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Abstract
Microalgae are unicellular and photosynthetic organisms which have great potential for providing various products of interest in
the food, chemicals, pharmaceuticals, and cosmetics industry. The green algaAnkistrodesmus braunii has been cited as capable of
producing large amounts of lipids. In this sense, this work aims to study A. braunii growth in tubular photobioreactor using
different amounts of nitrogen and under different cultivation processes. In batch cultures, the maximum biomass concentration
(Xm) was 1588 ± 11 mg L−1 using 20 mM of NaNO3. A fed-batch process with the addition of 20 mMNaNO3 each 48 h from the
first to the sixth cultivation day reached Xm = 2753 ± 7 mg L−1. The semi-continuous process was effective to eliminate the lag
phase, allowing to obtain Xm = 2399 ± 5 mg L−1. In this condition, the protein and lipid levels in the biomass were 33.1 ± 0.2%
and 38.6 ± 0.2%, respectively. The maximum specific growth rate (μm) reached a maximum value of 0.998 day−1 in the semi-
continuous process using 20 mM NaNO3. The results of this study show the potential for the production in a large scale of
A. braunii as a source of protein and lipids for commercial applications.

Keywords Ankistrodesmus braunii . Chlorophyta . Semi-continuous process . Batch process . Fed-batch process . Sodium
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Introduction

Microalgae are found in marine and fresh water and are con-
sidered responsible for at least 60% of the Earth’s primary
production (Chisti 2004). The exact number of algae species
is still unknown but it is reported that there may be between
300,000 to several million representatives (Guiry 2012). This
diversity is also reflected in the biochemical composition, and
on this basis, microalgae are a source of a large number of
bioproducts (Norton et al. 1996; Borowitzka 2013). Many
species show high growth rates, which favors high biomass
production at short time intervals (Campos et al. 2010;
Formighieri 2015). Therefore, some of the microalgae have
several potential applications such as the production of

compounds of interest in the food, pharmaceutical, and cos-
metics industry like nutritional supplements for humans and
animals, microbial biomass for animal feed, and use in aqua-
culture, as well as pharmaceuticals and cosmetic formulations
(Borowitzka 2013).

It is important to remember that single-celled photosynthet-
ic organisms are able to use light energy efficiently and are
efficient carbon fixers (Brown and Zeiler 1993). Moreover,
some microalgae can be grown under controlled conditions
producing cultivated biomass with constant composition
(Sassano et al. 2010), which facilitates the manufacturing op-
eration. Carbon dioxide fixation by photosynthetic microor-
ganisms also has been proposed as a method for removal of
CO2 released into the atmosphere. Consequently, a lot of these
microorganisms could be used to reduce greenhouse gases
emission (Sayre 2010; Moheimani 2016). Considering the
importance of obtaining energy from renewable rawmaterials,
biodiesel production from microalgae coupled to CO2 from
alcoholic fermentation could also contribute to greenhouse
gases mitigation in Brazil (Carvalho et al. 2009).

The content of lipids in microalgae biomass varies from 1
to 40% of dry biomass, but can reach 85% in certain growing
conditions (Becker 2004). Fatty acids correspond to the higher
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fraction of lipids in microalgae, and in some species, the poly-
unsaturated fatty acids may comprise between 25 and 60% of
the total lipids (Becker 1988, 2004; Brown 1991).

Ankistrodesmus braunii (Chlorophyceae) has been report-
ed as a high producer of lipids which can reach up to 73% of
dry biomass (Williams and McMillan 1961). Lipid fraction
contains fatty acid composition similar to vegetable oils, but
with a predominance of linolenic over the linoleic acid, which
is not usual in vegetable oils. Furthermore, this species con-
tains different pigments on its composition, such as β-caro-
tene, astaxanthin, lutein, and a possible derivative of
neoxantin, which have antioxidant properties (D’Alessandro
and Filho 2016).

