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ABSTRACT. Proteins from microalgal biomass have become promising raw materials in several industrial
segments. To evaluate growth performance and protein production under different nutritional conditions,
Haematococcus pluvialis was grown in different culture media: BBM, RM, BG-11, and KM2. The cultures were
inoculated at 10° cells mL"!, and submitted to a temperature of 24°C, in a continous photoperiod and
irradiance of 40 umol photons m? s''. The highest cell density was observed when H. pluvialis was
maintained in BG-11 medium (142 % 30 x 10* cells mL!), but no statistical difference was observed when
comparing the results with those obtained when culturing this microalga in BBM (101 #+ 14 x 10* cells mL!)
and RM (105 = 5 x 10* cells mL!) media. Also, the lowest cell density was found when cultivating H. pluvialis
in KM2 medium (57 = 9 x 10* cells mL!), and there was no statistical difference for doubling time, growth
rate and specific growth rate results between treatments. In addition, higher protein contents in H. pluvialis
were reported for RM, BG-11, and KM2 culture media at 55.1 £ 5.6,49.3 + 3.6 and 58.4 * 2.8%, respectively;
and lower protein content was found using the BBM medium (31.1 = 2.9%). The highest cell density and
biomass were achieved at greater nitrogen availability and a higher nitrogen to phosphorus ratio. The
results suggest that H. pluvialis is a potential species for protein production, and that BG-11 is the most
suitable medium for growing this microalga as it allowed the achievement of highest biomass production
and protein content among the media evaluated.
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Introduction

Microalgae are photosynthetic organisms present in humid, freshwater, estuarine, and marine
environments that assimilate nutrients and can be used to produce biomass rich in carbohydrates, lipids and
proteins - which often have high biological value (Batista, Gouveia, Bandarra, Franco, & Raymundo, 2013).
These microorganisms offer a wide range of applications, processes and products, such as: wastewater
treatment (Oliveira et al., 2020), human nutrition (Sathasivam, Radhakrishnan, Hashem, & Abd_Allah, 2019),
production of pharmaceuticals (Dantas et al., 2019), feed for aquatic organisms (Abreu et al., 2019), pigment
production (Tramontin, Kildegaard, Sudarsan, & Borodina, 2019) and biofuels production (Rizman, Mujtaba,
Memom, Lee, & Rashid, 2018).

Among several microalgae studied, Haematococcus pluvialis (Chlamydomonadales, Chlorophyta) is a
freshwater microalga species with a complex life cycle, comprised of a mobile, a sessile and an encysted form
(aplanospore — Zhao et al., 2015; Reinecke, Castillo-Flores, Boussiba, & Zarka, 2018). H. pluvialis is worldwide
known for its high levels of astaxanthin, a carotenoid with strong antioxidant activity that is produced by this
microalga when under stress (Machado Jr. et al., 2016). Also, when this microalga is in its vegetative form, it
is capable of producing a high protein content. According to Grewe and Griehl (2012) and Shah, Liang, Cheng,
and Daroch (2016), H. pluvialis can reach a protein content between 29 and 45% (w w!) in its cells. Proteins
derived from microalgae are commonly used in human food and animal feed (Becker, 2007; Koyande et al.,
2019), or as a high-value food additive, such as bioactive peptides, which have nutraceutical importance
(Soto-Sierra, Stoykova, & Nikolov, 2018). However, functional aspects related to H. pluvialis proteins have
still not been widely studied (Ba, Ursu, Laroche, & Djelveh, 2016).

Acta Scientiarum. Technology, v. 44, €59590, 2022


https://orcid.org/0000-0001-7481-1357

Page 2 of 12 Silva et al.

The concentration of biochemical compounds such as proteins in microalgae is influenced by several
physical and chemical factors, such as culture medium, light and temperature (Demirel, Yilmaz, Ozdemir, &
Dalay, 2018). The culture media differ in terms of sources and concentrations of nutrients, mainly nitrogen
(N) and phosphorus (P), which are important to metabolism and cell growth (Kim, Park, Cho, & Hwang, 2013;
Cuellar-Bermudez et al., 2017). Ammonia, nitrite and nitrate are the most common nitrogen sources reported
in culture media and have different effects on the absorption rate, cell growth and biochemical composition
of microalgae - in all these forms, nitrogen is linked to synthesis of amino acids and lipids (Ahmad &
Hellebust, 1984). Phosphorus is converted mainly to nucleic acids by storing chemical energy (mainly in the
form of carbohydrates and adenosine triphosphate) and actively participates in mechanisms of protein
regulation (via phosphorylation — Fabregas, Dominguez, Regueiro, Maseda, & Otero, 2000; Tocquin,
Fratamico, & Franck, 2012; Beuckels, SmoLders, & Muylaert, 2015). In addition, the culture media can be
differentiated by the presence of organic carbon, used for cultivation in heterotrophic or mixotrophic
nutritional modes (Kim et al., 2013).

