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Abstract: Glycerol is a carbon source that produces good biomass under mixotrophic conditions.
Enhancing the composition of culture media in algae biomass production improves growth rates,
biomass yield, nutrient utilization efficiency, and overall cost-effectiveness. Among the key nutrients
in the medium, nitrogen plays a pivotal role. Urea can be effectively used as a nitrogen source and
is considered a low-cost form of nitrogen compared to other sources. Urea metabolism releases
some CO, in photosynthesis, and magnesium plays a major role in urea uptake. Magnesium is
another key nutrient that is key in photosynthesis and other metabolic reactions. To maximize
glycerol consumption in the mixotrophic system and to obtain high biomass and lipid productions,
the variations in MgSO4-7H,0 and urea concentrations were evaluated in the growth medium of the
microalgae. A response surface methodology (RSM) using a central composite design (CCD) was
designed to maximize glycerol consumption at the initial cellular growth rates (up to four days). The
magnesium and urea supply varied from 0.3 to 1.7 g L~!. Response surface methodology was utilized
to analyze the results, and the highest glycerol consumption rate, 770.2 mg L~! d !, was observed
when C. vulgaris was grown at 1.7 g L1 urea, 1.0 g L~! MgSO4-7H,0. Using the optimal urea and
magnesium concentrations with acetate, glucose, and glycerol as carbon sources, the same lipid
content (10% average) was achieved on day 4 of mixotrophic C. vulgaris culture. Overall, the results
show that mixotrophic growth of C. vulgaris using urea with an optimum magnesium concentration
yields large amounts of fatty acids and that the carbon source greatly influences the profile of the
fatty acids.

Keywords: magnesium concentration; response surface methodology; mixotrophic cultivation; urea;
glycerol; fatty acid profile

1. Introduction

The metabolic processes that regulate microalgal growth depend on factors such as
pH, temperature, illumination, and nutrient availability. Depending on these conditions,
microalgae can grow autotrophically, heterotrophically, or mixotrophically. Mixotrophic
algae have shown remarkable nutrient assimilation with high biomass and oil production
productivity [1-3]. This mode of cultivation requires carbon and nitrogen in the medium for
microalgae biomass accumulation in the presence of light. Thus, to scale up the mixotrophic
culture, it is necessary to use cost-effective nutrient sources, i.e., low-cost nitrogen and
organic carbon substrates. Possible sources include urea, a cheap nitrogen source sup-
plied as fertilizer in agriculture, and glycerol, a carbon source coproduct of the biodiesel
industry [4,5].

Enhancing the composition of culture media in algae biomass production improves
growth rates, biomass yield, nutrient utilization efficiency, and overall cost-effectiveness.
This optimization is a pivotal factor in the success of algal cultivation across diverse appli-
cations. Achieving efficient and effective optimization of algae culture is feasible through
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the design of experiments utilizing statistical models. One widely utilized statistical model
type is response surface methodology (RSM). These models explore a system’s response to
various combinations of variables, tailoring the approach to the algae cultivation system’s
specific goals, constraints, and characteristics. Thus, the microalga Tetradesmus obliquus
achieved a remarkable 32% increase in biomass yield, attributed to a well-balanced combi-
nation of essential nutrients such as urea, potash, superphosphate, and magnesium sulfate.
This optimized nutrient mix, developed through the Central Composite Rotary Design
(CCRD), outperformed the commonly employed N 11 medium in a raceway pond setting.
The cost of production was substantially reduced by 47-fold, thanks to the utilization of
an economical growth medium formulated with locally available agricultural fertilizers,
replacing the more costly analytical grade inorganic salts. This approach showcased su-
perior biomass yields per unit of time and resources [6]. Furthermore, customizing the
culture media for Chlorella sorokiniana in outdoor photoautotrophic conditions resulted
in accelerated growth rates, achieving a biomass of 3.58 + 0.07 gL ~!. Additionally, the
yields of polysaccharides and proteins surpassed 1.5 times the baseline, aligning with the
specific nutritional requirements for nitrogen (urea), carbon (Na;COs3), ventilation capacity
(40 L h~1!), and magnesium [7]. In another study, the impact of MgO nanoparticles on lipid
accumulation in the indigenous microalga Desmodesmus sp. VV2 was investigated using
RSM, and the findings were further confirmed through validation using an artificial neural
network (ANN) employing 11 training algorithms. The optimization process, involving
CaClp, NaNOs, and MgO, resulted in a lipid content of 57.6%. The study indicated that
RSM exhibited greater significance than ANN [8]. In summary, through meticulous ad-
justment of the culture media, it becomes feasible to reduce the overall production costs
by minimizing the usage of costly nutrients and supplements while still attaining optimal
growth and lipid and biomass yield.

