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Microalgae are considered promising resources for producing a variety of high-value-
added products, especially for lipids and pigments. Alkalophilic microalgae have more
advantages than other microalgae when cultured outdoors on a large scale. The present
study investigated the comprehensive effects of different nitrogen concentrations
on fucoxanthin (Fx), lipids accumulation and the fatty acid profile of the alkaliphilic
microalgae Nitzschia sp. NW129 to evaluate the potential for simultaneous production of
Fx and biofuels. Fx and Lipids amassed in a coordinated growth-dependent manner in
response to various concentrations, reaching 18.18 mg g−1 and 40.67% dry weight
(DW), respectively. The biomass of Nitzschia sp. NW129 was 0.58 ± 0.02 g L−1

in the medium at the concentration of 117.65 mM. The highest productivities of Fx
(1.44 mg L−1 d−1) and lipid (19.95 ± 1.29 mg L−1 d−1) were obtained concurrently at
this concentration. Furthermore, the fatty acid methyl esters revealed excellent biofuel
properties with an appropriate value of the degree unsaturation (49.97), cetane number
(62.72), and cold filter plugging point (2.37), which met the European standards for
biofuel production (EN14214). These results provided a reliable strategy for further
industrialization and comprehensive production of biofuel and Fx by using the alkaliphilic
microalgal Nitzschia sp. NW129.

Keywords: alkaliphilic microalgae, biodiesel, fucoxanthin, lipids, nitrogen concentration, Nitzschia sp.,
simultaneous production

INTRODUCTION

It was reported that microalgae contributed 20% of global primary productivity (Malviya et al.,
2016). Microalgae not only play a critical ecological role but also are capable of synthesizing a variety
of chemicals with high commercial value, such as pigments, unsaturated fatty acids and microalgal
polysaccharides and so on (Wang et al., 2018a). As one of the prospects for the third-generation
biofuels, the microalgae have faster growth rates and higher productivity than oil-producing
terrestrial plants by directing more energy to growth and propagation processes (Gomez-Loredo
et al., 2016). Previous studies also demonstrated that microalgal biofuel was technically feasible
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(Zeng et al., 2011; Bondioli et al., 2012). Moreover, microalgae,
as potential sources of fucoxanthin (Fx), are capable of replacing
macroalgae due to the advantages of high content (2.24–59.20 mg
g−1) and manual control in the bioreactor (Xia et al., 2013;
Mohamadnia et al., 2020). Fx is a carotenoid involved in
photosynthesis, accounting for more than 10% of the total
carotenoids in nature (Zarekarizi et al., 2019). In recent years, Fx
attracted increasing attention due to its nutraceutical effects on
human health such as antioxidant, anti-obesity and anti-tumor
(Riccioni, 2012; Tanaka et al., 2012; Zeng et al., 2018). It has been
proved to be safe for animals, including humans and hence can
be used as ingredients in food industry and medical purposes,
as well as an animal feed additive (Sathasivam and Ki, 2018;
Mohamadnia et al., 2020).

Taking account of the commercial value of biofuel and Fx,
it is of great significance to study their integrated production
from microalgae. The integrated production of pigments with
algal lipids has emerged as an economic strategy worth looking
forward to Campenni’ et al. (2013), such as simultaneous
production of astaxanthin and triacylglycerol by Chlorella
zofingiensis, docosahexaenoic acid and Fx by Isochrysis and so
on (Liu et al., 2016; Sun et al., 2019). Previous studies showed
that manipulating nitrogen concentrations was an effective way
to promote the accumulation of lipid and Fx. Nitrogen stress
can induce the increase of lipid content in microalgae, while
Fx was the opposite (Gao et al., 2017; Yang et al., 2017; Lai
et al., 2019). The response of lipids to adverse growth conditions
also inhibited the growth of algal cells, resulting in constant or
even reduced productivity, which was not economically feasible
(Griffiths et al., 2012; Guo et al., 2021). Furthermore, nitrogen
concentration can also markedly affect the fatty acid composition
(Sahin et al., 2019). It determines the quality of biofuel such as
combustion efficiency, cold-flow properties and viscosity (Cui
et al., 2020; Andeden et al., 2021), which is rarely considered in
current studies.