Therefore, this study aimed to determine the influence of different culture media on growth performance
and protein production by the microalga H. pluvialis.

Material and methods

Growth conditions and experimental design

H. pluvialis was obtained from the Laboratério de Producao de Alimento Vivo at the Universidade Federal
Rural de Pernambuco and experimental cultivations were conducted using the following culture media: Bold’s
Basal Medium - BBM (Bold, 1949), BG-11 (Stanier, Kunisawa, Mandel, & Cohen-Bazire, 1971), Rudic Medium
- RM (Rudic & Dudnicenco, 2000) and KM2 Medium (Tripathi, Sarada, Rao, & Ravishankar, 1999) with three
independent replicates. Stocking solutions used in the culture media were prepared using distilled water and
autoclaved at 121°C, 1 atm for 20 min., and the culture media compositions are shown in Table 1. Sodium
nitrate (NaNOs) was the main N source in the BBM, BG-11 and RM culture media, while in KM2, L-asparagine
was the main source. Dipotassium phosphate (K;HPO,) and monopotassium phosphate (KH,PO,) were the P
sources in the BBM, BG-11 and RM media, while KM2 medium had no phosphorus source. Furthermore, only
the KM2 medium contained an organic carbon source - sodium acetate.

Table 1. Nutrient concentrations (mmoL L) in the culture media (BBM, RM, BG-11 and KM2) used in Haematococcus pluvialis
experimental cultivation.

Compound BBM RM BG-11 KM2
NaNOs 29.414 35.296 176.482 -
C4HsN103 - - - 30.650
KH2PO4 12.860 0.1470 - -
K2HPO4 0.4305 0.4592 0.2296 -
CHsCOONa - - - 242.090
CaClz. 2 H20 0.1700 0.3979 0.2449 0.1360
MgS04.7 H20 0.3043 0.0041 0.3043 -
NaCl 0.4278 0.3422 - -
KOH 0.5525 - - -
EDTA 0.1711 0.0257 0.0034 -
FeSOs4. 7 H20 0.0180 - - 0.0360
HsBO:s 0.1844 0.0049 0.0463 0.0010*
ZnS04. 7H20 0.0049 0.0003 0.0008 0.00012
NaMoOs. 2 H20 0.0008 - 0.0016 0.00005%
MnCl.. 4 H20 0.0010 10.106 0.0091 0.001°
CuSOs4. 5 H:0 0.0008 0.0003 0.0003 0.00012
CeHsO7 - - 0.0312 -
CeHi11FeNO7 - - 0.0226 -
Na:COs - - 0.1887 -
MnSO4. H20 - 0.0099 - -
(NH4)6M07024. 4H20 - 0.0002 - -
Co(NOs3)2. 6H20 0.0004 0.0014 0.0003 0.00008?
NH4VOs - - - 0.00001?
FeCls. 6H,0 - 0.0629 - -

*Trace element concentration according to Renstrgm, Borch, Skulberg, and Liaaen-Jensen (1981).
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Concentrations of N and P, and the respective N:P ratio, are given in Table 2. The highest N concentration
was found in the BG-11 (17.7 mmol L'') medium, followed by KM2 (6.1 mmol L), RM (3.4 mmol L'') and BBM
(2.8 mmol L!). The highest P concentration was found in the BBM medium (1.7 mmol L!), while RM (0.6 mmol
L) and BG-11 (0.2 mmol L) media had lower concentrations.

Experimental cultures were carried out in 2 L Erlenmeyer glass bottles with filtered (0.2 pm) and
autoclaved (121°C, 1 atm for 20 min.) freshwater; all culture media were enriched with B-complex vitamins:
thiamine (B1), pyridoxine (B6) and cyanocobalamin, at 0.2 mL L'. H. pluvialis cells were inoculated at the
initial concentration of 10° cells mL™!. The cultures were maintained at a temperature of approximately 24°C,
with constant aeration, under an irradiance of 40 umol photons m?s!, in a continuous photoperiod, and were
kept until the beggining of the stationary phase of the growth curve.