Urea is the nitrogen source with the highest percentage of nitrogen by weight available
(46.7% nitrogen). Urea is metabolized to ammonia and carbon dioxide inside the cell
through a sequential assimilation mechanism. First, urea enters the microalgae cells via
either passive or active transport [9]. Second, urea assimilation in Chlorella spp. and
Chlamydomonas spp., which lack the urease enzyme [10,11], follows two sequential reactions.
The first reaction requires adenosine triphosphate (ATP) in the presence of Mg?*, a univalent
cation such as Na*, K*, or NHs*, and bicarbonate. The urea carboxylase catalyzes the
ATP-dependent carboxylation of urea to allophanate (Equation (1)). In the second reaction,
the allophanate is subsequently hydrolyzed to ammonia and carbon dioxide by allophanate
hydrolase (Equation (2)) [9,11-13].

CO — (NH,), + HCO3™ + ATP — (NH,) — CO — NH — COO™ + HyO + ADP + Pi (1)

(NH,) — CO — NH — COO™ + 3H,0 + H" — 2NH," + 2HCO3~ )

In this two-step assimilation mechanism of urea, Mg?* is a crucial cofactor that may
be determinant for the rate of CO, production at the end of the two reactions. Mg?* is also
critical in the physiological and biochemical processes of photosynthetic organisms. For
instance, Mg?* activates ribulose-1,5-bisphosphate (RuBP) carboxylase, the key enzyme
in photosynthesis. Also, Mg?" is essential for light absorption because it is the central
element in chlorophyll. Furthermore, Mg?* acts as a cofactor of enzymes involved in CO,
fixation and is involved in energy transfer via ATP and in pH control [14]. Moreover, Mg?*
participates in glycolysis, the Krebs cycle, and ion transport across cell membranes [15].
As a result, Mg?* is a fundamental component in our developed mixotrophic system, in
which CO, and O, production are internally balanced for the autotrophic and heterotrophic
metabolisms to work [16].

In the mixotrophic metabolism of microalgae, an external carbon source is required.
Organic carbon sources such as glucose and glycerol have been used [1,17-19], with glycerol
gaining relevance due to several characteristics. Glycerol is mostly obtained as a by-
product during biodiesel production via transesterification, and it can be a source of
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carbon and energy for microalgal growth [20]. In the cytoplasm, glycerol is converted
into glyceraldehyde 3-phosphate (G3P), intersecting several metabolic pathways, such as
glycolysis and gluconeogenesis. The G3P can be converted into lipids, carbohydrates, or
amino acids. The G3P may also be further converted into pyruvate, which can be oxidized
by the TCA cycle within the mitochondrion for energy generation [20,21].

Several studies have examined the growth rates and total lipid contents of various
microalgal species supported by glycerol [17,22-24] (Table 1). These studies’ findings have
shown improvements in mass culture productivity compared to phototrophic cultures.
Notably, adding glycerol causes a 2.4-fold increase in growth rate, up to a 1.9-fold increase
in biomass, and a 40-60% increase in total lipid production [25].

The CO, fixed into the biomass from glycerol and urea in C. vulgaris mixotrophic
cultures can be consumed via the Calvin—Benson cycle using light energy [26]. Here, the
CO; is released into the medium by the glycerol consumed heterotrophically for energy
and by urea hydrolysis. Thus, there is a synergistic gas exchange under mixotrophic
cultivation in which the O, from photosynthesis is consumed in the catabolism of glycerol.
In contrast, the liberated CO, from urea metabolism and glycerol respiration can be used
in photosynthesis [16]. Consequently, the growth of Chlorella vulgaris in this mixotrophic
system without external CO, supply requires a high consumption of glycerol, which is
highly dependent on the optimal urea metabolism, not only for consumption as a nitrogen
source but also for autotrophic release of O;.

