Annals of Microbiology (2018) 68:35-45
https://doi.org/10.1007/s13213-017-1315-x

ORIGINAL ARTICLE

@ CrossMark

Scenedesmus sp. cultivation using commercial-grade
ammonium sources

Jimmy Soares’ - Robson Kriiger Loterio - Rinamara Martins Rosa' - Michel Oliveira Santos? -
Anténio Galvao Nascimento? - Nerilson Terra Santos* - Thomas Christopher Rhys Williams® - Adriano Nunes-Nesi -
Marcio Arédes Martins?

Received: 14 July 2017 / Accepted: 24 November 2017 /Published online: 8 December 2017
© Springer-Verlag GmbH Germany, part of Springer Nature and the University of Milan 2017

Abstract

The use of commercial-grade nutrients such as agricultural fertilizers is important for commercial microalgae cultivation, and this
is particularly the case for biofuel production which is associated with low added value. Nitrogen is a very important macronu-
trient in microalgae cultivation, and ammonium sources are cheaper than nitrate sources. However, the growth response and
cellular composition can be altered by the different nutrient sources. In the study reported here, we investigated the effects of
different ammonium doses and commercial-grade macronutrients from agricultural fertilizers on the growth of Scenedesmus sp.
BRO003, a promising genus for biofuel production. Five growth media were developed using fertilizers and evaluated during
Scenedesmus sp. cultivation under autotrophic conditions. The growth media differed in terms of their composition and concen-
tration of macronutrients. We found that all commercial-grade media supported equal or higher cell concentrations, dry weight,
water-soluble proteins, neutral carbohydrates, and total lipid production compared to the conventional BG11 medium. However,
the commercial-grade growth medium with the highest ammonium content affected the coenobium pattern of Scenedesmus sp.
BRO003. Commercial-grade nutrient sources were a low-cost alternative to improve the growth of Scenedesmus sp. BR003. The
different fertilizers also allowed for manipulation of microalgae chemical composition and phenotypic plasticity to target traits of
commercial interest. Our results demonstrate the potential of using ammonium from agricultural fertilizers as a nitrogen source in
combination with other commercial-grade macronutrients sources. In addition, this work demonstrates the ability of a robust
Scenedesmus strain to grow in media of different compositions, even when a high dosage of ammonium was used.
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Introduction alternative fuels, such as biodiesel produced from microalgae.
In comparison with oleaginous plants, microalgae have the
potential to achieve higher oil production (Moazami et al.
2012), lower water consumption (Wijffels and Barbosa
2010), and higher CO, assimilation capacities, ultimately con-
tributing to a reduction in greenhouse gas emissions (Wang
etal. 2008). Moreover, microalgae may also be grown in areas
that are unsuitable for agriculture (Williams and Laurens
2010), reducing the potential for conflict between the produc-
tion of food and the production of biofuels.

Microalgae species with high lipid yield have been studied
for biodiesel synthesis (Chen et al. 2012). However, in order
to make microalgae biodiesel production commercially viable
and competitive with fossil fuels, the costs associated with its
production must be reduced (Campbell et al. 2011). A prom-

Depletion of fossil fuel sources and the environmental issues
associated with their use has motivated studies to identify
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ising alternative to reduce the costs of microalgae cultivation
is the replacement of high-cost analytical-grade nutrients with
low-cost commercial grade fertilizers (Raoof et al. 2006).
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Indeed, the source of nutrients used in growth medium formu-
lations represents 30-35% of the total material costs needed
for biomass production (Molina Grima et al. 2003; Jaramillo
et al. 2012). Since agricultural fertilizers are widely commer-
cialized, generally available at low prices and have many al-
ternative compositions, they could be used to prepare growth
media for microalgae cultivation at lower cost. Previous stud-
ies have also demonstrated that growth media formulated from
fertilizers can support algal biomass productions similar to
those generated from media formulated with analytical-grade
materials (Valenzuela-Espinoza et al. 2002; Raoof et al. 2006;
Guzméan-Murillo et al. 2007).