However, the industrialization of microalgae culture in large-
scale outdoor open-ponds still faces difficulties such as low
productivity, contamination by invasive species, continuous
supply of inorganic carbon and inefficient harvesting (Wensel
et al., 2014). An effective way to reduce the cost of CO2 supply is
to culture microalgae in an extremely high pH medium (pH > 10)
that is capable of capturing more CO2 for microalgae growth by
direct reaction of CO2 with OH− in the liquid boundary layer
around gas bubbles (Santos et al., 2013; Kuo et al., 2017). The
CO2 utilization efficiency of Chlorella sp. AT1 cultured in pH
11 medium was reported to enhance several times (Kuo et al.,
2017). The higher pH culture media would also effectively limit
microbial contamination (Peng et al., 2015). Thus, compared
with other microalgae, alkalophilic microalgae that have the
ability to survive and thrive at extremely high pH (pH > 10)
(Qu and Miao, 2021) are more appropriate for outdoor large-
scale culture. In commercial production, the successful use of
high pH growth conditions for the cultivation of Spirulina. also
proves the above view (Vadlamani et al., 2017). Previous studies
on alkaliphilic microalgae focused on lipid production, and to
our best knowledge, there have been no efforts to produce Fx
and lipids simultaneously using alkalophilic microalgae. In this

study, an alkalophilic microalgae Nitzschia sp. NW129, rich in
lipid and Fx, was used as material. Its additional characteristic
was attributed to rapid settlement, which was conducive to
reducing the collection cost. The effects of different nitrogen
concentrations on lipid and Fx productivities and fatty acid
composition of the alkalophilic microalga Nitzschia sp. NW129
were comprehensively analyzed. The favorable performance at
appropriate nitrogen concentration suggested its potential as a
feedstock for the co-production of Fx and biofuel in biorefinery.

MATERIALS AND METHODS

Microalgal Strain and Growth Conditions
An oleaginous and high Fx content alkalophilic microalga
isolated from Hamatai Lake (Latitude = 39◦06′N and
Longitude = 108◦02′E) in Mongolia, China, was identified
and named Nitzschia sp. NW129 (Wang et al., 2019). The
strain was preserved in the Laboratory of Applied Microalgae
Biology, Ocean University of China. The Nitzschia sp. NW129
was precultured in 500 mL Erlenmeyer flasks placed in an
Oscillating incubator at 28 ± 1◦C and under 100 µmol photons
m−2 s−1, following a 12:12-h light/dark photoperiod. The
Zarrouk medium was used, with modifications as follows:
NaHCO3, 3.78 g L−1; Na2CO3 16.43 g L−1; NaNO3 2.5 g L−1;
K2HPO4 0.5 g L−1; NaCl 1.0 g L−1; K2SO4 1.0 g L−1; CaCl2
0.08 g L−1; MgSO4·7H2O 0.2 g L−1; FeSO4·7H2O 0.01 g L−1;
Na2EDTA 0.08 g L−1; A5 1.0 ml. A5 consisted of the following
salts, in g L−1: H3BO3, 5.72; MnC12·4H2O, 3.60; ZnSO4·7H20,
0.44, CuSO4·5H2O, 0.16, (NH4)6Mo7O24 0.04. The pH of the
medium was initially 10.5 and increased with the extension of
cultivation time.

Late-logarithmic growth phase cells were collected by
centrifuging at 4,500 × g for 8 min. The harvested cells were
washed several times with N-free Zarrouk medium to completely
remove the N. Then the collected algal cells were re-inoculated
into eight nitrogen concentrations set as 0.11, 0.46, 1.84, 7.35,
29.41, 58.82, 117.65, 235.29 mM (that was 1/256, 1/64, 1/16, 1/4,
1, 2, 4, 8-folds of the standard nitrogen concentration of Zarrouk
medium, respectively), and used as inoculum at 0.2 of OD750.