To maximize glycerol consumption in the mixotrophic system and to obtain high
biomass and lipid production, the variations in MgSO,-7H,O and urea concentrations were
evaluated in the growth medium of the microalgae. A response surface methodology (RSM)
using a central composite design (CCD) was designed to maximize glycerol consumption
at the initial cellular growth rates (up to four days). Once the optimum growth medium for
mixotrophic C. vulgaris growth was obtained, other carbon sources were tested to determine
the differences in fatty acid profiles and nitrogen and phosphorus removal. We compared
C. vulgaris performance using various carbon sources (glycerol, glucose, sodium acetate)
widely used in microalgae mixotrophic systems [27].

Table 1. Biomass and lipid production of C. vulgaris using different concentrations of glycerol,
magnesium, and nitrogen in mixotrophic cultivation.

Cor?cle):];:rr;t]ion (i;l\li(?%) M(gnsl gOiZf)I 20 Corlfcltg::;:::ion Prz:i(:lr:taiisity Corhieepri:l(° %) Pros:lpclt(ilvity Grisvi;lfIl{cate Ref.
(gL (gL (gL-1d-1) (gL-1d1 da"n
2.7 750 75 1.56 0.17 £ 0.03 0.280 £ 0.09 [28]
2 1500 75 1.50 0.23 +0.02 15.91 £+ 1.50 0.342 + 0.03 [29]
20 250 75 0.66 £ 0.01 0.09 £ 0.01 34 +4.00 0.031 + 0.004 [30]
20.4 1000 500 117 £1.34 0.39 +0.45 40.10 £22.06 0.16 +0.10 [31]
5 800 50 191 0.227 + 0.007 15.91% 0.342 + 0.004 [22]
5 250 75 2.13 +£0.34 0.53 &+ 0.08 0.94 + 0.04 [17]
4 100 400 2.64 £ 0.22 0.19 £ 0.01 20.36 £ 5.30 0.43 £ 0.09 [32]
10 Soil extract 1.32 +0.27 26.90 £ 0.21 [23]

The goals of our work were (1) to assess the effects of the magnesium and urea
concentrations on the maximum glycerol consumption rate when glycerol concentration
and light intensity were not limiting and (2) to compare the oil composition and the
nitrogen and phosphorus removal with acetate, glucose, and glycerol as carbon sources at
the optimal magnesium and urea concentrations determined for mixotrophic growth. To
achieve our goals, C. vulgaris was cultured mixotrophically in a planktonic system.
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2. Materials and Methods
2.1. Chlorella vulgaris Growth Conditions

Green alga Chlorella vulgaris Beijerinck (UTEX 29) was obtained from the American
Type Culture Collection (ATCC® 30,581™). The M8A growth medium consisted of 1.0 to
1.8 g L~! CO (NH,); (variable), 0.3 to 1.0 (variable) g L' MgSO,-7H,0, 1.48 g L =1 KH,POy,
0.52 g L' Na,HPO,4-2H,0, 0.013 g L~! CaCl,-2H,0, 0.116 g L~! EDTA ferric sodium
salt, 0.0372 g L™, Nap,EDTA-2H,0, 6.18-10~°> g L~ H3BO;, 0.013 g L~ MnCl,-4H,0,
3.2:107% g L=! ZnSO,-2H,0, and 1.83-1073 g L~! CuSO,4 5H,0.

All mixotrophic cultivations of C. vulgaris were performed in 50-mL Erlenmeyer flasks
containing 15 mL of liquid medium. The stock solutions were individually sterilized, and
the media were prepared directly in flasks under a hood. The pH was adjusted to 7.5 before
the liquid media were inoculated with 0.002 g of algae inoculums. Changes in pH were
not monitored or controlled during the experiment (4 days). The Erlenmeyer flask was
kept on a shaker (Unimax 2010, Heidolph, Schwabach, Germany) at 130 revolutions per
minute (rpm) and incubated in a controlled environment chamber (Fitotron® SGC 120,
Weiss Technik Inc., Grand Rapids, MI, USA) at a maximum of 80 pmol photons m~2s71 for
a 14-h photoperiod for 4 days. The temperature inside the chamber was set at 28 + 1 °C.
The glycerol, acetate, and glucose were sterilized for the essays with various organic carbon
sources. All experiments were biologically replicated at least four times.