Nitrogen (N) is a very important macronutrient in
microalgae cultivation and, in general, fertilizers containing
ammonium are cheaper than those using nitrate. However,
ammonium is less tolerated by microalgae than nitrate, espe-
cially when free ammonia (NH3) is present. The concentration
of NHj is < 1% at a pH around 7, but it can achieve equilib-
rium with the ionic form (NH4") at pH 9.3 (Emerson et al.
1975). Maintaining a lower pH is critical to avoid ammonia
stripping (Li et al. 2011) and growth inhibition effects (Azov
and Goldman 1982). Commercial-grade ammonium has al-
ready been used in microalgae cultivation at low concentra-
tions (5-300 mg L") in combination with a few (e.g. 2-3)
other commercial-grade nutrient sources (Guzman-Murillo
et al. 2007). However, the development of a robust and low-
cost microalgae cultivation system demands the substitution
of all the analytical-grade macronutrients by commercial-
grade nutrients. One of the challenges in the use of fertilizers
for microalgae cultivation is the proper growth media formu-
lation because the fertilizers are developed according to the
nutritional demands of vascular plants.

The Scenedesmus genus is considered to be a promising
microalga for biofuel production because this algal species has
a high growth rate and lipid production, exhibits resistance to
elevated carbon dioxide (CO,) and ammonium concentra-
tions, and also has an adequate fatty acid profile for biodiesel
synthesis (Gouveia and Oliveira 2009; Mandal and Mallick
2009; Yoo et al. 2010). Previous studies have shown the ro-
bustness of Scenedesmus strains to grow in the presence of
different ammonium and nitrate sources, such as
NH4CH3CO2, (NH4)2HPO4, (NH4)2CO3, NH4NO3, and
NaNO; (Chandra et al. 2016). However, knowledge of
Scenedesmus cultivation using commercial-grade ammonium
sources is important for further biotechnological applications.
For example, the Scenedesmus genus has the ability to build
colonies of four to eight cells as an anti-grazing response
(Lirling 2011). This phenotype seems to be desirable in open
cultivation systems, such as raceway ponds, but the colonial
pattern of Scenedesmus can be affected by the ammonium
concentration (Trainor and Roskosky 1967). Interestingly,
there is a lack of studies in the recent literature reporting the
use and dosage of ammonium-like fertilizers for Scenedesmus
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cultivation in large scale. Therefore, the aim of our study was
to investigate the replacement of all analytical-grade macro-
nutrients by commercial-grade nutrients from agricultural fer-
tilizers on Scenedesmus sp. BR003 cultivation, by evaluating
its growth, biomass composition, coenobia pattern, and cell
dimensions.

Material and methods
Production of alternative growth media

Alternative growth media were formulated using seven differ-
ent fertilizers selected according to the purity of the nutrient
sources so as to provide all the macronutrients present in con-
ventional BG11 medium. The compositions of the different
water-soluble fertilizers were provided by the manufacturers
and are presented in Table 1. The BG11 growth medium
(Andersen 2005) was used as the control in the experiment.

Five different fertilizer-based growth media (B1, B2, B3,
B4, and B5) were formulated as sources of N, phosphorus (P),
potassium (K), calcium (Ca), magnesium (Mg), and iron (Fe)
(Table 2). The ammonium concentrations in growth media
B1, B2, B3, and B4 were 0.3189, 0.1063, 0.2472, and
0.0824 g L', respectively. The Ca source of growth media
B3 and B4 contains nitrate; therefore, the ammonium dosage
used in those growth media was slightly reduced to obtain the
same dosage of total nitrogen (ammonium and nitrate) as in
growth media B1 and B2, respectively. Growth media B1 and
B3 were formulated to mimic the conventional medium,
BGl11, while B2 and B4 were developed to contain one-third
of the N concentration of BG11. Growth medium B5 was
formulated with a nitrate source (Ca nitrate) to compare the
effect of different N sources in microalgae growth.
Micronutrients were added from analytical-grade chemicals
at equal concentrations to those of the BG11.

Strain and inocula production

The monospecific Scenedesmus sp. BR003 strain was obtain-
ed from the Collection of Cyanobacteria and Microalgae of
the Plant Science Department, Universidade Federal de
Vicosa (Minas Gerais, Brazil).