Recently, Ankistrodesmus falcatus was evaluated as a po-
tential strain for biofuel production, being cultivated in
500 mL conical flasks under different photoperiods and
reaching 67.2% total lipids (George et al. 2014). However,
as far as we know, there is no information about A. braunii
cultivation in tubular photobioreactors.

Taking into consideration the lack of results evaluating ni-
t rogen sources on A. brauni i growth in tubular
photobioreactors and this parameter being a fundamental
key on biomass composition of photosynthetic microorgan-
isms, this study aimed to evaluate NaNO3 as nitrogen source
at different concentrations and under different cultivation pro-
cesses for assessing and understanding biomass growth of this
microorganism, as well as the main kinetic parameters such as
maximum biomass concentration, biomass productivity, nitro-
gen conversion factor into biomass, and maximum specific
growth rate. The knowledge of kinetic parameters related to
growth and biomass composition is an important contribution
for potential industrial applications of this alga.

Materials and methods

Microorganism and culture maintenance

Ankistrodesmus braunii (UTEX 245) was obtained from The
Texas Culture Collection of Algae at the University of Texas
at Austin (UTEX) and maintained in glass tubes containing
10 mL solid Bold medium (UTEX 2016) at 25 ± 1 °C.

Medium evaluation

First, with the intention to know which medium could be the
best to culture A. braunii, the microorganism was inoculated
in three different culture media: Bold (UTEX 2016), Schlösser
(Schlösser 1982), and F/2 (Guillard and Rhyter 1962) media.
The sodium nitrate concentration added in the formulation of
each medium was 80 mM, 20 mM, and 840 mM.

One hundred microliter of each medium was added to a
previously sterilized 250 mL Erlenmeyer flask and an

inoculating loop with A. braunii inoculum was inoculated
aseptically. All broths in duplicate were placed on rotatory
shaker (Multitron, INFORTS HT, Switzerland), at 110 rpm,
at room temperature of 25 ± 1 °C and exposed to light inten-
sity of 60 μmol photons m−2 s−1 (measured by a model LI-
250A, LICOR, USA, meter) for 7 days.

In view of the great importance of the presence of nitrogen
for the development and multiplication of this microorganism,
it was evaluated which range of NaNO3 concentration dis-
solved in the medium would be better for biomass growth.

Inoculum preparation

Ankistrodesmus braunii, initially maintained on agar, was col-
lected with the aid of a platinum loop and aseptically inocu-
lated into a test tube containing 10 mL of Bold medium. After
7 days of culture, 10 mL of biomass suspension obtained was
divided into 10 parts, each milliliter was added to a 500 mL
Erlenmeyer flask with 200 mL Bold medium. All the
Erlenmeyers were previously sterilized by autoclaving at
1 atm and 120 °C for 30 min. All Erlenmeyers were placed
on a rotatory shaker (model Multitron, INFORTS HT,
Switzerland) at 110 rpm, at a temperature of 25 ± 1 °C and
exposed to light intensity of 60 μmol photons m−2 s−1. The
samples resulting from this process served as the inoculum for
feeding the tubular reactors in the following experiments.

Devices for culture and cultivation processes

The tubular photobioreactor was the air-lift type developed in
the Laboratory of Microalgal Biotechnology from the
University of São Paulo. It is made of transparent tubing with
the internal diameter of 1.0 cm which is interconnected and
coupled to an air pump (Seven Star, China) to boost the culture
flow. The total system volume was 3.5 L and the illuminated
volume corresponded to 2.0 L with culture flow of 40 ±
1 L h−1. The initial biomass concentration was 300 mg L−1

and the cultivation was done under aseptic conditions at a
temperature of 25 ± 1 °C under light intensity of 60 μmol
photons m−2 s−1 supplied by 20 W fluorescent lamps.

