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ABSTRACT. Navicula incerta is a benthic diatom with potential use in nutrition and health for humans and
aquaculture. Therefore, it is important to know its optimal growth conditions and biochemical composition. In
this study, the effects of nitrate and silicate concentration on the growth kinetics and biochemical composition
of N. incerta under laboratory conditions were measured. F/2 media was used as the control, and different
concentrations of nitrogen (N/4, N/8 and N/16) and silicates (Si/4, Si/8 and Si/16) were evaluated. We measured
cell concentration, chlorophyll-a and conducted proximal chemical analyses. It was found that different
concentrations of nutrients affected the diatom’s growth kinetics and affected the concentrations of ash,
chlorophyll, protein, lipids and carbohydrates. The highest concentration of lipids was obtained in the limiting
treatment of nitrogen N/8 (27.09%), while the lowest value was found with silicate Si/8 media (16.97%).
Carbohydrates increased compared to the control, with the N/16 treatment presenting the maximal concentration
(23.31%). Treatments with reduced nitrate (N/8 and N/16) demonstrated the lowest concentrations of protein
(18.75 and 12.44%, respectively), while in reduced silicate treatments, no statistical differences (P > 0.05) were
observed. Therefore, media limited nitrogen and silicates affected the growth kinetics and proximal chemical
composition of N. incerta. The growth of this species using the N/8 medium is a suitable method for increasing
lipid concentration in N. incerta.
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INTRODUCTION benthic diatom that presents great potential for the
production of these compounds (Leal et al., 2013;
Fimbres-Olivarria et al., 2015). Also, they are already
used for their high production of fatty acids for

aguaculture and human consumption. Generally,

Several authors have reported that one of the limiting
factors in obtaining and producing food is the
nutritional requirements associated with its growth

(Parashuramulu et al., 2013; Méndez-Martinez et al.,
2018). For years, microalgae have been used for
feeding animals and humans (Garcia-Gonzalez et al.,
2005). They are highly efficient in producing a wide
variety of chemical components, such as fatty acids,
pigments and other biologically active compounds of
interest (Rema & Gouveia, 2005; Yasar & Sevket,
2006; Mooij et al., 2016). The genus Navicula is a
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microalgae have been predicted to be an essential
supply feedstock for food, fuels and chemicals in a bio-
based economy (Wijffels & Barbosa, 2010; Mooij et
al., 2016). For these reasons, it is important to seek the
best growth conditions to produce these compounds.

It has been reported that the concentration of
nutrients in the culture medium affects microalgal
metabolism and the production of bioactive compounds



Nitrate and silicate deficiency on the growth of Navicula incerta 281

(Spolaore et al., 2006; Kang et al., 2011; Jiang et al.,
2015). The concentration of nitrates, and especially of
silicates, in diatoms is essential for the biosynthesis of
compounds such as lipids and carbohydrates (Vitova et
al., 2015; Lari et al., 2016). Some authors have reported
nitrogen limitation as to the most efficient strategy to
increase the content of neutral lipids in microalgae,
mainly triglycerides, which are constituted of highly
saturated fatty acids (Pal et al., 2011; Huang et al.,
2013). On the other hand, silicate content is important
for the biosynthesis of the diatom cell wall, and it is
fundamental for the regulation of cell division and the
accumulation of certain compounds such as lipids
(Pérez-Garcia et al., 2011).

Several studies have been conducted to study the
main factors affecting the production of biomass, as
well as the bioactive compounds produced by Navicula
incerta (Tzovenis et al., 2003; Kang et al., 2011; Jiang
et al., 2015). However, the effect of silicate and
nitrogen concentration in the culture medium has not
been investigated. Therefore, the purpose of this
research was to evaluate the effect of these nutrients on
the growth kinetics, chlorophyll, biomass, lipid,
protein, and carbohydrate contents of N. incerta.