The strain was inoculated in 50-mL flasks containing
BG11 medium at an initial pH 7.4 = 0.1 and maintained under
photoautotrophic growth conditions at a temperature of 25 +
2 °C, 16/8 h photoperiod (light/dark cycle), and irradiance at
bench height of 60 pmol photons m s~ ! provided by two 40-
watt daylight fluorescent lamps. When the inoculum reached a
concentration of between 10° and 107 cells mL ", it was trans-
ferred to larger flasks, and the volume was made up to 2 L
with BG11. The cultivation then received constant aeration by
means of a diaphragm pump. The contents of each flask of
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Table 1 Nutrient composition of

the agricultural fertilizers supplied ~ Nutrient sources in fertilizer

Major nutrient content (%, w wh

Manufacturer

by manufacturers
Ammonium sulfate

Ammonium monophosphate
Potassium chloride

Calcium nitrate

Simple superphosphate
Magnesium sulfate
Chelated iron solution

N (20)
P,0s (60), N (12)

K50 (55), P,0Os (1)

N (15), Ca (19)

P,0s5 (16), Ca (16), S (8)
Mg 9), S (11)

Fe (10)

Fertilizantes Heringer (Brazil)

Adubos Marisa (Brazil)
Multitecnica Nutrientes Minerais (Brazil)
Ubyfol Agroquimica (Brazil)

cultivated algae were transferred to a 9-L flask when a con-
centration of 107 cells mL ™' was reached, and the volume was
made up to 8 L with BG11; this culture was maintained for
16 days. A diaphragm pump was used to provide mixing for
the cultivated algae in the flasks. All solutions and materials
used to produce the inoculum and growth medium were ster-
ilized by autoclaving.

Growth conditions and growth measurements

Cultivations were carried out under photoautotrophic growth
conditions at a temperature of 30 £2 °C, a photoperiod of 16/

8 h (light/dark cycle), and irradiance at bench height of
110 umol photons m 2 s ' provided by four 40-watt daylight
fluorescent lamps. Although the temperature and light inten-
sity were higher than that used for inocula production, the
growth performance was not affected due to the culture den-
sity. The cultivations were carried out in 2-L flasks, with each
flask containing 1.52 L of growth medium and 0.38 L of
inoculum (20% v v ! of inoculum). The cells from the inocu-
lum were settled by centrifugation at 3000 g and washed twice
to remove traces nutrients from the BG11 medium. The final
cellular concentration of the Scenedesmus sp. BRO03 inocu-
lum was 2.17 x 107 cells mL ™. Culture mixing was carried

Table 2 Composition of
commercial fertilizer-based
growth media

Fertilizers and compounds

Growth media (g LY

Bl B2 B3 B4 B5 BGl11

Ammonium sulfate® 1.238 0.4125

Ammonium monophosphate® 2.0625 0.6875

Simple superphosphate® 0.1357 0.25 0.1357

Potassium chloride® 0.0298 0.1739 0.0298 0.1739 0.0298

Calcium nitrate® 0.0517 0.0517 1.65

NaNO; 1.5
K,HPO,.3H,0 0.04
MgSO,.7H,0 0.075
CaCl,.2H,0 0.025
CeHg0, 0.006
C1,Hy,FeN;0, 4 0.006
C10H2N>0g.Mg.2Na 0.001
Na,COs 0.02
Magnesium sulfate® 0.0822 0.0822 0.0822 0.0822 0.0822

Chelated iron solution® 0.0267¢ 0.0267° 0.0267¢ 0.0267¢ 0.0267°

H;BO," 0.0029 0.0029 0.0029 0.0029 0.0029 0.0029
MnCl,.4H,0" 0.0018 0.0018 0.0018 0.0018 0.0018 0.0018
ZnS0,.7H,0° 0.00022 0.00022 0.00022 0.00022 0.00022 0.00022
CuS0,4.5H,0" 0.000079  0.000079  0.000079  0.000079  0.000079  0.000079
NazMOO4A2HZOb 0.00039 0.00039 0.00039 0.00039 0.00039 0.00039
Co(N 03)2.6H20b 0.000049 0.000049 0.000049  0.000049 0.000049  0.000049
? Fertilizers
® Micronutrients

¢ Milliliter of chelated iron solution per liter of media
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out by injecting atmospheric air into each flask at 0.2 vvm (air
volume per medium volume per minute), supplied by a 2-HP
compressor. The air was enriched with 5% CO, by volume
and monitored daily by a CO, analyzer (model GFM 130; Gas
Data, Coventry, UK). The enriched air was filtered through a
0.22-pum filter to avoid contamination. All glassware and
growth media were autoclaved except for the commercial
ammonium-based fertilizers which were added after steriliza-
tion to avoid ammonia volatilization.

The pH of the growth media was adjusted daily and main-
tained at a pH of between 6.5 and 7.0 by the addition of 1 M
NaOH or HCI solutions. Cultivations were carried out for
16 days, and a constant volume was maintained by the addi-
tion of sterile deionized water.