The experiments were performed in the photobioreactors
by batch, fed-batch, and semi-continuous processes using 2, 5,
10, 20, and 30 mM NaNO3. In batch cultivations, nitrate was
added once at the beginning of the process. In fed-batch cul-
tivations in which nitrate was added each 48 h, the first and the
last addition was at the beginning and the sixth day of culti-
vation, respectively. In the semi-continuous process, only
when the first peak of maximum biomass concentration was
achieved can the first withdrawal of the used medium volume
and the restoration of new medium be done, followed by
awaiting the second peak of the maximum biomass concen-
tration (first cycle). After the first cycle, the second withdraw-
al of the used medium was carried out and the restoration of
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another new medium to reach the third peak of biomass con-
centration (second cycle). The removed volume corresponded
to those which provided to restore the initial biomass concen-
tration of 300 mg L−1.

Analytical techniques

Biomass concentration

Biomass concentration (X) was measured by spectrophotom-
etry with samples of medium containing biomass and ana-
lyzed for absorbance in a spectrophotometer model 700
PLμS (FEMTO, Brazil) at a wavelength of 550 nm and
expressed as a concentration (dry weight per liter) by means
of a calibration curve. Calibration curve to determine the bio-
mass concentration was obtained by the initial use of 25mL of
concentrated biomass suspensions in an exponential growth
phase, which was subsequently filtered and washed with
distilled water in a pre-dried cellulose acetate membrane
and then dried at 70 °C for 12 h. The samples were placed
in an oven at 100 °C until constant weight. It was possible
to obtain the biomass in the filtrate volume of biomass
suspension using the difference between the mass of the
dried membrane with the biomass with the membrane.
From different dilutions of the same suspension, it was
possible to obtain an equation that expresses the relation-
ship between biomass concentration (X), expressed in dry
weight per liter of suspension, and the sample absorbance
at 550 nm (α). The equation obtained from the calibration
curve was X = 417.26α – 9.2476 (R2 = 0.997), where X is
the biomass concentration and α represents the absor-
bance value at 550 nm.

Kinetic parameter calculation

All cultivations were evaluated according to the maximum
biomass concentration (Xm) parameter obtained in each exper-
imental condition. In addition, biomass productivity (Px),
nitrogen-biomass conversion factor (YX/N), and specific
growth rate (μ) were calculated. The equation used to calcu-
late biomass productivity was:

Px ¼ Xm–X ið Þ=tc ð1Þ
where Px corresponds to the biomass productivity
(mg L−1 day−1), Xm represents the maximum biomass concen-
tration obtained (mg L−1), Xi is the initial biomass concentration
(mg L−1), and tc is the time corresponding to Xm (days).

The equation used to calculate the nitrogen-biomass con-
version factor was:

YX=N ¼ Xm–X ið Þ � V=N t ð2Þ

where YX/N is the nitrogen-biomass conversion factor, Xm

corresponds to the maximum biomass concentration obtained
(mg L−1), Xi represents the initial biomass concentration
(mg L−1), V is the volume of the medium (L), and Nt is the
total amount of nitrogen added (mg).

The method of Leduy and Zajic (1973) was used to calcu-
late the specific growth rate.

Determination and monitoring of pH

The pH was measured with a potentiometer model M300
(Mettler Toledo, USA) by immersing the electrode in the cul-
tures and was kept constant at values of 7.25 ± 0.25 with a
carbon dioxide injection in the medium with the aid of sole-
noid valve.