2.2. Experimental Design and Statistical Analysis

Response surface methodology (RSM) coupled with central composite design (CCD)
was employed to optimize the mixotrophic C. vulgaris planktonic growth and assess the
effects of the magnesium and urea concentrations on the maximum glycerol consumption
rate. Two independent variables, magnesium (in the form of MgSQO,4-7H,0) and urea
concentrations, were varied in this study over three levels between —1 and +1, in the deter-
mined ranges based on a set of preliminary experiments. The ranges of these variables were
based on previous results obtained at pH 6, 7, and 8, in which the urea and MgSO,-7H,0
concentrations were at least triple those used here. Thirteen CCD experiments were per-
formed with 5 replications to assess the pure error. The total number of experiments in
CCD was defined by n = 2F + 2k + 1y, where k is the number of factors. The 13 sets of
experiments correspond to four edge points (factorial points), four star points (at some
distance from the center point at « & 1), and five replicates at the central point (ng). The

axial parameter (o) isa = f i, where F = 4 center points [33]. XLSTAT software (Version
19.6, 32 bit, Addinsoft, Paris, France) was used to design the experiments and analyze the
data. The obtained experimental data were fitted to the following quadratic polynomial
equation:

k k
Y =py+ Zi:l Bixi + Zi:l Biixi? + Zi<j ) Bijxixj+e )

where Y is the response variable; § is a vector of p unknown constant coefficients (S is
the constant coefficient; Bi, Bii, and Bij are the coefficients for the linear, quadratic, and
interaction effects), xi and xj are the coded variables, and ¢ is a random experimental error
assumed to have a zero mean. The correlation coefficient (R?) was quantified using the same
program to estimate the fit to the polynomial model. Analysis of variance (ANOVA) was
used to analyze the data to obtain the interaction between the variables and the responses,
and the F test was used to check its statistical significance.

2.3. Effects of Organic Carbon Sources on C. vulgaris Nitrogen and Phosphorus Removal and Fatty
Acid Profile

These essays were run under the cultivation conditions explained in the previous
section. Three organic carbon sources were used: acetate, glucose, and glycerol. The
concentration of carbon in the media was set according to C-equivalents to supply the same
amount of carbon to the liquid media. Thus, multiplying the C-equivalents of glycerol by
a factor of three, the concentrations used were 54 mM glycerol (3 C-equivalents), 27 mM
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glucose (6 C-equivalents), and 81 mM acetate (2 C-equivalents). All experiments were
conducted in four biological replicates. The carbon concentration used here is within the
range previously reported for C. vulgaris growth.

The liquid samples were taken at the end of the experiment (4 days) after the media
were filtered through a 0.45-mm filter. These samples were analyzed for total nitrogen and
phosphorus with a segmented continuous flow (CFA) automated equipment (QuAAtro
CFA systems, Seal Analytica, Mequon, WI, USA). Based on the standard procedure [34,35],
phosphorus (P) and nitrogen (N) were detected colorimetrically at 520 nm and 880 nm,
respectively. The removal rate was calculated as the concentration difference between the
experiment start and end for total —N and total —P in the culture supernatant.

The total lipid content of C. vulgaris was extracted using a chloroform-methano
solution (Folch solvent) and the conventional solvent extraction method. Fatty acid methyl
esters (FAMEs) were prepared as follows: 100 mg of oil was saponified with 2 mL of
KOH/MeOH 2N for 10 min at 70 °C with stirring. After this, the free fatty acids were
derivatized to FAMEs by adding 3 mL of BF3 /MeOH (20% Merck, Newark, NJ, USA) to
the previous solution, which was slightly cooled. Finally, FAMEs were extracted with 2 mL
of hexane. FAMEs were analyzed using a gas chromatograph (7890A, Agilent Technologies,
Santa Clara, CA, USA) equipped with a flame ionization detector (FID) and split/splitless
automatic injector. A fused silica capillary column (60 m x 0.25 mm ID x 0.25 um film
thickness. Agilent J&W DB-23, Agilent Technologies, Santa Clara, CA, USA) was used.
The oven temperature was programmed as follows: 50 °C for 1 min, next increased to
175 °C at 25 °C min~!, then increased to 230 °C at 4 °C min—!, and kept at 230 °C for 7 min.
The injection and detector temperatures were 250 °C. The carrier gas was hydrogen at
33 cm s~ ! at 50 °C. The split ratio was 50:1. FAME identification was based on retention
times compared with the standard (Supelco 37-component FAME Mix, Cat. 47885-U,
Supelco, Newark, NJ, USA).