Growth curves were obtained by cell counting using an
improved Neubauer hemocytometer (Laboroptik Ltd.,
Lancing, UK). Samples were collected in duplicate for each
biological repetition, then fixed and diluted in 10% (v v ')
buffered neutral formalin/0.05 M potassium phosphate buffer
(pH 6.8). All samples were conditioned in the dark at room
temperature after the fixation step.

At the end of the experiment, 40 mL of each culture was
collected and centrifuged at 18,500 g for 10 min at 25 °C
(Heraeus Multifuge X1; Fisher Scientific GmbH, Schwerte,
Germany). The pellet was washed twice and dried at 75 °C to
achieve a constant dry weight for determining algal biomass
production in the different growth media.

Algal biomass composition

The cultures were harvested on day 16 for determination of
the protein, carbohydrate, lipid, and pigment (chlorophylls a
and b and total carotenoids) content. Aliquots of the culture
samples were harvested and either immediately used for pig-
ment determination or maintained at —20 °C for quantification
of first the total water-soluble protein content and then the
total neutral carbohydrate content. Another part of the culture
was centrifuged at 18,500 g for 10 min at 25 °C, washed twice,
and lyophilized for total lipid quantification.

Quantification of chlorophylls a and b and total carotenoid
contents was carried out at according to methodology pro-
posed in Griffiths et al. (2011). Absorbance of the methanolic
extract was measured at wavelengths of 665, 652, and 470 nm
in a microplate reader (Asys UVM 340; Biochrom Ltd.,
Cambridge, UK). The procedure was performed in the dark
to avoid pigment oxidation. The equations proposed in
Wellburn (1994) were used to calculate chlorophylls a and b
and total carotenoid concentrations.

Extraction of total water-soluble proteins was carried out
according to Meijer and Wijffels (1998), and quantification
was performed by Lowry’s method, as adapted by Lucarini
and Kilikian (1999). Bovine serum albumin (Sigma-Aldrich,
St. Louis, MO) was used to prepare the standard curve in the
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range of 4-1200 pg mL™' (R*=0.9806). The extraction of
intracellular carbohydrates was performed according to Teoh
et al. (2005), and quantification was performed by the Dubois
method, as adapted by Masuko et al. (2005), which uses dex-
trose (Sigma-Aldrich) to prepare the standard curve in the
range of 4250 ug mL™" (R* = 0.9877). Samples were diluted
with deionized water when necessary to bring the concentra-
tions to within the range of the standard curves for the protein
and sugar analysis.

Total lipid extraction was carried out using methanol and
chloroform (Smedes and Thomasen 1996; Izard and Limberger
2003) and carried out by the sulfo-phospho-vanillin method
(Izard and Limberger 2003). Corn oil was used to prepare the
standard curve to a range of 80-800 pg mL ™" (R*=0.96), as it
has a fatty acid profile similar to that of microalgal oil, according
to the method described in Cheng et al. (2011). All analyses were
carried out in triplicate for each treatment.

Characterization of phenotypic plasticity

Photomicrographs were obtained using an inverted micro-
scope (CKX41; Olympus Corp. Tokyo,, Japan) coupled with
an image capture system (SC30; Olympus Corp.). Cellular
measures and coenobia pattern analyses were carried out from
photomicrographs using AxioVision 4.8 (Carl Zeiss Imaging
Solutions, Carl Zeiss, Wetzlar, Germany). Cell lengths were
obtained by measuring the distance of the longest axis of the
cell. Cell widths were obtained by measuring the medium
region, perpendicular to the longest cell axis. For all cellular
measurements, 30 cells were randomly selected. Twenty cells
were randomly counted to determine coenobium pattern anal-
ysis in the different growth media.

Statistical analysis

The experiment was performed in a completely randomized
factorial delineation, where the cultivation of Scenedesmus sp.
BRO003 was evaluated in six growth media with three repli-
cates, resulting in 18 experimental units. The results were
submitted to analysis of variance (ANOVA), and means were
compared by Tukey’s test at 5% significance level. ANOVA,
Tukey’s test and the Pearson coefficient were carried out using
SAS software version 9.2 (SAS Institute, Cary, NC). Except
when specified otherwise, the results of this study are present-
ed as mean + standard deviation.