Growth Analysis
5 mL culture samples were taken out and filtered at each sampling
time point through a pre-weighed GF/C glass microfiber filter
(W1), then washed three times with triple distilled water to
remove salts. After the filter was placed at 65◦C for more than
6 h, it was transferred to a drying dish and weighed again after
cooling (W2). The difference between W2 and W1 was the dry
weight (DW) (Zhang et al., 2001). The algal cells cultured for 0,
2, 4, 6, and 7 days were collected by centrifugation to determine
the biomass and calculate the specific growth rate. Based on the
measured biomass, the specific growth rate was calculated as
follows:

µ = (lnN2 − lnN1)/(t2 − t1) (1)

where N2 and N1 are the biomass at time t2 and t1, respectively.
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Determination of Photosynthetic
Performance
The maximum photochemical quantum yield (Fv/Fm) and the
non-photochemical quenching (NPQ) respectively, reflected the
light energy absorbed by PS II in the form of heat dissipation and
the maximum photosynthetic capacity of PS II (Farquhar et al.,
1989; Tan et al., 2019). After being placed in the dark for 20 min,
2 mL samples were transferred to a pulse amplitude-modulated
(PAM) fluorometer (Water-PAM fluorometer, Walz, Effeltrich,
Germany) to measure Chlorophyll fluorescence parameters of
photosystem II (PSII). The values of Fv/Fm and NPQ were
obtained by analyzing the induction curves.

Measurements of Total Lipid Content
and Productivity
Lipids were extracted according to a modified method described
by Bligh and Dyer (1959). The microalgae liquid was collected
by centrifugation at 4,500 × g and lyophilized overnight by an
ALPHA 1–4 LD freeze dryer (Christ, Osterod, Germany). 50 mg
of freeze-dried algal powder were weighed correctly into a 100 mL
centrifuge tube and crushed three times with an ultrasonic cell
crusher (25% power for 20 min). Extraction was performed using
3 mL of chloroform and methanol at a proportion of 2:1 (v/v).
Next, 1.2 ml of 0.9% NaCl was added to the extract combined
three times. Finally, the lower layer (sediment) of the mixture was
collected with a weighted glass tube (W1) and placed in a 60◦C
water bath pot overnight and then taken out for weighing (W2).
The lipid content (LC,%) and productivity (TLP, mg L−1 d−1)
were calculated as follows:

LC = (W2−W1)/50 ∗ 100% (2)

TLP = WA ∗ LC/T (3)

where WA is the biomass (mg L−1) and T is the
culture time (day).

Measurements of Fucoxanthin Content
and Productivity
Fx was extracted according to methods described by Kim et al.
(2012a) with modifications. The whole process of extraction
was carried out under dim conditions. 10 mg algae powder
was accurately weighed and put into a 2 ml grinding tube
together with six steel balls and treated with a biological sample
homogenizer. The crushed samples were added with 1 ml
absolute ethanol and extracted in an Oscillating incubator under
ice bath conditions for 1 h. After the Oscillating extraction, the
mixture was centrifuged at 5,000× g for 8 min.

The supernate was filtered through 0.45 µm PTFE filters, and
Fx was analyzed by RP-HPLC (reversed-phase high-performance
liquid chromatography) using a YMC Carotenoid column (C30,
3.5, 150 × 4.6 mm I.D.). The column temperature was set at
25.0◦C and the injection volume was 10 µL. For the Fx assay,
90% acetonitrile and ethyl acetate were used as the mobile phase
and operated at a flow rate of 1 ml/min. Under these conditions,
the maximum absorbance of standard Fx (Sigma Aldrich) was

obtained at 440 nm. The Fx productivity (FxP, mg L−1 d−1) was
calculated as follows:

FxP = WA ∗ FxC/T (4)

where WA is the biomass (mg L−1), FxC is the Fx content (mg
g−1), and T is the culture time (day).

Determination of Fatty Acid Composition
Fatty acid methyl esters (FAME) were analyzed using gas
chromatography (Agilent 6890 Series GC System; US10251016;
Agilent, Santa Clara, CA, United States) after transmethylation
according to a method described by Lepage and Roy (1984).
The FAME composition was used to compute the degree
of unsaturation (DU), the cetane number (CN), long-chain
saturation factor (LCSF) and cold filter plugging point (CFPP),
which were important indicators to expect the combustion
performance of biofuel (Ramos et al., 2009).