Table 2. Nitrogen and phosphorus contents (mmol L) of the culture media (BBM, RM, BG-11 and KM2) used in Haematococcus
pluvialis cultivation.

Nutrients BBM RM BG-11 KM2
Nitrogen 2.8 3.4 17.7 6.1
Phosphorus 1.7 0.6 0.2 0
N:P ratio 1.7:1 5.7:1 77.3:1 0
Analysis

To evaluate growth in the vegetative phase, 2 mL samples were taken daily and immediately fixed in
formaldehyde (2%) for quantification using a hemocytometer and a binocular optical microscope (OLYMPUS
CH30). With this data, the following parameters were calculated: maximum cell density (MCD); growth rate
(K, Equation 1), which represents the number of cell divisions per day performed during the total culturing
time, expressed as 'division d!'; specific growth rate (u, Equation 2), which represents the cell growth rate
during the exponential phase of the growth curve as a function of time, expressed as 'd *!'; and doubling time,
which corresponds to the time required for doubling the initial density, expressed as 'd division!' (DT,
Equation 3 - Stein, 1973). At the end of the cultivation period, growth curves (cell density x cultivation time
in days) for H. pluvialis were plotted for each culture medium.

3.322

L “1y
K (division d™1) (10 x Log O/D0)

(D

where:
t = last incubation day (days);
to= beginning incubation day (days);
D = final cell density (cells mL);
Do = beginning cell density (cells mL™).
_1\ _ In(N(D-NO
=m0 @)
where:
N(t)= number of cells at the end of the exponential phase (cells mL!);
No = number of cells at the beginning of the exponential phase (cells mL);
t = end of exponential phase (days);
to = beginning of exponential phase (days).

DT (d division™) =¢ 3)

where:
K= growth rate; DT= doubling time.

Biomass harvesting and drying

At the end of the cultivation period, the biomass produced was harvested by centrifugation at 3500 x g for
10 min. and then washed three times with distilled water to remove residues from the culture medium
(Santana et al., 2017), followed by new centrifugations at the same conditions. Samples were frozen for 24 h
at -80°C (SANYO MDF U33V) and then freeze-dried (ALPHA 1-4 LD PLUS) for 48 hours. Finally, the biomass
was weighed in an analytical balance (0.001 g) to determine the biomass (g L'!) and biomass yield (g L' d!).
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Protein analysis

From the dry biomass, the total protein content (TP, %) was determined according to the micro-Kjeldahl
method (Association of Official Agricultural Chemists [AOAC], 2012), Equation 4. The nitrogen conversion
factor (NCF) used was 6.25, according to Safi et al. (2013) for H. pluvialis.

VA x VBx 0.14 xNCF
% TP =

dry biomass (mg) X 6.25 )

where:

VA = volume of standardized hydrochloric acid (0.1N) used for sample titration;
VB = volume of standardized hydrochloric acid used in control sample titration;
NCF = correction factor (0.97) of hydrochloric acid solution.

Protein and productivity

The protein production (Equation 5) was calculated using the biomass (g L'!) and the total protein content
(TP, %):

Protein production (g L'!) = dry biomass x TP (5)

Protein production rate (PPR, g L! d!) was calculated using Equation (6), which uses the values of dry
biomass (g), total protein (TP, %), and the total days of cultivation for each treatment:

dry biomass x TP
(6)

. . A
Protein production rate (g L' d!) ST v

Statistical analysis

All data are presented as mean * standard deviation (n = 3). Normality and homogeneity were analyzed
using Shapiro-Wilk and Cochran’s tests, respectively. Then, the data were submitted to a one-way analysis of
variance (ANOVA) to verify the statistical differences for the variables of growth and protein production
among the treatments, followed by a Tukey’s test (p < 0.05) when necessary. Data referring to growth variables
(MCD, DT, u and K) were transformed from log (x+1). For non-normal data, the Kruskal-Wallis test was
applied. All analyses were performed using the R software version 3.4 (R Core Team, 2018; Gross & Ligges,
2015; Wickham, 2022). The logistic growth curve was performed using Curve Expert 1.4 software (Hyams,
2010).