2.4. Urea and Glycerol Concentration Measurements

Samples of bulk medium were taken at the end of four consecutive days of C. vulgaris
mixotrophic growth. The concentration was measured by HPLC using an Agilent AT6890A
Series Plus chromatograph equipped with a Zorbax SB-C18 (150 x 4.6 mm, 3.5 um) column
(Agilent Technologies, Santa Clara, CA, USA). In urea quantification, the temperature was
constantly held at 35 °C. The mobile phase of two eluents, (A) ACN and (B) H,O, was
programmed in gradient elution as follows: 20% A (0.6 min), 60% A (12.6 min), 100% A
(13.6 min), and 100% A (20.6 min) at a constant flow rate of 0.5 mL min~!. The HPLC
auto-sampler was programmed to perform xanthydrol derivatization as described by Clark
et al. [36] with two modifications in the procedure: (1) mixture in the air at a maximum
speed seven times instead of three times and (2) a waiting period of 6 min instead of 5 min.
The derivatized analyte was detected with excitation and emission wavelengths of 213 nm
and 308 nm, respectively. The glycerol concentration was determined according to Frieler
et al. [37] using benzoyl chloride as the derivatization reagent. The HPLC separation was
performed at a constant temperature of 55 °C. The flow rate of the mobile phase was 1 mL
min~!. The gradient elution program was modified as follows: (1) ACN; (2) H,O: 30% A
(0 min), 50% A (20 min), 80% A (25 min), 80% A (27 min). The derivatized analyte was
detected with a UV detector at 231 nm.

The consumption rates (CR; mg L~! day ') of urea and glycerol were calculated as
follows: CR = (Ci — Cf)/t, where Ci and Cf are the nutrient concentrations (mg L~1) at the
beginning and end of the growth cycle, respectively, and t is the time interval (days).

3. Results
3.1. Regression Model and Statistical Analysis
The results of the 13 runs of the CCD experimental design are shown in Table 2. The

observed glycerol consumption rate varied between 276.5 and 770.2 mg L=! d~!. The
highest glycerol consumption rate was obtained in run 6, at a urea medium concentration
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of 1.7 g L~! and an MgSO,-7H,0 concentration of 1.0 g L~! for mixotrophic C. vulgaris
planktonic growth. The second-order polynomial equation obtained by multiple regression
analysis is represented below:

Glycerol consumption rate = 525.3 + 95.56 x Urea + 5.51 Mg + 29.84 * Urea®
—74.24 x Mg? + 167.82 * Urea x Mg

Table 2. CCD matrix of experimental runs and their observed and predicted glycerol consumption

rates.
Coded Values Real Values Observed Predicted
X1-Urea X2- Glycerol Glycerol
Run X1 X2 (e L-1) MgSO4-7H,0 Consumption Rate  Consumption Rate
8 (gL (mgL-1d-1) (mgL-1d-1)
1 -1 -1 0.5 0.5 548.01 547.65
2 +1 -1 15 0.5 339.70 403.13
3 -1 +1 0.5 1.5 276.49 223.03
4 +1 +1 1.5 1.5 739.48 749.80
5 -141 0 0.3 1.0 409.73 449.85
6 +141 0 1.7 1.0 770.23 720.15
7 0 —-141 1.0 0.3 411.53 369.01
8 0 +141 1.0 1.7 352.04 384.61
9 0 0 1.0 1.0 531.91 525.30
10 0 0 1.0 1.0 578.12 525.30
11 0 0 1.0 1.0 555.08 525.30
12 0 0 1.0 1.0 461.41 525.30
13 0 0 1.0 1.0 500.00 525.30

The statistical significance of the equation was evaluated by F-test and ANOVA, which
showed that the model was statistically significant at a 95% confidence level (p < 0.05)
(Table 3). The model also showed that the lack of the first parameter was statistically
nonsignificant (p > 0.05), indicating that the response was adequate for use in this model
(see Table 3). The model’s coefficient of determination (R?) was 0.913, and the adjusted R?
was 0.851, indicating that the model adequately represents the relationships among the
selected reaction variables. It also indicates that the response model can explain 91.3% of
the variability.

Table 3. ANOVA of regression parameters of the response surface quadratic models of glycerol
consumption rate.