MATERIALS AND METHODS

Algal strain and culture conditions

The microalgae Navicula incerta was obtained from the
Centro de Investigacion Cientifica y de Educacion
Superior de Ensenada (CICESE), Baja California State,
Mexico. As a control, a culture of microalgae ina 1 L
Erlenmeyer flask, under standard conditions (25°C, 35
of salinity and controlled light 260 pmol photon m? s*
for 24 h), containing 700 mL Guillard & Ryther
medium (F/2) (Guillard & Ryther, 1962; Renaud et al.,
1994) with 0.88 mol L of nitrogen and 0.32 mol L™ of
silicate. For each treatment, 700 mL of medium with
different nitrate (N/4: 0.44 mol L, N/8: 0.22 mol L*
and N/16: 0.11 mol L?* of NaNO; in Guillard F/2
medium) and silicate (Si/4: 0.16 mol L™, Si/8: 0.08 mol
L and Si/16: 0.04 mol L™ of Na,SiO3.9H,0 in F/2
Guillard medium) concentrations were utilized in
otherwise standard F/2 medium (Affan et al., 2007,
Fakhry & EI-Maghraby, 2015). All cultures were
grown for seven days per triplicate under the same
standard conditions.

For chemical composition analyses, the same
standard conditions and concentration of F/2 medium
(control and treatments) was used in 100 L plastic
containers with a volume of 40 L. Microalgal biomass
was harvested at the end of the exponential phase (day
5). Samples were centrifuged at 4,500 g at 4°C for 15

min; the supernatant was then removed, and the
microalgal pellets were washed with sodium formate to
remove the salt. Then the pellet was freeze-dried in a
lyophilizer (Yamato Scientific Co., Japan) for 36 h.

Microalgal kinetic growth and chlorophyll-a pro-
duction

Growth kinetics and biomass production were measu-
red in order to determine cell density, development and
crop quality. The stocking density of microalgae was
10,000 cells mLL. Cultures were monitored daily, and
duplicate aliquots were removed from each treatment.
Cell concentration was measured using a Neubauer
chamber (0.1 mm deep) and an Olympus optical
microscope, and was calculated with the following
equation (L6pez-Elias et al., 1995):

Number of cells = (The average number of cells in eight

b f cell
squares) x 10,000 = ===

Average growth rates were estimated using the formula
(Courtois de Vigose et al., 2012):

ln(Nl/No)

(ty—to)
where Ny: cell density in day t1, No: cell density in time
to.

Chlorophyll-a (Chl-a) was measured with the
methodology of Tran et al. (2016) from day O to day 7.
For the quantification of Chl-a, 10 mL of the previously
homogenized culture was centrifuged at 3,500 g at 4°C
for 10 min. The pellet was resuspended in 10 mL of
90% methanol, and the extract was stored in darkness
at 4°C for 24 h. The Chl-a concentration was deter-
mined by using a spectrophotometer (Spectronic Model
20D+, Milton Roy) according to the equation:

Chl-a = (mg L) = 13.43 x OD665

where OD665 is the optical density (OD) measured at
665 nm.

The chemical composition of the microalgal biomass

The chemical composition of the microalgae N. incerta
in each treatment and the control was determined
following the methodologies described by the AOAC
(2005); ash content was determined by a muffle at
560°C for 4 h, protein by the Kjeldahl method, lipid by
the Soxhlet method, and carbohydrates were deter-
mined by difference of dry weight organic matter and
the amount of protein and lipids.

Statistical analysis

Analyses were carried out in duplicate. The results of
the cell concentration, chlorophyll, protein, lipids and
carbohydrates analyses in the different treatments were
reported as mean £ SD. Data were analyzed by one-way
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analysis of variance (ANOVA) and Tukey’s multiple
range test when necessary (o =5%). Statistical analyses
were carried out using the program InfoStat (Di Rienzo
etal., 2016).

RESULTS

Concentration and growth rate

The cellular concentration of Navicula incerta in the
F/2 medium and the different treatments are presented
in Figure 1. In both treatments, limiting in nitrogen or
silicate, the stationary phase started on day 3. All the
treatments with nitrogen limitation presented a higher
number of cells than treatment with silicate limitation.
In the reduced nitrogen treatments, the highest cell
concentration was found in the N/8 treatment
(2,391x10° cells mL™), while the lowest cell concen-
tration was found in the N/16 treatment (2,094x10°
cells mL™2). In the reduced silicate treatments, the highest
cell concentration was in Si/4 (1,700x10° cells mL™),
while the lowest was in Si/16 (1,633x10° cells mL™).