Results and discussion

Growth parameters

The largest MCD was found in BG-11 (142.13 +29.52 x 10* cells mL!), but there was no statistical difference
in this medium when compared with the results obtained in BBM (101.42 * 14.68 x 10* cells mL') and RM
(104.83 £ 5.34 x 10* cells mL!). On the other hand, there was a significant statistical difference between the
culture media regarding KM2 (56.67 + 9.09 x 10* cells mL™), which had the lowest MCD, as indicated in Table 3.
Also, there was no statistical difference regarding TD, K and p results between treatments. Significant
difference (p < 0.05) was observed for biomass at the end of the cultivations, and was higher with the BG-11
medium (0.639 = 0.07 g L'!). As regards to biomass yield, no significant difference (p > 0.05) was reported
between the culture media, and it ranged from 0.04 £ 0.01 t0 0.048 + 0.01 gL' d"'.

Table 3. Growth parameters of the microalga Haematococcus pluvialis cultivated in different culture media.

Culture medium

Parameter BBM RM BG-11 KM2
MCD (x 10* cells mL 1) 101.42+14.68° 104.855.34° 142.13%29.52° 56.67£9.09°
K* (division d) 0.3040.02 0.31£0.01 0.27+0.02 0.31£0.03
DT (d division™) 3.3120.20 3.25£0.07 3.680.29 3.240.33
M* (d ) 0.44+0.01 0.45%0.01 0.36£0.02 0.46+0.03
dMCD 11 11 14 8
Biomass (g L) 0.43740.08" 0.455+0.03" 0.6390.07° 0.382+0.06"
Biomass yield (g L' d!) 0.04+0.01 0.0410.00 0.04640.00 0.0480.01

Data presented as mean * standard deviation (n = 3). Different letters in the same line indicate significant differences among treatments using Tukey's
Test (p < 0.05). *Non-normal data evaluated with the Kruskal-Wallis Test. Maximum cell density (MCD); Growth rate (K); Doubling time (DT); Specific
growth rate (u); day of maximum cell density ({MCD).
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In the cultivation of microalgae there are factors that are crucial for the proper growth of the species. The
adequacy of environmental factors such as light intensity, pH and temperature, as well as the selection of a
culture medium with an adequate balance of nutrients, enhance biomass production and yield in the
extraction of bioproducts (Imamoglu, Sukan, & Dalay, 2007; Zhuang et al., 2018). In the production of H.
pluvialis, and other microalgae species, efficient cultivation procedures during the vegetative phase are
extremely important for the efficient production of biomass (Shah et al., 2016).

Analyzing the difference between autotrophic and mixotrophic media in the growth of H. pluvialis, our
study reported a higher cell density in a medium without an organic carbon source (BG-11, BBM and RM),
while lower cell density was observed in a mixotrophic medium (KM2). Cell density results in our study were
higher than those reported for H. pluvialis by Tripathi et al. (1999). These authors have observed higher cell
density in the KM2 medium (42 x 10* cells mL™') than in other culture media (BBM, Z8, KM1, MM1 and MM2),
but they used a low irradiance (20.25 pmoL photons m? s -!) when compared with this work (40 pmol photons
m? s!). The influence of irradiance on growth parameters was examined by Sipatiba-Tavares, Berchielli-
Morais, and Scardoeli-Truzzi (2015) when culturing H. pluvialis using fertilizer NPK and WC with the addition
of a macrophyte (Eichhornia crassipes) extract. These authors reported an increase in K-value by increasing
irradiance from 20 pmol photons m? s (0.16 division d!) to 60 umoL photons m?s! (0.22 division d).
Regarding the biomass produced, our results were similar to those reported by Dalay, Imamoglu, and Demirel
(2007), which reached 0.64 g ! also using the BG-11 media but with higher irradiance (75 pmol photons m?2s!) in
12 days of culturing. These results indicate that an irradiance of 40 pmol photons m2 s*! would be sufficient
to reach approximately 0.6 g L' of H. pluvialis biomass. Fabregas et al. (2000) evaluating the effect of different
irradiance (8.6, 40, 78 and 177 pmol photons m s'!) have reported the highest cell density for H. pluvialis
using 40 ymol photons m2 s..