Biomass composition

At the end of the cultivation in the photobioreactors, the total
amount withdrawn of biomass and culture medium was cen-
trifuged at 5660×g and 10 °C for 20 min and the concentrated
biomass was placed in ceramic plates and dried in an oven
with air circulation at 55 °C for 12 h. After drying, the dried
biomass was ground, frozen, and stored in cleaned dry bottles
until used in subsequent analysis. The lipid content was deter-
mined by solvent extraction, according to Olguín et al. (2001).
Dried biomass sample was ground, with mortar and pestle,
and then transferred to a continuous Soxhlet extractor with a
solvent reflux using chloroform and methanol in the ratio 2:1,
until the sample did not exhibit any color. The solvent was
removed with a rotary evaporator and the sample was
weighed. The determination of the protein concentration was
performed using the micro-Kjeldahl method (AOAC 2007).
Dried and degreased samples were digested with sulfuric acid
with the addition of catalyst in the digester block at 350 °C.
Digested samples were distilled, adding NaOH (60%) to the
recovery of nitrogen in ammoniacal form in a saturated boric
acid solution. The resulting sample was submitted to titration
with 0.02M hydrochloric acid, to determine the concentration
of free nitrogen in the sample. The total protein concentration
was determined by multiplying the nitrogen value with the
conversion factor 5.95 (López et al. 2010).

Statistical analysis

In order to compare the types of cultivation processes and the
quantities of NaNO3 in each process, the parameters analyzed
were the maximum biomass concentration (Xm), biomass pro-
ductivity (Px), and nitrogen-biomass conversion factor (YX/N),
as well as biomass composition parameters. The results were
compared by two-way analysis of variance—ANOVA—with
a significance level of 0.05, performed in MINITAB 17
software.
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Results

Medium evaluation

After 7 days of cultivation in a shaker, only the biomass in
Bold medium (UTEX 2016) had grown, while in the other
media, no biomass production was achieved.

Cultivation in batch process

Within these conditions, the maximum biomass concentration
(Xm) obtained was 1588 ± 11 mg L−1, which corresponds to
the cultivation in the reactor using 20mMNaNO3 (Figs. 1 and
4a). The batch cultivation with 30 mM was not effective, and
the maximum biomass concentration obtained was 784 ±
6 mg L−1 (Figs. 1 and 4a).

Figure 4b shows that the biomass productivity (Px) reaches
a maximum value of 215 ± 2 mg L−1 day−1 in the batch pro-
cess containing 20 mM NaNO3. The maximum value for
nitrogen-biomass conversion factor (YX/N) was 22.5 ±
1.6 mg mg−1 in culture using 2 mM NaNO3 (Fig. 5a).

Cultivation by fed-batch process

The maximum biomass concentration obtained in this process
was 2753 ± 7 mg L−1 in the photobioreactor with 20 mM
NaNO3 (Figs. 2 and 4a). The biomass productivity (Px) in
the process was also increased in proportion to the NaNO3

concentration present in the medium. A peak of 351 ±
1 mg L−1 day−1 using 20 mM of nitrate can be observed
(Fig. 4b). On the other hand, nitrogen-biomass conversion
factor (YX/N) decreased in cultivations with higher amounts

of nitrate, with the highest value obtained of 7.1 ±
0.1 mg mg−1 using 2 mM of nitrate (Fig. 5a).

Cultivation in semi-continuous process

The maximum biomass concentration obtained from the semi-
continuous processes was 2399 ± 5 mg L−1 at the end of the
second cycle with the addition of 20 mMNaNO3 (Figs. 3 and
4a). Biomass productivity (Px) was an increasing function of
NaNO3 concentration and the highest values (Px = 525 ±
1 mg L−1 day−1) were obtained with 20 mM NaNO3

(Fig. 4b). Nitrogen-biomass conversion factor (YX/N) also de-
creased in cultivations with higher amounts of nitrate, being
the highest value obtained at 29.4 ± 0.2 mg mg−1 using 2 mM
of nitrate at the end of the first cycle (Fig. 5a).

The maximum specific growth rate (μm) values occurred at
the beginning of all experiments performed shortly after the
end of the lag phase, more specifically after about 3 days of
cultivation, in the exponential phases of cell growth with the
highest value (μm = 0.998 day−1) obtained in semi-continuous
processes using 20 mM of NaNO3 (Fig. 5b).
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Protein and lipid content of the biomass
from the semi-continuous process

Biomass from semi-continuous process, the process with the
higher growth, was analyzed to determine their lipid and pro-
tein concentrations. In cultivation using 2 to 5 mM NaNO3, it
was possible to obtain values around 39% of lipids, while in
samples cultivated with 10 to 20 mM NaNO3, the values ob-
tained were approximately 38% of lipids (Fig. 6).