Results
Growth performance

Scenedesmus sp. BR0O03 was cultivated in different growth
media composed of agricultural fertilizers as a low-cost
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alternative to the analytical-grade nutrients. Growth media B1,
B3, and B5 were formulated to mimic the conventional BG11
cultivation medium, while B2 and B4 contained one-third of
the N dosage of BG11 (Table 1). BG11 medium has a high
concentration of N compared with the other growth media
used in the cultivation of Scenedesmus, such as Bold’s Basal
Medium (Gardner et al. 2011) and Daigo IMK (Matsunaga
et al. 2009). Therefore, low N dosages were investigated to
observe possible inhibitory effects of ammonium on the cul-
tivation of microalgae. The other macronutrients (P, K, Ca,
Mg, and Fe) used in this study were also from commercial-
grade nutrients (Table 1).

A typical growth profile without a lag phase was observed
in the different growth media, indicating the robustness of
Scenedesmus sp. BR0O03 to different nutritional conditions
(Fig. 1a). The cultures reached the stationary phase between
days 10 and 13 of cultivation for all media (Fig. 1a).

Higher biomass (cell concentration and dry weight) pro-
duction was achieved in the alternative media than in the
BGI11 medium. The cell concentrations of Scenedemus sp.
BRO003 were higher in all fertilizer-based growth media than
in the BG11 medium (Fig. 1a). The growth media B1 (7.3 +
0.9 x 107 cells mL™") and B4 (7.1+1.1 x 107 cells mL ")
showed the highest concentrations of cells on day 16 of culti-
vation (Fig. 1a). A higher dry weight was observed in B5 (1.7
+0.1 gL ") compared to the growth in the BG11 (1.1£0.01 g
L") and B3 (1.3+0.1 g L") media (Fig. 1b). Intermediate
dry weight values were observed in growth media B1, B2, and
B4 (Fig. 1b).

Algal biomass composition

The different media also resulted in a different cellular com-
position of Senedesmus sp. BRO03. A higher level of protein
was achieved in growth medium B1 (558.4+23.1 mg L")
than in BG11 (469.6 £26.3 mg Lfl) and B2 (487.2+
12.9 mg L") (Fig. 2a). The highest level of total neutral car-
bohydrates (287.1+55.1 mg L") was observed in cells
grown in B2 medium, and it was significantly greater than
the levels in cells grown in B1 (196.0 +33.3 mg Lfl) and
B4 (168.1£36.5 mg L") media.

A more expressive difference was observed for lipid pro-
duction by Scenedesmus sp. BRO03. Higher total lipid con-
centrations were obtained for all fertilizer-based growth media
in comparison to the BG11 (Fig. 2c). This difference was
statistically significant in the case of B4 (267.1 £64.1 mg
L "y and B5 (271.5+ 17.6 mg L") media (Fig. 2c), with these
growth media showing an increase of > 70% in total lipid
production compared to the BG11 medium.

The different growth media also changed the level
microalgal chlorophyll @, but no differences were observed
for chlorophyll b, the chlorophyll a/b ratio, and carotenoid
concentrations (Fig. 2d). A significantly higher production
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Fig. 1 Growth curves (a) and dry weight (b) after 16 days of

Scenedesmus sp. BRO03 cultivation in conventional BG11 medium and
in different fertilizer-based growth media (B1-BS5). Solid circle BG11,
open circle B1, inverted solid arrowhead B2, open triangle B3, solid
square B4, open square B5. Data are the mean with the standard error
(SE). Bars with different lowercase letters differ by Tukey’s test at the 5%
significance level

of chlorophyll @ was observed in growth medium B1 (30.4
+4.6 mg L compared to B3 (22.5+1.3 mg L (Fig. 2d).

Cell dimensions and phenotypic plasticity

Differences in cell length were observed for Scenedesmus sp.
BROO03 cultivated in the different growth media, but no differ-
ences were observed in cell width (Fig. 3a). Greater cell length
was observed in growth medium BG11 (11.0+0.6 pwm) than
in B1 (9.3+0.3 um) and B3 (8.9 +0.6 um) media.

The use of alternative growth media also influenced
coenobium formation (Figs. 3b and 4). A lower number of
cells per coenobium was observed in growth media B1 and
B3, while coenobia containing four cells were more abundant
in the BG11, B4, and B5 media. Coenobia containing eight
cells were observed only in B4 medium. There were no
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Fig. 2 Contents of total water-soluble proteins (a), total neutral
carbohydrates (b), total lipids (¢), and pigments (d) in Scenedesmus sp.
BRO03 cultivated in different fertilizer-based growth media on the day 16
of cultivation. Pigments in d: chlorophyll a (black bar), chlorophyll &

differences between growth media in terms of coenobia for-
mation containing two and three cells.