Statistical Analysis
Three replicates were set for each treatment, and all results were
calculated by Origin 2018 and expressed as mean ± standard
deviation (SD). SPSS Statistics software program (version 23) was
used for one-way ANOVA at the significance level of p < 0.05 to
calculate the salient difference between treatments.

RESULTS

Growth and Photosynthetic Performance
The Growth curves, specific growth rate and photosynthetic
parameters during 7 days of batch growth for Nitzschia sp.
NW129 under different nitrogen concentrations were
summarized in Figures 1A–D. When the concentration
was more than 29.41 mM, the growth rate of the experimental
groups was fast, and there was no significant difference in the
specific growth rate throughout the whole process of cultivation,
which corresponded to a consistent trend in NPQ values.
Although Fv/Fm always ranged approximately from 0.60 to
0.66 at nitrogen concentrations ≥ 1.84 mM, which the rapidly
increasing NPQ values at concentrations of 1.84 and 7.35 mM
from the third day indicated that increased damage to PSII
and greater dissipation of absorbed light energy in the form of
heat, in accordance with almost no growth or even death of
algal cells on the last day. Besides that, it was observed that a
strong decrease of the growth rate and Fv/Fm when algae were
cultured at concentrations of 0.11 and 0.46 mM after 2 days, and
the increase of NPQ values accelerated with more extension of
cultivation time. Moreover, the lower the nitrogen concentration
in the range of concentrations less than 29.41 mM at the end of
the culture period, the higher the NPQ value, which indicated
that the growth of algal cells was stressed by nitrogen limitation.

Variation in Fucoxanthin Accumulation
As shown in Table 1, the higher nitrogen concentrations
could dramatically promote the accumulation of Fx content of
Nitzschia sp. NW129. Concentrations had no pronounced effect
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FIGURE 1 | Growth and photosynthetic performance of Nitzschia sp. NW129 under different nitrogen concentrations. Growth curves (A). Specific growth rate (B).
Non-photochemical quenching (NPQ) (C). Maximum quantum yield (Fv/Fm) (D). Values are given as mean ± SD, n = 3. Letters indicate statistical differences, which
was analyzed by a one-way ANOVA with an alpha value of 0.05.

on the Fx content at concentrations ≤ 0.46 mM, but when the
concentration rose to 1.84 mM, the Fx content immediately
increased to 9.11 ± 0.15 mg g−1, which was 3.3 times higher
than that of 0.46 mM (2.77 ± 0.06 mg g−1). The maximum Fx
content of 18.18± 0.10 mg g−1 was observed at the concentration
of 235.29 mM, which was 1.2 times than that at the standard
nitrogen concentration of 117.65 mM. The Fx productivity
increased apparently with increasing nitrogen concentrations
from 0.11 to 117.65 mM, but there was no significant difference
among the standard nitrogen concentration (1.32± 0.04 mg d−1)
and the higher concentrations except 117.65 mM (Table 1). The
Fx content at the concentration of 235.29 mM had no prominent
difference in comparison with that at the concentration of
117.65 mM, but its growth was inhibited by excessive nitrogen
to a certain extent, bringing about a slightly lower productivity.

Variation in Lipid Accumulation
Opposite to the Fx content, the lipid content of Nitzschia sp.
NW129 was enhanced obviously within a certain range in

response to the decrease of nitrogen concentration (Table 1).
The maximum lipid content 40.67 ± 1.04% DW was observed
at the concentration of 0.11 mM, which was 1.7 fold higher than
that in the standard nitrogen concentration of Zarrouk medium.
No considerable difference in lipid content was observed at
concentrations ≤ 0.46 and ≥ 1.84 mM, respectively. With
concentrations increased from 0.46 to 1.84 mM, the lipid content
decreased from 36.50 ± 1.80 to 25.67 ± 2.67% DW (30%).
Changes in productivities differed from the trend in content
(Table 1). Due to the fact that low concentrations promoted
an increase in content but markedly reduced biomass, lipid
productivity showed an increase followed by a decrease with
increasing nitrogen concentrations. Thus, the lipid productivity
at the concentration of 0.11 mM was the lowest in spite that
the lipid content at this concentration was maximum. The
maximum lipid productivity attained 20.290 ± 0.902 mg L−1

d−1 at the concentration of 29.41 mM, but there were no
significant difference among experimental groups of the nitrogen
concentrations higher than 29.41 mM.
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TABLE 1 | Final biomass, lipid and fucoxanthin (Fx) productivities of Nitzschia sp. NW129 grown under different nitrogen concentrations.

