the medium. Lipids and carbo-
hydrates represent the main energy storage molecules in
algae. Nutrient stress has been the method for increasing
lipid and starch accumulation in green algae and diatoms.
Under nitrogen deplete conditions, some green algae ac-
cumulate high levels of lipids as triacylglycerols (TAG),
(Hu et al. 2008). Tables 2 and 3 summarize the results of
the multiple regression analysis in which the amounts of
proteins and carbohydrates were calculated as a function
of variables of initial nitrogen concentration and initial
phosphorus concentration. A multiple regression model
for protein analysis was modified using backward elimi-
nation of P from the initial model due to low significance
of this variable (p > 0.05). A multiple linear regression
model was unsuitable for describing the dependence of
lipid content and the initial nitrogen and phosphorus

concentrations in the medium (No significant (p < 0.05)
R? value was found).

Table 2. Multiple linear regression for content of proteins
prediction. Nine cases were included in the analysis

Source  df f:;lri Sl:flj:?e F-ratio Signifli:cance
Regression 2 45900.82 22950.41 69.30 7,14E-05
Residual 6 1987.17 331.19
Total 8 47888

Variable  Coefficients Standard t P-value
Error

Constant 204,14 11,61 17,57 4,75E-07

N 2,98 0,32 9,32 3,38E-05

Note: Dependent variable was content of proteins. Independent
variable was initial concentration of nitrogen (N).

C=204.139+2.983N , (2)
where: C - Content of proteins in the biomass (mg g™

d.wt.), N - initial concentration of nitrogen (mg 'L™).

Table 3. Multiple linear regression for content of carbohydrates
prediction. Nine cases were included in the analysis

Source  df ssclllézr: ;:fj::e F-ratio cSellircneﬁF
Regression 2 134579.37 67289.68 490.26 2.024E-07
Residual 6  823.51 137.25
Total 8 135402.88

Variable  Coeflicients Standard t p-value
Error

Constant  604.16 6.83 88.45  1.40E-10

N -6.81 0.36 18.46  1.62E-06

P 16.66 3.26 5.10 2.21E-03

Note: Dependent variable was content of carbohydrates. Inde-
pendent variables were initial concentration of nitrogen (N) and
initial concentration of phosphorus (P).

C=604.16+(—6.81N) +(16.66P) , (3)

where: C - Content of carbohydrates in the biomass
(mg g'dwt), N - initial concentration of nitrogen
(mg N L), P - initial concentration of phosphorus
(mg P LY.

Figure 4 and the regression analysis (Tables 2-3 and
Equations 2-3) show that the initial concentration of ni-
trogen has a significant influence over the biochemical
composition of algae biomass. A higher concentration of
initial nitrogen concentration leads to the accumulation
of proteins in the biomass (Fig. 4 A); however, a short-
age of both nitrogen and phosphorus leads to the ac-
cumulation of carbohydrates (Fig. 4 A, B). Mutlu et al.
(2011) described this dependence too, but they noticed
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Fig. 4. Dependence of concentration of lipids, proteins and carbohydrates in Chlorella vulgaris (grown with
bacteria Flavimonas oryzihabitans) biomass after cultivation period in different initial concentration of total
nitrogen (a) and total phosphorus (a) in cultivation media

the accumulation of lipids due to the shortage of nitro-
gen. However Rodolfi et al. (2009) observed an increase
in both lipid content and areal lipid productivity through
nutrient starvation. Several authors (Perez-Garcia et al.
2011) have proposed that lipid accumulation may not be
dependent on nitrogen starvation but on excess carbon in
the culture medium. In our study no significant correla-
tion between concentration of nitrogen (Fig. 4a) or phos-
phorus (Fig. 4b) in the initial media and the content of
lipids in the biomass was observed.

Conclusions

Chlorella vulgaris is capable of efficient nutrient (nitrogen
and phosphorus) removal from Vilnius City wastewater.
During the experiment 87% to 93% of total nitrogen and
up to 87% of total phosphorus were removed from the mu-
nicipal wastewaters of Vilnius City. The growth rate and the
concentration of proteins in the C. vulgaris biomass are di-
rectly dependent on the starting concentration of nitrogen

in the medium. The highest growth rate and the concentra-
tion of proteins (432 mg g™') were reached in the wastewa-
ter with the concentration of total nitrogen in the medium
from 42.5 to 85.0 mg N L. The lower concentration of total
nitrogen and the higher concentration of total phosphorus
lead to a higher concentration of carbohydrates in the bio-
mass of C. vulgaris. The highest concentration of carbohy-
drates in the biomass (577 mg g™') was reached by cultivat-
ing C. vulgaris in the medium containing 4.0 mg N Land
0.4 mg P L. The remediation of wastewater using C. vul-
garis provides an environmentally acceptable and effective
option for wastewater remediation, which not only recycles
valuable nutrients but also improves water quality. Therefore
C. vulgaris may be regarded as efficient nutrient remover.
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