Colusse, Duarte, Carvalho, and Noseda (2019), using BG-11, WC and CHU, obtained 31.3%+1.52 x 10* cells
mL!, K-value of 0.3 divisions d*!, DT of 3.28, biomass of 0.45+0.04 g L'}, biomass yield of 0.022 g L' d*!, and
final pH of 8.85%0.14, in 22 days of cultivation, under a regime of 12:12 photoperiod at 100 ymol m2s in
experimental units of 1.6 L using BG-11. As observed in our study, good results were obtained when growing
this microalga in BG-11 medium. On the other hand, Imamoglu et al. (2007), also cultivating H. pluvialis,
obtained the highest cell concentration in RM culture medium (9.50 x 10° cells mL™! in 40 pmol photons m
s!) after 10 days of cultivation at 25°C with a pH below 8 by adding CO, (1.5% v v'!).

According to Pereira and Otero (2020), temperature significantly affects the growth of H. pluvialis in its
green phase. Cultures maintained in OHM medium and carried out in 1 L cylindrical photobioreactors, under
an irradiance of 100 ymol photons m? s, 12:12 photoperiod (light/dark), with constant aeration, and kept
with a pH between 7.0 and 7.5, achieved better results between 20 to 25°C, with approximately 1 division d!,
presenting problems with cell motility when kept at a higher temperature of 30°C. Similarly, Fan, Vonshak,
and Boussiba (1994), when cultivating H. pluvialis in modified BG-11 in 500 mL flasks, under 130 pmol photons
m2 s! irradiance, and in different temperatures (20, 22, 25, 28, 31 and 33°C), observed an increase in the
specific growth rate in cultivation between temperatures from 20 to 28°C, with better results between 25 to
28°C (n =0.053-0.054 hour! and DT 12-13 hour), which was confirmed by the evaluation of cell number and
chlorophyll concentration. Still, they also noted that lower temperatures of 20 and 22°C appear to reduce
protein and chlorophyll synthesis.

Through the analysis of growth curves, similar growth for H. pluvialis were found in the BBM and RM
media, with a short lag phase of growth in the first three days of cultivation; in these media, the stationary
growth phase was reached after 11 days. In the KM2 medium, H. pluvialis had a different growth curve,
reaching the stationary growth phase in8 days. The slowest growth was observed in BG-11, which had the
highest exponential phase compared to other culture media, reaching the stationary phase after 14 days of
cultivation (Figure 1).

Minasyan (2018) also observed that cultivation of H. pluvialis in the BG-11 medium achieved greater
density with a more gradual growth rate. Nahidian, Ghanati, Shahbazi, and Soltani (2018), evaluating the
development of the four cellular stages of H. pluvialis during 35 days of cultivation, also observed a longer
growth time in a BG-11 than BBM medium. The different responses in cell density and biomass production
might be linked to the nutritional composition of the culture medium, which can influence the development
of these organisms (Demirel et al., 2018).
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Figure 1. Logistic growth curve of Haematococcus pluvialis grown in different culture media (a) BBM, (b) RM, (c) BG-11 and (d) KM2.
Bars represent standard deviations (n = 3).

Proteins

Total protein content (%), protein production (g L'!) and protein production rate (g L ! d!) in H. pluvialis
cultured under different culture media are shown in Table 4, and it is possible to notice that the culture
medium, in fact, influenced the protein content of H. pluvialis. A significant difference (p < 0.05) in protein
content was observed only for BBM (31.11 + 2.93%), which had the lowest percentage, and similar values were
noticed in the other media: RM (55.08 = 5.6%), KM2 (58.37 = 2.8%) and BG-11 (49.33 * 3.64%). As the
cultivation time was different for the different culture media, protein production rate also varied significantly
between them: the KM2 medium resulted in a production of (0.028 * 0.00 g L! d!), which was similar (p >
0.05) to RM (0.023 # 0.00 g L'! d*!); while the BG-11 (0.02 = 0.00 g L'! d!) and BBM (0.012 + 0.00 g L'* d*!), had
lower protein production rate. Higher protein production was found using the BG-11 (0.31 g L'!) and RM (0.25
g L'') media; the KM2 medium (0.22 g L'!) was similar (p > 0.05) to RM, but lower (p < 0.05) than BG-11. Still,
the lowest protein production was obtained in the BBM (0.13 g L!).