Figure 2 shows the growth rate in different
treatments. It was observed that the exponential phase
reached an average of 2.16 divisions per day.
Throughout all the experiments, the media with
reduced silicates showed the lowest number of cell
divisions, in comparison with the reduced nitrogen and
control media.

Chlorophyll-a

The chlorophyll-a concentration was influenced by the
treatments (Fig. 3). The highest concentration (0.77 mg
L) of chlorophyll was found in the control treatment
on day 4. Higher limitations of nitrogen (the N/16
treatment) and silicate (the Si/8 and Si/16 treatments)
decreased the chlorophyll content.

Proximal composition

The effect of the limitation of nitrogen and silicates is
depicted in Table 1. As can be observed, both treat-
ments affect the ash, lipid, protein and carbohydrate
content of N. incerta to different extents. There is no
statistical difference (P > 0.05) in ash content between
the control and the treatments, except for N/8 and N/16.
Lipid concentration increases or decreases depending
on the nutrient in limitation. In treatments N the
concentration of lipids increases, while in treatments Si
decreases. The lowest values of lipid content in
nitrogen and silicate treatments were N/16 and Si/16,
respectively. On the other hand, lipid content exhibited
a statistical difference (P > 0.05), especially the N/8 and
Si/8 treatments. In N/8, the lipid content increased to
27.09% (dry weight, DW), while in Si/8, it decreased
to 16.08%.

250000 -

200000 -

cell mL-3

\\\\

~— 150000 -

100000 - —e— Control
—O— N/4
—y— N/8
—&— N/16
—~®- Si/4
- - Si/8
- - Sil16

Concentration

50000 -

0 2 4 6 8

Figure 1. Effect of nitrogen and silicate limitation on the
growth kinetics of Navicula incerta at different nitrogen
(N/4, 0.44 mol Lt; N/8, 0.22 mol L*; and N/16, 0.11 mol
LY) or silicate (Si/4, 0.08 mol L%; Si/8, 0.04 mol L; and
Si/16, 0.02 mol L) concentrations.
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Figure 2. Effect of nitrogen or silicate limitation on the
growth rate of Navicula incerta at different nitrogen (N/4,
0.44 mol L*; N/8, 0.22 mol L; and N/16, 0.11 mol L)
or silicate (Si/4, 0.08 mol L%; Si/8, 0.04 mol L'*; and Si/16,
0.02 mol L) concentrations.

Protein content

The protein content was influenced by the concen-
tration of the nutrients in the medium. In the treatments
with nitrogen limitation, the protein concentration
decreased compared to the control, and the lowest value
found in algae grown in the N/16 medium (14.85%). In
the reduced silicate treatments, the concentration
decreased in all limiting media (Si/4, Si/8 and Si/16)
from 31 to 28% compared with the control medium
(35%).

Carbohydrates content

The carbohydrate concentration increased in the nitrogen
and silicate treatments. The control medium showed the
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Figure 3. The concentration of chlorophyll-a at different
concentration of nitrates or silicate in F/2 culture at
different nitrogen (N/4, 0.44 mol L; N/8, 0.22 mol L%
and N/16 0.11 mol L%) or silicate (Si/4, 0.08 mol L%; Si/8,
0.04 mol L%; and Si/16 0.02 mol L) concentrations.

lowest content of 3.21%, while the N/16 treatment
showed the highest concentration at 23.31%, followed
by Si/8 condition (19.9%).

DISCUSSION

Concentration and growth rate

In the present study, the different concentrations of
nitrates and silicates in the culture medium affected
biomass production, growth rate and nutritional quality.
The low production of biomass and cell concentration
are the product of the stress response to the low content
of nutrients present in the medium (Fernandez-Reiriz et
al., 1989; Courtois de Vigcose et al., 2012). This
concentration in limited mediums, compared to those in
other works (Courtois de Vicose et al., 2012; Fimbres-
Olivarria et al., 2015; Jiang et al., 2015), may be due to
the limitations of the nutrients (F Guillard Medium uses
urea at 4.26 mol m? as the N source in artificial
brackish growth media) and the inoculum concen-
tration employed for the experiment (50,000, 100,000
or 250,000 cells mL™). The concentration of cells in
cultures with silicate limitation was lower compared to
the control and the nitrate-limiting media. Courtois de
Vicose et al. (2012), working with different cell
concentrations of inoculum in diatoms (50,000,
100,000 and 250,000 cells mL™), reported that the
density of the inoculum affected growth rate and the
chosen cell concentrations were different to those used
in this work. Also, it has been reported that restricted
cell division, different cell sizes and the synthesis of
biological compounds comprise a survival strategy in
algae for several stress factors, such as and nutrient