Nitrogen
concentration

Final Biomass (g L−1) Lipid content (% of
dry weight)

Lipid productivity
(mg L−1 d−1)

Fx content (mg g−1) Fx productivity (mg
L−1 d−1)

0.11 Mm 0.28 ± 0.02e 40.67 ± 1.04a 16.26 ± 1.15c 2.21 ± 0.11e 0.09 ± 0.01e

0.46 mM 0.32 ± 0.00e 36.50 ± 1.80a 16.69 ± 0.82bc 2.77 ± 0.06e 0.13 ± 0.00e

1.84 mM 0.48 ± 0.02d 25.67 ± 2.47b 17.56 ± 1.03abc 9.11 ± 0.15d 0.63 ± 0.02d

7.35 mM 0.51 ± 0.02cd 24.33 ± 1.44b 17.88 ± 1.89abc 12.44 ± 0.19c 0.91 ± 0.05c

29.41 mM 0.60 ± 0.02ab 23.67 ± 0.29b 20.29 ± 0.90a 15.44 ± 0.14b 1.32 ± 0.04b

58.82 mM 0.61 ± 0.03a 23.31 ± 1.32b 20.28 ± 0.33a 15.73 ± 0.35b 1.37 ± 0.06ab

117.65 mM 0.58 ± 0.02ab 23.98 ± 2.10b 19.95 ± 1.29a 17.55 ± 1.13a 1.44 ± 0.05a

235.29 mM 0.54 ± 0.03bc 25.19 ± 2.18b 19.51 ± 0.94ab 18.18 ± 0.10a 1.41 ± 0.06ab

Values mean ± SD (n = 3). Values with the different letters indicate a significant difference between them (p < 0.05).

Variation in Fatty Acid Profiles and
Biofuel Quality
The fatty acid profile and some biofuel indicators of Nitzschia
sp. at three concentrations were summarized in Table 2. In
this study, C14 to C16 were dominant in the FAME of isolated
Nitzschia sp. Obviously, the content of saturated fatty acids (SFA)
and unsaturated fatty acids was disparity under different nitrogen
concentrations. Only eight fatty acids without polyunsaturated
fatty acids (PUFA) were detected at the concentration of
0.11 mM, which contributed to the lowest DU of 10. Compared
with the standard nitrogen concentration, the proportion of
myristic acid (C14:0) decreased from 46.06 to 19.49% and
pentadecanoic acid (C15:0) increased from 1.39 to 26.20% at the
concentration of 0.11 mM. The percentage composition of SFA,
Monounsaturated fatty acids (MUFA) and PUFA of Nitzschia sp.
cultivated in the standard nitrogen concentration were 84.93,
12.59, and 2.21%, respectively. The increase of concentrations
markedly contributed to the accumulation of unsaturated fatty
acids, the highest values of 40.83% MUFA and 4.57% PUFA
were observed at the concentration of 117.65 mM. Compared to
the standard nitrogen concentration, the ginkgolic Acid (C15:1)
and palmitoleic acid (C16:1) increased from 6.40 to 10.19%
and from 0.37 to 25.58%, respectively, which led to higher DU
value of 49.97 at the concentration of 117.65 mM. The nitrogen
enrichment also promoted the increase of fatty acid species
and the production of eicosapentaenoic acid (EPA). The CN
value at the concentrations of 117.65 mM were saliently lower
compared to standard nitrogen concentration. In addition, the
extremely low content of long-chain saturated fatty acids under
three treatments resulted in lower LCSF and CFPP.