The supply of proteins obtained from microalgae biomass can be used as feed for aquatic organisms and
also as an alternative source of food for humans. Studies have already shown that microalgae can contain
similar quality and levels of protein compared to traditional food sources, besides presenting bioactive
properties. These properties, in fact, may present important biological activities, such as: antitumor,
immunomodulatory, antihypertensive and others (Batista et al., 2013; Koyande et al., 2019). It is worth noting
that for a higher protein yield, the careful selection of the culture medium is essential (Baroni, Yap, Webley,
Scales, & Martin, 2019; Colusse et al., 2019), as each one has its own formulation, presenting variations in
nutrient availability and concentration.

Table 4. Protein production parameters of the microalga Haematococcus pluvialis cultured under different culture media (BBM, RM,
BG-11 and KM2).

Culture medium

Parameter

BBM RM BG-11 KM2
TP (%) 31.11£2.93° 55.08+5.6* 49.33%3.64° 58.37+2.82
Protein production (g L") 0.13+0.02¢ 0.25+0.03% 0.31+0.03? 0.22+0.03°
PPR (gL'd") 0.012+0.00¢ 0.023+0.00® 0.022+0.00* 0.028+0.00°

Data presented as mean * standard deviation (n = 3). Different letters in the same line indicate significant difference among treatments. TP: Total protein
content (%). PPR: Protein Production Rate.
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In this regard, Marinho et al. (2021), developing the experimental cultivation of H. pluvialis with a focus
on astaxanthin production, evaluated the influence of culture media (BBM, MM2, KM1, Provasoli and
modified Provasoli) on the biochemical composition of this alga. They observed differences in the
concentration of proteins in the biomass between the initial phase (green phase) and final phase (red phase)
of the experimental period, between the culture media, with a reduction of 25 to 61% of this content. The
lowest protein concentration was observed in KM1, a heterotrophic media (26.2+0.58%), and the highest
concentration, unlike what was obtained in our study, was reached in BBM, a photoautotrophic (62.7£3.38%)
media. Sipadba-Tavares et al. (2015), using NPK fertilizer and WC (with the addition of the macrophyte
Eichhornia crassipes extract), obtained a variation from 30 to 48% of protein, as a function of dry biomass of
H. pluvialis, and the highest levels were positively associated with N content.

Influence of concentration and nitrogen and phosphorus ratio on growth and protein content

N and P concentrations, as well as N:P ratio (Table 2), were related to growth parameters and protein
production in H. pluvialis (Figure 2 and 3). The different N:P from the culture media presented significant
difference (p < 0.05), and it is possible to state that the highest N:P ratio resulted in the highest MCD and
protein production (Figure 3). Also, the highest production of biomass and protein (g L'!) was reported in the
culture media with the highest N content. As for P content, the lowest cell density was observed in KM2,
where this nutrient was absent (Table 3 and 4).
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Figure 2. Biomass and protein production (g L) of Haematococcus pluvialis at increasing nitrogen concentrations in the different
culture media (BBM, RM, BG-11, and KM2). Bars represent standard deviations (n = 3) and different letters represent significant
differences between the treatments.
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Figure 3. Maximum cell density (MCD) and protein production (g L!) of Haematococcus pluvialis at increasing N:P ratios in the
different culture media (BBM, RM, BG-11 and KM2). Bars represent standard deviations (n = 3) and different letters represent
significant differences between the treatments.
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According to Huang, Lou, and Wang (2021), different concentrations of N and P on the BG-11 culture
medium can influence the cultivation of Chlorella vulgaris. They have reported that N has high influence in
the metabolic pathway of algae, in the production of biomass, specific growth rate and in the content of
carbohydrates and proteins. Also, the authors have stated that the total protein content in C. vulgaris biomass
was higher when the N supply increased from 1 to 2 mg L' and from 3 to 8 mg L}, and they verified a decrease
in carbohydrates content in opposition to the increase of total protein under higher nitrogen concentration
in the medium. This can be justified because when under N-replete conditions, the biosynthesis of reserve
compounds (such as lipids and carbohydrates) is reduced (Ross et al., 2018). Regarding P, this nutrient is
responsible for energy storage and transfer, and is required for the synthesis of cell structures (such as
nucleotides and phospholipid membranes) (Tocquin et al., 2012). Therefore, the absence of P in the KM2
culture medium may explain the lowest MCD observed in this culture medium.