While in the run, with 2 mM NaNO3, it was possible to
achieve a protein content of 16.5 ± 0.4%; the experiments that
used 5 and 10 mM NaNO3 had 48.7 ± 0.1% and 52.7 ± 0.1%
protein contents, respectively (Fig. 6).

Discussion

The results of the preliminary tests of evaluation of culture
media showed that A. braunii did not grow in the Schösser
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and F2 media probably because of the high concentrations of
dissolved salts in these media, which could inhibit the cells.
Therefore, we decided using Bold medium for the main
exper iments . The resul t s of the exper iments in
photobioreactors showed significant differences because of
both different NaNO3 concentrations and growing processes.
Biomass productivity, nitrogen-biomass conversion factor,
and proteins and lipid levels were influenced by the different
processes used.

It is noteworthy that the maintenance of pH was important
in all trials. The pH control between 7.0 and 7.5 was
essential for growth in A. braunii cultivation using tubular
photobioreactors since pH affects nitrate uptake Hipkin and
Syrett (1977).

Cultivation in batch process

The initial cultivation process was batch model by virtue of
being a simple process to be carried out, in which the culture
medium and inoculum are added only once in the
photobioreactor. The low value of biomass concentration obtain-
ed in batch cultivation with 30 mM of NaNO3 could be ex-
plained by inhibition of biomass growth due to the increase of
salinity caused by the NaNO3 added in the cultivation medium.

A lag phase was present in all the batch experiments (Fig. 1)
up to 3 days. In fact, the lag phase in cultivations latest up to
3 days and 2 days with 2mM and 30mMNaNO3, respectively,
is probably due to the limitation of nitrogen in the former and
inhibition in the latter. These effects are evidenced by the lowest
maximum cell concentrations (Xm) obtained with these nitrate
concentrations (Figs. 1 and 4a). On the other hand, in the range
of 5–20 mMNaNO3, the biomass production was directly pro-
portional to the amount of nitrate added in the medium, similar
to the results obtained by Blair et al. (2014).

There is an inversely proportional relationship between
YX/N values and NaNO3 concentration added in the culture
medium (Fig. 5a), probably due to the fact that the cells also
use nitrogen not only for their growth but also to perform the
maintenance of their vital functions, in which case, small con-
centrations of nitrogen promote higher conversion rates
(Cruz-Martinez et al. 2015). Figure 4b shows that productivity
(Px) increases as the concentration of sodium nitrate in the
medium increases as well.

Cultivation by fed-batch process

Despite the batch process being a simple method, it has draw-
backs, among which we can describe mainly giving lower
yields when compared with other processes (Carvalho et al.
2004). The same nitrogen source was added by a fed-batch
process with the purpose of investigating a possible enhance-
ment in growth rates. In order to confirm the trend of the

values obtained in the first experiments, NaNO3 concentra-
tions used in the cultures by fed-batch were 2, 5, 10, and
20 mM. Since with 30 mM of NaNO3 growth inhibition was
previously observed, this concentration was discarded for this
new analysis. The culture medium and inoculum are added to
the reactor at the beginning of fed-batch process, with subse-
quent addition of nutrients at preset time intervals, which
could optimize its growth, since this could already be studied
by other researchers, where the chemical composition of
Arthrospira platensis, for example, could be modified by the
manipulation of the growth conditions (Colla et al. 2007).
During each fed-batch culture, the respective nitrate concen-
tration was added within 48 h starting the addition on the
beginning and ending on the last day of the experiment. A
higher biomass concentration was obtained in comparison to
the batch experiment (Figs. 2 and 4a), which can be explained
due to the addition of higher concentrations of nitrogen in the
medium, which are required for the synthesis of the amino
acids which make up proteins (Colla et al. 2007).