Source Sum of Squares df Mean Square F-Value p-Value
Model 235 x 107° 5 47,074.16 14.70 0.0014 *
X1 73,058.06 1 73,058.06 22.81 0.002 *
Xo 243.36 1 243.36 0.076 0.7908
X1x2 1.13 x 1075 1 113 x 1075 35.18 0.0006 *
X2 6197.65 1 6197.65 1.94 0.2068
X2 38,350.52 1 38,350.52 11.98 0.0105 *
Residual 22,416.54 7 3202.36
Lack of Fit 13,974.43 3 4658.14 2.21 0.2297
Pure Error 8442.11 4 2110.53
Cor Total 2.58 x 107° 12

The p-values lower than 0.05 indicate which model terms are significant. In this case,
the urea concentration, the magnesium quadratic term, and the interaction between the
urea and magnesium concentrations were significant model terms.
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The three-dimensional (3D) response surface and contour plot in Figure 1 shows the
effects of the experimental variables, the urea and MgSO,4-7H;O concentrations, on the
response of glycerol consumption rate after four days of mixotrophic C. vulgaris planktonic
growth. Urea concentrations higher than 1.5 ¢ L~! and MgSOy-7H,0 concentrations higher
than 1.0 g L~! improved glycerol consumption rates. In contrast, a decline in the glycerol
consumption rate resulted from a MgSO,-7H,0O concentration below 0.6 g L~! or a urea
concentration below 1.0 g L1

1000

800

600

400

C3H803 (mg/L d)

200

Figure 1. Three-dimensional response surface and the corresponding contour plot for the CH3zHgO3
(glycerol) consumption rate after four days of mixotrophic C. vulgaris planktonic growth at the initial
MgSO4-7H,0 and CO (NH;); (urea) concentrations. The black circles are the experimental data.

A test was performed with the point-predicted solution of mixotrophic C. vulgaris
planktonic growth (at 1.5 g L~! urea and 1.0 g L~! MgSO,-7H,0) to confirm the adequacy
and validity of the optimization procedure. The experimental values matched well with
their predicted counterparts (Table 4).

Table 4. Point predicted solution by the model and verification of the model.

. . Experimentally
So;;:t;or(::szf ! Urea (gL~ Mg(SOfZI)—IZO Pr;fel:;ed Observed Glycerol
P & Consumption Rate
Glycerol
Consumption Rate 1.5 1.0 718.82 723.52 + 48.60

(mgL-1d™1)
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3.2. The Fatty Acid Composition Obtained in C. vulgaris Cultured with Glycerol, Acetate,
and Glucose

At the optimal urea and initial magnesium concentrations (1.7 g L~! of urea and
1.0gL™ L of MgS0O4-7H,0) for glycerol consumption in the mixotrophic growth of
C. vulgaris, the total lipid content was 10% of dry weight (DW) on average for the various
carbon sources evaluated (Table 5). However, the carbon source significantly influenced the
fatty acid profile (Figure 2). Palmitic acid (C16:0) was the primary saturated fatty acid in all
cases, with a total saturated content of 21.11% for acetate, 17.26% for glucose, and 27.82%
for glycerol. Oleic acid (C18:1) was the most abundant unsaturated fatty acid in acetate
culture, with 38% of the total, while linoleic acid (C18:2) was the most abundant in glucose
and glycerol cultures, with 38% and 30%, respectively. The unsaturated fatty acid contents
were 78.89% acetate, 82.73% glucose, and 72.17% glycerol. The contents of stearic acid
(C18:0) varied slightly, while the contents of unsaturated y-linolenic acid (C18:3) varied
markedly among samples.

Table 5. Effects of organic carbon source (glycerol, acetate, or glucose) on the urea, nitrogen, and
phosphorus consumption rates of C. vulgaris obtained at day 4.

Carbon Biomass Production Fétgl;: rclltd pH Final Conslflrne;)tion Nitrogen (mg Phosphorus
1 3-1 -14-1 -14-1
Source Rate (g DWL-1d-1) (%) (mgL-1d-1) L-1d-1) (mgL-1d-1)
Acetate 1.03 + 0.05 11% £ 0.03 8.86 = 0.01 144.60 £ 25.1 17.82 £ 0.38 14.75 +1.58
Glucose 0.70 4 0.08 9.0% + 0.06 5.68 +0.01 113.50 + 16.7 14.64 £0.24 1.25+£1.189
Glycerol 0.88 £ 0.07 10% =+ 0.04 6.88 £+ 0.01 223.58 £ 6.8 7127 £ 0.25 453 +1.11
100 ;

3 s C14:0

~ '

= 4] Cl4:1

- C16:0

)

s

0 60

£

Q

O 40 -

O

2 10182

> 20 7 ] C183

-

£ \ C170

w

0 = razarararrirriiiis] "

Acetate Glucose Glycerol

Figure 2. Fatty acid composition obtained in C. vulgaris cultures with glycerol, acetate, or glucose at
four days under mixotrophic conditions with urea as the nitrogen source.