limitation and pH. Jiang et al. (2015) reported that
silicate concentrations affect the carrying capacity
(cells m™®) of the medium, but not the growth rate of the
diatom.

Chlorophyll content

Chlorophyll is abundant in nature and plays a critical
role in photosynthesis. This process converts light
energy into chemical energy, using water and carbon
dioxide to produce oxygen and carbohydrates
(Rukminasari, 2013). Regarding the production of
chlorophyll in this work, lower production was
obtained in both treatments concerning the control. The
conversion of solar energy into chemical energy at a
lower rate is a survival strategy at low nutrient
concentrations (Ding et al., 2017). Also, in the case of
a low nitrate medium, the low concentration of
chlorophyll was expected, since nitrogen is a key
component of this compound, as well as of the proteins
that contribute to the growth of microalgal cells (Kim
etal., 2014; Song et al., 2016). Song et al. (2016) found
that, at high concentrations of nitrogen (N:P ratio,
16:1), it is possible to observe higher values of
chlorophyll (2.3 mg L) than at lower concentrations
(N:P ratio, 1:1) in Dunaliella tertiolecta. This behavior
is not affected by the source of nitrogen (urea or
nitrates). The authors also mention that, with low
nitrogen concentrations in the medium, the cells are
unable to utilize intracellular nitrogen for the synthesis
of cellular chlorophyll for subsequent cell production.

Lipid content

The concentration of lipids was influenced by media
with low silicate and nitrate concentrations. In the case
of nitrogen limitation, the concentration of lipids
increased, with the N/8 treatment exhibiting the highest
concentration (27.09%), while the silicate limiting
treatments decreased the lipid concentration, where the
lowest concentration was found in the Si/8 treatment
(16.08%). It has been reported that silicate limitation
leads to lipid accumulation in some diatoms, such as
Chaetoceros gracilis and Nitzschia spp. (Taguchi et al.,
1987; Jiang et al., 2015).

On the other hand, lipid concentrations have been
reported at up to 22% for Navicula germanopolonica in
salinity of 30 in the F Guillard medium (Leal et al.,
2013) to 25.4% (Fimbres-Olivarria et al., 2015) for
Navicula spp. in F Guillard medium. These differences
are due to the different culture conditions and strain
used. The authors attributed this behavior to the stress
factors that were employed in these studies, such as
salinity, light intensities and light wavelengths.
Sanchez & Ndafiez (2012) reported Navicula incerta
with lipid content of 17.3%. Shoba et al. (1989), wor-
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Table 1. Effect of nitrogen and silicate limitation on the proximate composition of Navicula incerta. At different nitrogen
(N/4, 0.44 mol L°%; N/8, 0.22 mol L%; and N/16, 0.11 mol L™2) or silicate (Si/4, 0.08 mol L%; Si/8, 0.04 mol L*; and Si/186,
0.02 mol L) concentrations in F/2 media expressed as percentage of dry weight (mean + standard deviation, n = 6).
Different letters indicate significant differences (P < 0.05), “CHO: carbohydrate.