However, in all the experiments, the prevalence of lag
phase was observed (Fig. 2), which is a period where there
is biomass adaptation to the new environmental conditions in
the reactor (Carvalho et al. 2004). This phase was character-
ized by a decrease in biomass or inappreciable cell growth in
the first 2 days of culture followed by growth from the third
day.

Cultivation in semi-continuous process

In an attempt to reduce the lag phase with consequent increase
in biomass productivity, cultivation tests were performed by
semi-continuous cultivation. In this process, after reaching a
steady value of maximum biomass concentration (batch pro-
cess phase), a quantity of medium containing biomass was
removed and renewed by a new medium. This operation
allowed returning to the starting biomass concentration
(300 mg L−1). A possible advantage of this process is the fact
that the use of adapted growing cells left in the reactor may
help to reduce or even eliminate the lag phase in the subse-
quent cultivations. It also avoids the Bdead time^ in the biore-
actor, which is characterized by the time the reactor is not
being used for microbial cultivation itself.

Initially, in the batch startup phase, all cultivations showed
a lag phase for 2 or 3 days, probably because of the initial
adjustment of microalgae. However, after the first medium
withdrawal and the reset of cultivation in 300mgL−1 biomass,
no more lag phase was observed. The biomass had adapted to
the culture conditions, being able to multiply in a much faster
rate and reaching maximum biomass concentration in fewer
days then when initially inoculated in the reactor (Fig. 3). Not
only the high maximum cell concentration (Xm) but also the
shorter time for achieving this value was responsible for this
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high Px value (Fig. 4b). These values follow the same trend of
cultivation of A. platensis by semi-continuous cultivation
(Bezerra et al. 2011).

In all cultivations, regardless of the type of process, there
was a decrease in YX/N with the increase of NaNO3 added
(Fig. 5a). In a fed-batch process, there was a more significant
decrease in YX/N values when compared with batch and semi-
continuous processes with the same amount of nitrogen. The
same trend of decreasing YX/N by increasing the amount of
nitrogen added to the culture medium had been observed by
Carvalho et al. (2004), cultivating A. platensis with ammoni-
um chloride as nitrogen source in an open photobioreactor.

There was a direct relationship between the maximum spe-
cific growth rate (μm) and nitrate addition, as can be seen in
Fig. 5b. By adding higher concentrations of nitrate up to
20 mM in the medium, it was possible to obtain higher values
ofμm, since larger amounts of nitrogen source were consumed
by microalgae. However, the amount of nitrate added that
allowed higher values of μm was in the 20 mM nitrate, and
above this concentration, the μm was low (0.374 day−1), as
well as the biomass concentration probably, due to the nitrate
excess in the medium. This relationship between the concen-
tration of nitrate added in the culture and the values of μm can
be clearly demonstrated by a trend line of the values obtained
which generated an R2 = 0.988 which shows that the values of
both parameters are directly proportional. Through the results
in Tables 1 and 2, it can be seen that the use of the semi-
continuous processes as well as the addition of 20 mM nitrate
gives better results for the cultivation of A. brauniiwhen com-
pared with other processes and with other nitrate concentra-
tions added.

Protein and lipid content of the biomass
from the semi-continuous process

There was no significant difference in the amount of lipids
produced in all cultivations (Fig. 6), and the average lipid
concentration is very close to the values found by Williams
and McMillan (1961) who also studied A. braunii and for
Ankistrodesmus falcatus, Jayanta et al. (2012). The protein
content was significantly influenced by the nitrogen amount
of different experiments (Fig. 6). The amount of NaNO3

added can directly affect the content of proteins produced by
biomass in culture because it provides nitrogen essential for
the synthesis of amino acids for proteins (Becker 1994). The
results obtained are also close to those found by Sipaúba-
Tavares and Pereira (2008) for Ankistrodesmus gracilis.