DISCUSSION

Nitrogen, known as “life element,” is a macronutrient essential
for algal growth and the production of lipids, pigments, terpenes
and other substances. The genes encoding photosynthesis-
related proteins in diatoms were significantly down-regulated
under nitrogen deficiency conditions (Hockin et al., 2012; Yang
et al., 2013). Meanwhile, the lack of nitrogen also triggered
the degradation of nitrogen-containing compounds such as
chlorophyll and entrained cellular chlorosis (Pancha et al., 2014).

Therefore, the weakened photoreaction diminished the 5′-
Adenylate triphosphate (ATP) and nicotinamide adenine
dinucleotide phosphate (NADPH) necessary for carbon fixation,
which led to the reduction of carbon dioxide fixed by algal cells
and ultimately the reduction of biomass. NPQ mediated and
Fv/Fm could be useful indicators for judging the nutritional
limitation and stress degree of algal cells (Ruban et al., 2004).
The high NPQ and low Fv/Fm values were frequently observed
in plants under stress conditions, which indicated that the
process of photosynthesis was hindered and more energy flew to
heat dissipation (Li et al., 2020). In this study, the biomass and
Fv/Fm at concentrations of 0.11 and 0.46 mM were significantly
lower than those under higher concentrations, while NPQ
was opposite. Compared with the nitrogen concentration of
the standard nitrogen concentration of Zarrouk medium, the
distinctly reduced specific growth rate concurred with the
higher NPQ value at concentrations of 1.84 and 7.35 mM,
which suggested that nitrogen deficiency restrained the growth
and photosynthesis of algal cells. Furthermore, the biomass at
concentrations ≥ 117.65 mM was slightly lower in comparison
with that at the standard nitrogen concentration, which may be
because the growth of algal cells was suppressed by the excessive
nitrate in the culture medium (Feng et al., 2011).

It has been documented that Fx has high antioxidant capacity
due to its allyl bond and six oxygen atoms, especially in a hypoxic
environment (Peng et al., 2011). Heo et al. (2008) found that
Fx could effectively inhibit the generation of reactive oxygen
species by increasing catalase activity, thereby having antioxidant
activity, preventing DNA damage and H2O2-induced fineness
apoptosis. The gradual reduction of Fx content with decreasing
the nitrogen concentrations in this study was similar to the
response of Phaeodactylum tricornutum to nitrogen consumption
(Gao et al., 2017). The mRNA level of genes encoding
photosynthetic protein decreased remarkably under N restriction
(Yang et al., 2013). Longworth et al. (2016) discovered that
the relative abundances of light-harvesting proteins decreased
under nitrogen stress. Fx combined with chlorophyll a/c to form
fucoxanthin-chlorophyll a/c protein complex (FCP) in diatoms,
the FCP existed in the thylakoid and played a role in light capture
and light transmission (Wang et al., 2005), which had a high
content of nitrogen. Therefore, under conditions of nitrogen
scarcity, cells tend to degrade them actively to reuse nitrogen and
transfer it to the synthesis of those proteins that are indispensable
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TABLE 2 | Effects of different nitrogen concentrations on the fatty acid profiles and
biofuel quality of Nitzschia sp. NW129.

Fatty acid Fatty acid content (% w/w)