Treatment Ash (%) Total lipid (%) Total protein (%) Total *CHO (%)
Control F/2 31.39+1.94® 21.38+0.23" 35.66 + 3.35? 3.21 +1.05
Nitrogen limitation

Treatment N/4 3290 +1.64% 21.87+1.94° 29.52 +0.68° 6.76 £ 1.23¢
Treatment N/8 32.84+0.388 27.09+1.75° 17.84 £1.96° 10.50 + 0.44¢
Treatment N/16 33.53+0.47% 21.15+1.80" 14.85 £ 1.28° 23.31+2.127
Silicate limitation

Treatment Si/4 30.05+1.02° 19.41+1.85°  28,08+1.19° 12.77 + 1.47%
Treatment Si/8 26.97 £0.70°  16.08 + 1.37¢ 31.38 +1.58° 19.04 + 1.57°
Treatment Si/16 26.55+0.73°  16.12 + 9.69% 30.50 + 1.41° 15.48 + 0.65°

king with Navicula saprophila, reported the same
behavior for lipid and carbohydrate content under
nitrogen limitation. This work contributes to the search
for information on how nutrient levels in the medium
affect biomass production and lipids in microalgae.
Concerning lipid production, it was reported that these
limitations affect the composition and production of
polyunsaturated fatty acids and, in some cases,
increased the amount of eicosapentaenoic acid (EPA)
and docosahexaenoic acid (DHA) (Vitova et al., 2015;
Mortensen & Gislergd, 2016; Xia et al., 2016). The low
lipid concentration in diatom cells under silicate
limitation can be explained by metabolic acclimati-
zation, which often results in alterations to their
biochemical composition (Jiang et al., 2015).

Protein content

Protein concentration was affected by the different
concentrations of nutrients in the culture medium. The
decrease in protein content was expected in media with
low concentrations of nitrates; however, the same case
was observed in all the reduced silicate media.
Comparing with other authors, protein content in the
control medium (35.36%) was higher than Leal et al.
(2013) (Navicula germanopolonica, 21% of protein),
Sanchez & Nufiez (2012) (N. incerta, 30% of protein)
and Affan et al. (2007) (N. incerta, 7% of protein). This
difference could be due to the different species, growth
conditions and growth medium. Nitrogen is an essential
component of several compounds, such as proteins,
DNA and chlorophyll; thus, the limitation of this
nutrient affects the concentration of biomolecules in the
organism, generating a stress condition (Song et al.,
2016).

For this species, silicates are a component of their
cell wall; thus, silicate limitation is another stressor
factor for this organism. Jiang et al. (2015), working
with Nitzschia perspicua, reported that a decrease in

silicates in the medium affects the amount of protein
and the lipid/protein ratio in diatoms. These alterations
occur under stress conditions. However, for N. incerta,
this behavior is observed to a higher degree in media
with nitrogen limitation.

Carbohydrate content

A higher percentage of carbohydrates in both
treatments were obtained compared to the control. The
highest concentrations were present in the N/16 and
Si/8 treatments (23.31 and 19.04%, respectively),
revealing that exposure to a medium with a nutrient
limitation promotes the synthesis of carbohydrates.
Despite the low production of biomass in treatments
limited in silicates, this was compensated by the high
production of carbohydrates, presenting an increase of
six times in comparison with the control. Fimbres-
Olivarria et al. (2015) reported percentages of
carbohydrates at 3.09-4.013% for Navicula spp., while
Sanchez & Nufiez (2012) found a percentage of 10.1%
for another species of Navicula. It has been reported
that low concentrations of nutrients affect the cellular
content of biological compounds. One of the methods
utilized for their production is the limitation of these
nutrients, because the limitations modify the Calvin
cycle (Kim et al., 2014; De Farias-Silva et al., 2017),
inducing a low production of proteins, and excess
absorbed energy is then stored as carbohydrates or
lipids. This process does result in a smaller amount of
produced biomass (Rukminasari, 2013). Therefore, it is
necessary to ascertain how nutrient limitation affects
the lipid profile and the interactions of the remaining
factors in order to obtain a higher number of com-
pounds of interest.

CONCLUSIONS

The concentration of nitrate and silicate nutrients
affects the growth rate and proximal biochemical
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composition of the microalgae Navicula incerta. In
limited nitrate conditions, the production of lipids and
carbohydrates is increased, while in silicate limitation,
there is only an increase in the production of
carbohydrates. The results of the present investigation
suggest that N. incerta may be a good source for lipid
and carbohydrate production in media with limited
nitrogen and silicates, which would reduce the
production cost while still maintaining cell density,
increasing lipid and carbohydrates in the same time.
However, it is necessary to know how the growth
method affects the production of polyunsaturated fatty
acids in N. incerta because of its importance for
aquaculture and human nutrition.
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