Discussion
Growth performance

The results of this study show that the substitution of all
analytical-grade macronutrients by commercial-grade nutri-
ents is a feasible and low-cost alternative to the cultivation
of the genus Scenedesmus. Scenedesmus sp. BR003 cultivated
in the fertilizer-based growth media, even those media formu-
lated with ammonium, presented a similar or higher dry
weight and final cell number as Scenedesmus sp. BR0O03 cul-
tivated in the analytical-grade growth medium BG11.

The fertilizer-based media did not promote any detectable
negative effects on Scenedesmus sp. BRO03 growth, as indicat-
ed by the absence of an adaptation phase at the beginning of the
cultivation period for all growth media tested (Fig. la). The
growth rate remained elevated (log phase) up to day 10 of
cultivation for all growth media, but the cultivations were main-
tained until day 16 due the tendency of microalgae to
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accumulate lipids in the stationary phase (Hu et al. 2008).
The fast cell division rates observed during the first days of
cultivation were probably due to the optimal growth conditions
because at the beginning of cultivation, the biomass concentra-
tion is low, and there are no limitation in nutrients and light
(Griffiths et al. 2011). A fast growth rate was also observed in a
previous study using growth medium BG11 containing differ-
ent N sources (nitrate, ammonium, and urea; Xin et al. 2010).

The dry weight results (Fig. 1b) corroborate the final cell
concentration measurements (Fig. 1a). The increase in the
number of cells showed a positive Pearson coefficient with
the dry weight (p = 0.639). However, the length and width of
the cells showed no correlation with the increasing dry weight
(p=—0.224 and — 0.14, respectively). The cell dimensions
were slightly affected by the different growth media (Fig. 3a).
The dry weight concentrations obtained in growth media B1,
B2, B4, and BS5, were similar to the values reported in the
literature under similar cultivation conditions using growth
medium N11 (Mandal and Mallick 2009) and a modified for-
mulation of the BG11 medium (Tang et al. 2011). To the
contrary, a lower biomass production was observed during
the cultivation of S. obtusus using the Bold’s Basal Medium
(Chandra et al. 2016).
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In an earlier study, Scenedesmus genus presented a higher
initial growth rate when cultivated in ammonium compared to
other N sources, but ammonium assimilation by the
microalgae ultimately acidified the culture and affected the
final biomass production (Xin et al. 2010). In our study, we
carried out a pH correction daily to avoid excessive acidifica-
tion (fertilizers with ammonium) or alkalinization (fertilizers
with nitrate) of the cultures.

The considerable reduction of the ammonium dosage in
growth media B2 and B4 to one-third that in growth media
B1-B3 had little effect on the growth pattern and biomass
production when compared with treatments B1 and B3
(Fig. 1a, b). Those results clearly indicate that the B2 and
B4 media had sufficient N to support growth of the microalgae
in the conditions used in this study. Reduction and

optimization of the N dosage is important for the commercial
culture of microalgae because N is the main nutrient in many
growth media. In addition, ammonium sources are cheaper
than nitrate sources; consequently, growth media B2 and B4
containing ammonium fit the industrial demand for low-cost
growth medium better than the growth medium B5 containing
nitrate (Table 2). In another study, a reduction in the ammoni-
um dosage (N starvation condition) resulted in a lower bio-
mass production by Scenedesmus rubescens cultivated in
raceway ponds (Lin and Lin 2011).

Algal biomass composition

Proteins, carbohydrates and lipids are considered to be the
three main biochemical components in microalgae cells.
Protein production by Scenedesmus sp. BRO03 was marginal-
ly affected by the different media (Fig. 2a). The quantity of N
provided was sufficient to enable protein synthesis and
microalgal growth, even in the low-N growth media B2 and
B4 (Fig. 2a). Cultivation of Scenedesmus at different temper-
atures (i.e. 10-30 °C) also showed that temperature had min-
imal effects on protein accumulation (Lu et al. 2017).
Scenedesmus is a protein-rich genus, and proteins correspond
to 30-50% of the biomass (Teuling et al. 2017). Protein levels
were higher than carbohydrate and lipid levels (Fig. 2a—c).
These results strongly suggest that Scenedesmus genus is a
robust and promising alternative for the production of proteins
and amino acids using inorganic N sources. However, despite
Scenedesmus being considered a potential food supplement,
this genus is not yet produced on a commercial scale (Kumar
etal. 2015).