0.11 mM 29.41 mM 117.65 mM

C4:0 0.92 ± 0.02a 0.05 ± 0.01c 0.14 ± 0.01b

C6:0 4.81 ± 0.04a 0.21 ± 0.02c 0.29 ± 0.02b

C12:0 ND 0.19 ± 0.01 ND

C14:0 19.49 ± 0.73b 46.06 ± 0.28a 13.48 ± 0.15c

C15:0 26.20 ± 1.16a 1.39 ± 0.05b 1.10 ± 0.03b

C16:0 37.89 ± 0.64a 35.70 ± 0.11b 35.98 ± 0.45b

C18:0 ND 0.62 ± 0.03b 1.38 ± 0.07a

C20:0 ND 0.05 ± 0.01b 0.26 ± 0.02a

C22:0 ND 0.26 ± 0.03a 0.16 ± 0.02b

C23:0 ND ND 1.02 ± 0.02

C24:0 ND 0.22 ± 0.01b 0.61 ± 0.02a

C14:n-5 0.43 ± 0.01c 0.73 ± 0.03b 1.14 ± 0.06a

C15:n-5 9.24 ± 0.03b 6.40 ± 0.07c 10.19 ± 0.09a

C16:n-7 0.33 ± 0.02b 0.37 ± 0.02b 25.58 ± 0.16a

C17:n-7 ND 2.26 ± 0.07a 1.12 ± 0.04b

C18:n-9 ND 1.45 ± 0.02b 1.71 ± 0.05a

C18:n-9 ND 0.70 ± 0.01b 1.02 ± 0.04a

C22:n-9 ND 0.68 ± 0.02b 0.08 ± 0.01a

C18:2n-6 ND 0.08 ± 0.01b 0.24 ± 0.01a

C18:2n-6 ND 0.05 ± 0.01b 0.26 ± 0.02a

C18:3n-6 ND 0.01 ± 0.00b 0.15 ± 0.01a

C20:3n-3 ND 2.08 ± 0.03a 1.00 ± 0.02b

C20:5n-3 ND ND 2.82 ± 0.09

SFA 89.40 ± 0.89a 84.93 ± 0.45b 54.41 ± 0.65c

MUFA 10.00 ± 0.05c 12.59 ± 0.07b 40.83 ± 0.28a

PUFA ND 2.21 ± 0.03b 4.57 ± 0.12a

DU 10.00 ± 0.05c 17.01 ± 0.11b 49.97 ± 0.46a

CN 64.63 ± 0.56b 66.79 ± 0.26a 62.72 ± 0.53c

LCSF 3.79 ± 0.06c 4.76 ± 0.07b 6.00 ± 0.05a

CFPP -4.57 ± 0.20c -1.52 ± 0.22b 2.37 ± 0.17a

SFA, saturated fatty acids; MUFA, monounsaturated fatty acids; PUFA, poly-
unsaturated fatty acids; DU, degree of unsaturation, DU = (MUFA + 2 PUFA);
CN, cetane number; LCSF, long chain saturated factor, LCSF = 0.1 × C16:0(%)
+ 0.5 × C18:0(%) + 1 × C20:0(%) + 1.5 × C22:0(%) + 2 × C24:0(%); CFPP,
cold filter plugging point, CFPP = (3.1417 × LCSF) - 16.477; ND, below the limit of
detection.
Each data value represents the mean ± SD of three replications. Values with the
different letters indicate a significant difference between them (p < 0.05).

for cell survival. P. tricornutum with high Fx content (0.2–
16.51 mg g−1) has been widely concerned, which was several
times more abundant than that in macroalgae (Kim et al., 2012a;
Gomez-Loredo et al., 2016; Wu et al., 2016; Ishika et al., 2017; Gao
et al., 2020). It has been reported that Fx content obtained from
Nitzschia sp. was from 0.49 to 12 mg g−1 (Kim et al., 2012b; Guo
et al., 2016; Lu et al., 2018; Sahin et al., 2019). The Fx content of
Nitzschia sp. NW129 was higher under the nitrogen enrichment
conditions, consistent with Sahin et al. (2019) on the noticeable
increase in Fx content caused by nitrate supplementation to
Nitzschia sp. Compared with other reports on Nitzschia sp., the
highest Fx content of Nitzschia sp. NW129 was 18.176 mg g−1,
indicating that it cultured under high nitrogen conditions had
better potential for Fx production.

In previous studies, the effects of nitrogen deficiency on lipid
accumulation were species-specific. Carbohydrates, the primary