Conclusion

The major results of the maximum biomass concentration
(Xm) and biomass productivity (Px) were obtained when the
culture was subjected to a concentration of 20 mM of NaNO3

employed in all processes, leading to values of 1588 ± 11,
2753 ± 7, and 2399 ± 5 mg L−1 for Xm and 215 ± 2, 351 ± 1,
and 525 ± 1 mg L−1 day−1 for Px, respectively. The tests made
in the batch process with 30 mM of NaNO3 concentration led
to an inhibition of biomass growth, and concentrations lower
than 20 mM of NaNO3 were not efficient for allowing high
biomass concentrations and productivities. The batch and fed-
batch processes led to the lag phase, slowing the overall pro-
cess time. However, the semi-continuous process could avoid

Table 2 Average values of maximum biomass concentration (Xm), productivity biomass (Px), nitrogen conversion factor into biomass (YX/N), and
corresponding standard deviation values in function of molarity of NaNO3 added in semi-continuous processes

Molar concentration (mM) Average Xm (mg L−1) Average Px (mg L−1 day−1) Average YX/N (mg mg−1)

2 1099 ± 102C 150 ± 54C 21.3 ± 11A

5 1271 ± 108B,C 181 ± 71B,C 10.3 ± 6B

10 1601 ± 204B 225 ± 95B 6.5 ± 4B,C

20 2355 ± 597A 367 ± 156A 4.9 ± 3C

Average values in the same column followed by the same letter do not differ by Tukey test, considering a 95% confidence interval
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Table 1 Average values of maximum biomass concentration (Xm), biomass productivity (Px), nitrogen conversion factor into biomass (YX/N), and
corresponding standard deviation values depending on the type of process employed in the cultivation of A. braunii using up to 20 mM of NaNO3

Cultivation process Average Xm (mg L−1) Average Px (mg L−1 = day−1) Average YX/N (mg mg−1)

Batch 1446 ± 283A 150 ± 47C 13.4 ± 8A

Fed-batch 1683 ± 756A 181 ± 109B,C 3.8 ± 2B

Semi-continuous 1616 ± 522A 367 ± 131A 15.2 ± 9A

Average values in the same column followed by the same letter do not differ by Tukey test, considering a 95% confidence interval



this phase on growth, decreasing the cultivation time and fa-
voring the cultivation process. The type of culturing process
employed led to different values in biomass productivity (Px)
and nitrogen-biomass conversion factor (YX/N). The highest
Px value was 525 ± 1 mg L−1 day−1 obtained in the semi-
continuous process with 20 mM NaNO3. The highest values
of YX/N were obtained in batch and semi-continuous processes
with 2 mM NaNO3, corresponding to 22.5 ± 1.6 and 29.2 ±
0.1 mg mg−1, respectively. It was observed that independent
of the type of process, there was a drop in YX/N values with
increasing the addition of NaNO3. The maximum specific
growth rate (μm) achieved major results in the exponential
phase of growth of all the experiments in which higher nitrate
concentrations were used, with the highest value of
0.998 day−1. In the semi-continuous process, the protein con-
tent increased with the use of higher concentrations of NaNO3

until the 10 mM limit, a condition in which a protein content
of 52.7 ± 0.1%was obtained. The lipid content reached values
of approximately 38 to 39%, regardless of the amount of
NaNO3 used. Based on these values of the kinetic parameters
evaluated, the results show that the optimal concentration of
NaNO3 to be added to the culture, as well as the most appro-
priate type of process, was obtained. Both aspects were very
important in this work, because through them, we can define
the best growing conditions for A. braunii cultivation in a
tubular photobioreactor. In addition, new research could be
done in the future to complement this work, such as the nutri-
ent dosage in the processed culture media after the reactor
cultures so we could know how much was consumed by the
microalgae and allowing greater control of the process.
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