A positive relationship between N concentration and protein content has also been verified in a number
of studies. According to Ranadheer, Kona, Sreeharsha, and Mohan (2019), the protein content and biomass
concentration of Scenedesmus sp. was proportional to the nitrate concentration. In addition, Colusse et al.
(2019) observed the variation of protein content in H. pluvialis when using WC (a culture medium poor in N
and P), CHU (a culture medium rich in N) and BG-11culture media, with values of 11, 34, and 41% of dry
weight, respectively. The higher protein production in our study was also obtained in BG-11 media, because
this media, besides having the highest N concentration, may have stimulated an over-compensation. More
specifically, this mechanism occurs when the microalgae are starved of an element and then re-exposed to it,
like the inoculum that was in the BBM media (low nitrogen concentration). Thus, nitrogen is absorbed in
excess and stored on the protein form (Xie, Xia, Zeng, Li, & Zhang, 2017).

On the other hand, insufficient N can inhibit cell division (Fabregas et al., 2000) or increase the synthesis of
reserve compounds (such as lipids and carbohydrates) thereby reducing the protein content (Beuckels et al., 2015).
This is probably why the BG-11 medium had both the highest MCD and biomass, because of its higher nitrogen
concentration. Nahidian et al. (2018), evaluated different concentrations of N and P in BBM for H. pluvialis, and
found higher growth rate to be directly proportional to the concentration of these nutrients. The N-depletion can
also influence the cell morphology and growth of Nannochloropsis salina, Chlorella sp., and H. pluvialis, which have
shown morphological changes and reduced cell multiplication when under this condition (Baroni et al., 2019).

In addition to adequate concentrations of N and P, the source, whether organic or inorganic, can also affect the
growth and biochemical composition of microalgae (Shanthi, Premalatha, & Anantharaman, 2018). In our study,
only the KM2 medium had an organic nitrogen source (L-asparagine), which may have influenced the lowest
growth performances and protein production, since nitrate is the N-form that provides greater cell growth (Sarada,
Tripathi, & Ravishankar, 2002). A few organic N compounds can be used by some microalgae but these are
considered poor sources and their assimilation is strongly dependent on a supply of acetate as a carbon source
(Ferndndez, Llamas, & Gélvan, 2009). On the other hand, the carbon source apparently does not influence protein
yield in H. pluvialis. As demonstrated by Pang, Fu, Fernandez, and Chen (2019), the addition of D-ribose, sodium
acetate or sodium gluconate in a BG-11 medium, under mixotrophic nutritional mode, did not affect protein yield.

Regarding the micronutrients concentration, Fabregas et al. (2000) demonstrated that oligoelements play
different roles in cell growth. Zinc, boron, iodine and vanadium were considered non-essential, and higher
cell density was obtained in the absence of these elements. Lower variations in concentrations of copper and
selenium were not significant, but the growth was higher when the concentrations of magnesium, calcium,
chromium, arsenic and manganeseincreased. Micronutrients play roles as cofactors of the cell metabolic
pathways and in the regulation and induction of the production of metabolites, such as proteins
(Prochazkova, Branyikova, Zachleder, & Branyik, 2014). The magnesium, in particular, is required by some
enzymes such as ATPase, protein kinase and RNA polymerases for their functions (Shaul, 2002; Daneshvar,
Santhhosh, Antikainen, & Bhatnagar, 2018). Thus, the absence of magnesium in the KM2 medium may have
limited the growth of H. pluvialis since this medium corresponded to the lowest cell density reported in the present
study. Furthermore, the protein content may vary with iron availability, since the assimilation of inorganic N, such
as nitrate, depends on this metal (Raven & Giordano, 2016). In addition, it has been shown that iron in the form of
Fe-citrate is better absorbed by H. pluvialis (Cai, Li, & Qi, 2009). This element influences the greater accumulation
of dry biomass in the green stage and the subsequent accumulation of astaxanthin and lipids in the red stage of
this microalga (Zhu et al., 2021). In the present study, BG-11 media was the only media with Fe (NH,) citrate levels,
which have consequently resulted in the highest production of protein and biomass.
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Conclusion

To conclude, this study found higher biomass production and protein content using a medium with a
higher nitrogen concentration, fact that suggests that the BG-11 culture medium is the most suitable for
greater production of biomass and protein from H. pluvialis. Still, based on the results obtained, future
researches are recommended to further investigate this microalga’s bioactive and functional properties.
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