3.3. Nitrogen and Phosphorus Removal by C. vulgaris for Various Organic Carbon Sources

The effects of the organic carbon source (glycerol, acetate, or glucose) on the urea,
nitrogen, and phosphorus consumption rates of C. vulgaris are shown in Table 5. The final
pH value was reduced in the presence of glucose and glycerol, while the final pH was
augmented in the presence of acetate. Another observed difference was that the phosphorus
was consumed by C. vulgaris at a higher rate when acetate and glycerol were supplied
compared with glucose carbon sources. The urea consumption rate differed strikingly for
all organic carbon sources evaluated. When glycerol was used as the carbon source, the
nitrogen rate reached its highest value among carbon sources.
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4. Discussion

C. vulgaris produced a dry biomass concentration of 0.085 g DW in four days of growth
in the growth media with 5 g L~! glycerol, and the optimal levels of urea and MgSO,-7H,0,
obtained using a response surface methodology analysis (1.7 g L~! urea and 1.0 g L~!
MgSO,-7H,0). Under these conditions, the glycerol consumed was 3.8 g L~! and the
urea consumed was 0.89 g L~!. The biomass productivity reached 1.4 g L=! d~!, the
biomass concentration was 5.59 g L™}, and the growth rate varied from 0.75 to 0.96 d !
The statistical analysis indicated that Mg*? significantly promotes the growth of C. vulgaris
when the carbon and nitrogen sources are glycerol and urea (p = 0.0105 for the quadratic
term in the model) (Table 3). As shown in Figure 1, the glycerol consumption rate was
strongly influenced by adding both urea and MgSO,4-7H,O (ANOVA F = 14.7, degrees of
freedom =5, p = 0.0014).

The productivity parameters obtained here were higher than those found in previous
studies with glycerol in the mixotrophic culture of Chlorella spp. (Table 1). The present study
differs fundamentally from the others in that the nitrogen source here was urea, whereas
other studies used KNOj for the mixotrophic growth [28-32]. Interestingly, mixotrophic
C. vulgaris cultured with glucose (at 15 g L1, which is equivalent to 7.7 g L~ glycerol) and
KNO; (1 g L) but without urea showed 4.85 g L~! biomass concentration, 1.62 g L~ d~!
biomass accumulation, and 15.43% lipid content after 72 h of growth [31], which are
productivity parameters comparable with those obtained in this research. Also, magnesium
concentrations in previous studies (Table 1) were below the optimal concentration found
here (1 g L~1). Cultivation with urea results in better C. vulgaris growth than KNO; when
glycerol is the carbon source.

After four days of C. vulgaris growth, the final pH varied among the organic carbon
sources tested (glycerol, acetate, and glucose). The results showed that during C. vulgaris
growth, there was acidification of the medium supplemented with glucose, whereas alka-
lization was present with acetate (Table 5). In microalgal cells, nitrogen can be metabolized
by various mechanisms, and the redox regulation is different in each one of them [38].
Even though the medium was prepared with phosphate buffer pH 7.5 and urea, during the
microalgae growth, the pH was relatively stable [11,39], and ionic charges were present in
the acetate- and glucose-supplemented media but not in the medium supplemented with
glycerol. Thus, it is plausible that the CO, availability in the medium was higher than other
carbon sources in the presence of glycerol. Considering that similar C-equivalents were
used in the various carbon sources tested in this experiment, there may be a high level of
interaction between photosynthesis and respiration under glycerol cultivation that reduces
the shift in pH.

Cultivating C. vulgaris using acetate, glucose, and glycerol reached biomass production
rates of 1.03, 0.7, and 0.88 g L~ d~!, respectively. These rates were achieved by incorporat-
ing 1.7 g L1 urea and 1.0 g L~! MgSO,-7H,0 in the growth media under a light intensity
of 80 umol photons m~2 s~1. As anticipated, the observed biomass accumulation exhibited
no significant variation across the diverse carbon sources employed, primarily due to the
same supply of C-equivalents in the media.