Lipid production was greatly affected by the composition
of the growth media compared to the other cellular compo-
nents. There was a higher production of lipids when
Scenedesmus sp. BRO03 was grown in growth media B4
and B5 than when grown in the BG11 medium (Fig. 2c¢).
Previous work has demonstrated that alterations in cultivation
conditions, such as different N sources (Chandra et al. 2016),
pH (Gardner et al. 2011), and P (Mandal and Mallick 2009)
and CO, concentrations (Ho et al. 2010) increase lipid accu-
mulation by Scenedesmus strains. Our results show that
growth medium B4 is a promising alternative for microalgae
cultivation as a raw material for biodiesel production. Lipid
levels were similar or higher than previous lipid production
obtained from the cultivation of Scenedesmus using
analytical-grade nutrients and similar growth conditions (Ho
et al. 2010; Griffiths et al. 2011; Tang et al. 2011; Chandra
et al. 2016). The Scenedemus lipid profile has already been
described in detail in previous studies, with the main fatty
acids being palmitic acid (16:0), oleic acid (18:1), and
linolenic acid (18:3) (Gouveia and Oliveira 2009; Mandal
and Mallick 2009; Yoo et al. 2010). The fatty acid profile of
the Scenedesmus genus is more suited for biodiesel synthesis
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Fig. 4 Coenobia pattern of
Scenedesmus sp. BRO03 on day
16 of cultivation in growth media
(BG11 and B1-B5). a BG11, b
BI1, ¢ B2,d B3, e B4, fB5
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than those of other microalgae (Gouveia and Oliveira 2009).
In other studies in which fertilizers were used, little or no
differences were reported in the microalgae cellular contents
(Valenzuela-Espinoza et al. 2002; Pacheco-Vega and
Sanchez-Saavedra 2009).

N starvation conditions have also been used to induce lipid
synthesis in Scenedesmus (Griffiths et al. 2011; Lin and Lin
2011; Ho et al. 2012). Upon depletion of the N in the growth
medium, microalgae cease to synthesize nitrogen-rich mole-
cules (e.g., proteins and nucleic acids) but continue to synthe-
size lipid and carbohydrates (Williams and Laurens 2010).
The growth media with low-N concentrations used in this
study, B2 and B4, did not differ from the other media in terms
of biomass and lipid production (Figs. 1a, b, 2¢) and also did
not result in N-starvation conditions, as observed in the afore-
mentioned studies. Growth media B2 and B4, containing one-
third of the N dosage of the BG11 medium, were formulated
to evaluate possible inhibitory or negative effects of the fertil-
izers on the cultivation of Scenedesmus sp. BR003. Therefore,

@ Springer

the higher levels of lipids in the fertilizer-based growth media
(Fig. 3¢) are due to the higher total biomass production rather
than changes in cell composition by N-starvation conditions.
The cultivation of microalgae under N-starvation conditions
triggers lipid accumulation, but total biomass production is
greatly affected (Mandal and Mallick 2009).

Carbohydrates were present at lower levels than proteins
and lipids when the Scenedesmus sp. BRO03 was cultivated in
growth medium B4 (Fig. 2b, c¢). The main sugars present in
Scenedesmus are glucose and mannose (Teuling et al. 2017),
and such hexoses can be easily fermented in bioethanol.
Previous studies also showed that the carbohydrates are pres-
ent at lower levels compared with proteins and lipids (Chandra
et al. 2016; Teuling et al. 2017).

Pigments were also present at lower levels, in contrast with
proteins and lipids (Fig. 2a—d). The levels of chlorophylls a
and b and carotenoids were slightly affected by the different
growth media and N sources (Fig. 2d). These results are sim-
ilar to those observed in the cultivation of S. obtusus with
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NaNO3;, (NH4),HPO,4 and NH4NOs3; however, in that study
the use of NH4CH3CO,, as N and C source resulted in a higher
production of biomass, lipids, chlorophyll, and carotenoids
(Chandra et al. 2016). A study by Lin et al. (2012) showed
that the production of chlorophyll a by S. rubescens increased
when chelated Fe was used instead of a non-chelated Fe
source. The same study showed that a high dosage of Fe
affected biomass production, and as a consequence, a lower
chlorophyll a level was observed (Lin et al. 2012). The min-
imal difference in chlorophyll @ observed in our study can also
be partially correlated to the biomass production (p=0.575)
(Figs. 1b, 2d). However, the same dosage of chelated Fe was
used in all the growth media (Table 1), suggesting that other
nutrients sources affected the biomass and chlorophyll a
production.

Cell dimensions and phenotypic plasticity

The different growth media also affected the cell dimensions
and the phenotypic plasticity of Scenedesmus sp. BR003.
Cells with a small length were observed in those growth media
with a higher concentration of ammonium-based fertilizers,
i.e., Bl and B3 media (Fig. 3a). In contrast, an inverse relation
between cell length and P concentration has previously been
observed in the cultivation of Scenedesmus obliqguus (Chen
et al. 2011). However, a clear negative effect of P on cell
length was not observed in our study. Growth media B3 and
B4 contained a level of P that is 66- and 22-fold higher, re-
spectively, than that in BG11, while cells of a similar mean
length were still observed in the BG11 and B4 growth medi-
um (Fig. 3a). Growth media B3 and B4 were formulated with
ammonium monophosphate as the main source of N and P
(Table 1). Therefore, the inevitable high dosage of P was
due to the high demand for N from the ammonium
monophosphate to mimic the BG11 medium. Griffiths et al.
(2011) did not observe any differences in cell length when
Scenedesmus sp. was cultivated at different doses of NOs.
The NO; growth media used in our study (BG11 and BY)
resulted in a similar cell length, reinforcing the notion that
the high ammonium levels of growth media B1 and B3 affect-
ed cell length (Fig. 3a).

The genus Scenedesmus is characterized by coenobia for-
mation of four to eight or even more cells; however, it is
possible to observe unicellular forms under certain conditions
(Pefia-Castro et al. 2004). Herbivorous zooplankton are con-
sidered one of the main selective forces for inducing the for-
mation of larger colonies, as larger colonies are considered to
be a defense form against these predators (Liirling 2011).
Cultivation conditions also can influence coenobium forma-
tion, as demonstrated in our study and other studies (Trainor
and Roskosky 1967; Pefia-Castro et al. 2004; Liu et al. 2010).
In our study, the growth media with higher concentrations of
ammonium, B1 and B3 (Table 2), greatly affected coenobium

patterns of Scenedesmus sp. BR003 (Figs. 3b, 4) and led to an
increased numbers of individual cells. Those results corrobo-
rate previous studies in demonstrating that higher numbers of
individual Scenedesmus cells are produced in the presence of
ammonium (Trainor and Roskosky 1967) and suggest an in-
hibitory effect of this N source. The high number of individual
cells observed in growth media B1 and B3 is not desirable
because colonies with more Scenedesmus cells are easier to
consolidate (Liirling 2003), facilitating biomass recovery.
This process of biomass recovery represents a significant cost
in biotechnological applications of microalgae (Molina Grima
et al. 2003). Therefore, optimization of the ammonium con-
centration in B4 medium resulted in a lower load of fertilizer
and avoided a culture with a high number of individual cells

(Fig. 3).

Conclusions

In conclusion, in this study tested five novel fertilizer-based
growth media and observed that these presented equal or bet-
ter results for the cultivation of Scenedesmus sp. BR003 than
those obtained with the conventional BG11 medium, while
showing the effect of different ammonium doses on the phe-
notypic plasticity. The different compositions and concentra-
tions of fertilizers also led to alterations in the biochemical
composition of the microalgae. Very noteworthy were in-
creases in lipid production of over 70% when fertilizer-
based media were used. The replacement of nitrate by low-
cost ammonium fertilizers is therefore possible, and it is a
promising alternative for the commercial cultivation of
Scenedesmus strains. Growth media B4, containing ammoni-
um, presented more lipid production and a larger number of
coenobia. The latter is an optimal condition for final biomass
harvesting and may increase the resistance to zooplanktonic
predation, which can occur in open cultivation systems. A
lower initial concentration of ammonium allowed for a reduc-
tion in the nutrient concentration and also resulted in a culti-
vation system that was more adequate for harvest due the
higher number of coenobia. The results of this study reinforce
the viability of fertilizers as a source of macronutrients and
emphasize the need for further studies aiming to better under-
stand the growth of microalgae in media containing agricul-
tural fertilizers.
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