In this study, the conversion of urea was similar (65% on average) for all carbon sources
tested. Even though C. vulgaris cells can use urea as an additional carbon source [11,40],
the differences in N removal found among the tested carbon sources (36% for glycerol, 9%
for acetate, and 7% for glucose) suggest limited ammonium assimilation from the medium
by the microalgae (see Equations (1) and (2)) regardless of the carbon source.

Furthermore, it can be inferred that NH4* removal was higher in glycerol than in
acetate or glucose because the pH level was within the optimal growth range for C. vulgaris
during the four days of growth. For instance, Eustance et al. [41] found that efficient
nitrogen removal was caused by increased availability of dissolved inorganic carbon (DIC)
at pH between 6 and 8. Conversely, because of the pH shifts observed with acetate and
glucose (from 7.5 to 8.86 and 5.58, respectively), C. vulgaris cells could not have been actively
taking up NH;*. In this context, a high NHs* concentration in a medium with a pH below
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6.5 causes a failure in the pH regulation mechanisms [41]. Still, in media with higher pH
ranges (>7.7 at 25 °C), NH4 " could be toxic because of increases in free ammonia, which
results in growth inhibition [42]. The removal of phosphate was found to be a much slower
process than that observed for nitrogen. C. vulgaris showed the highest P-consumption rate
with acetate: 14%, 1%, and 4% were removed for acetate, glucose, and glycerol, respectively.

As summarized in Figure 2, the effects of acetate, glucose, and glycerol on the
fatty acid content of C. vulgaris under mixotrophic conditions were significant. The
lipid productivities obtained with acetate, glucose, and glycerol were 29.17, 15.42, and
22.08 mg L~! day !, respectively. Heredia-Arroyo et al. [31] reported the maximum lipid
productivity of C. vulgaris with glycerol as high as 160 mg L' d~! with biomass productivi-
ties of 0.390 g L~! d~! after 72 h. Fatty acid composition profiles in mixotrophic C. vulgaris
in acetate, glucose, and glycerol cultivation are dominated by three fatty acids: palmitic
acid (C16:0), oleic acid (C18:1), and linoleic acid (C18:2). These fatty acids make up 65-85%
of the fatty acid content under the tested conditions.

Finally, the growth of C. vulgaris using urea as a nitrogen source and glycerol as a
carbon source is surprisingly different from that in other mixotrophic systems without
external CO, supply. The pH stability is an important characteristic that requires further
research.

5. Conclusions

This study investigated the mixotrophic growth of Chlorella vulgaris with urea as
a nitrogen source in the presence of MgSO,-7H;O. The response surface methodology
showed that glycerol consumption is strongly influenced by MgSO,-7H,O concentration
in the medium. Using the optimal urea and MgSO,-7H,O concentrations for glycerol
consumption, it was possible to obtain 10% lipids on day four of the culture with a variety
of sources of organic carbon (acetate, glucose, glycerol) in the medium; however, the lipid
profile was highly affected by the organic carbon source. Furthermore, there was pH
acidification in the presence of glucose, while in the presence of acetate, there was pH
alkalinization. Unlike the pH variation with acetate and glucose, C. vulgaris kept the pH in
the optimal range when glycerol was the carbon source. We conclude that:

- When glycerol is used as the carbon source, the optimal levels of urea and MgSO4-7H,0
for Chlorella vulgaris culture under mixotrophic conditions are 1.7 gL~ and 1.0 g L7},
respectively.

- At the optimal urea and MgSO,4-7HyO concentrations for glycerol consumption,
C. vulgaris consumed 3.8 g L~! glycerol and 0.89 g L~! urea, with a biomass pro-
duction of 1.4 g L' d ! after four days of growth.

- The medium’s carbon source (glycerol, glucose, or acetate) did not affect lipid produc-
tion when the optimal urea and MgSO,-7H,0O conditions were used; in this case, the
average lipid production was 10%.

- Under the optimal growth conditions for glycerol consumption, the carbon source
highly affected the lipid acid profile. With acetate, the major fatty acid was oleic acid
(C18:1); followed by linoleic acid (C18:2); with glucose and glycerol, the profile was
dominated by linoleic acid (C18:2) and palmitic acid (C16:0)

- The carbon source also affected the bulk solution’s pH variation over time. Glucose
acidified the medium, and acetate alkalinized it. However, glycerol maintained the
pH at the most suitable value for C. vulgaris growth.

- The nitrogen removal from the liquid medium was 36%, 9%, and 7% when glycerol,
acetate, and glucose were used as the carbon source.
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