energy storage substances in Odontella aurita and Arthrospira
platensis under nitrogen-limited conditions, increased rather
than lipids (Panyakampol et al., 2016; Xia et al., 2018). However,
the lipid content of most microalgae increased under nitrogen
limitation (Shifrin and Chisholm, 2010). For example, the
lipid content of Chlorella vulgaris and Nannochloropsis oculata
cultured under nutrients-stress conditions increased by 2–3-
fold compared to the high nitrogen concentration (Converti
et al., 2009). In agreement with the above results, in the
present study, a lipid content of 40.67% was observed at the
lowest nitrogen concentration, which was 1.7 times higher
than that at standard nitrogen concentration. Under nitrogen-
limited conditions, most genes related to photosynthesis and
chlorophyll biosynthesis were inhibited, and a variety of roles in
carbon metabolism were changed, such as the down-regulation
of Calvin cycle, the up-regulation of glycolysis and tricarboxylic
acid cycle, generating more carbon sources flowing into lipid
metabolism (Alipanah et al., 2015). Nitrogen concentrations
affected not only lipid content but also the fatty acid composition
of diatoms greatly, which determined the quality of biofuel.
CFPP, the temperature of filter blockage caused by crystallization
of fuel, was generally acknowledged as an important indicator
to measure the performance of biofuel in the global biofuel
industry (Gomez-Rodriguez et al., 2021). The low CFPP obtained
at three concentrations met European standards (EN14214)
and represented a superior cold flow property of the biofuel
(Stansell et al., 2012). The sum of SFA and MUFA contents
of the Nitzschia sp. NW129 exceeded 90% under different
nitrogen concentrations, which was in accordance with the
previous results (Sahin et al., 2019). It was reported that high
nitrogen concentration generated greater accumulation of MUFA
while the higher percentage of SFA and PUFA were observed
under nitrogen deficiency (Qiao et al., 2016). Compared to
the standard nitrogen concentration, the proportion of C14:0
decreased markedly whereas C15:1 and C16:1 was significantly
increased at the concentration of 117.65 mM, which contributed
to a higher DU value. The high DU value represented that
the biofuel was more difficult to form deposits and had better
lubricity (Qiao et al., 2021). The maximum and minimum values
of DU and CN should be 137 and 51, respectively (EN14214).
DU and CN values under three nitrogen concentrations were
in accordance with it. Furthermore, the content of linolenic
acid (C18:3) under three treatments was less than 12% limited
in EN14214 (Chisti, 2007). The fatty acid profile indicated
that Nitzschia sp. NW129 was a potential candidate for
biofuel production.

Productivity, determined by a combination of biomass and
content, was a crucial quality in selecting strains for large-
scale production of high-value materials (Griffiths and Harrison,
2009). Therefore, the effects of nutritional conditions on biomass
and content needed to be taken into account together. The
lipid content (3.44–31.96% DW) of thirty microalgal strains
under nitrogen deprivation conditions was higher than that
under nitrogen-sufficient. Interestingly, 24 of them showed
lower lipid productivities (0.085–4.560 mg L−1 d−1) under
nitrogen-free conditions. Andeden et al. (2021) reported that
most microalgal strains in nitrogen-free cultivation showed
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lower lipid productivities compared with the nitrogen-sufficient
condition. However, as nitrogen deficiency affected the biomass
and lipid content in different microalgal species to different
degrees, higher lipid productivities of 10 algae species such as
Ankistrodesmus falcatus, Chlorella vulgaris, and Scenedesmus sp.
in low nitrate-stress induced cultures were observed (Griffiths
et al., 2012). As to Fx, the nitrogen enrichment generally
promoted the accumulation of biomass and Fx content at the
same time, which would undoubtedly increase Fx productivity
(Sun et al., 2019). Interestingly, it was found that the higher
Fx content was caused by high biomass concentration and
higher biomass and Fx productivities were induced by low
biomass concentration (Gao et al., 2020). These results suggested
the microalgae presented different responses in terms of the
productivities of lipid and Fx under nitrogen replete and limited
conditions, which it was difficult to obtain high Fx and lipid
productivities in the meantime. In the present study, the increase
in nitrogen concentration was accompanied by an increase in
lipid productivity, yet there was no significant difference in
productivities between different nitrogen concentrations when
concentrations were higher than 1.84 mM. The maximum Fx
productivity of the Nitzschia sp. NW129 was 1.44 ± 0.05 mg
L−1 d−1 at the concentration of 117.65 mM, which was
saliently higher than the standard nitrogen concentration and 2–
3 times more than P. tricornutum, Navicula sp., and Amphora
sp. (Ishika et al., 2017; Wang et al., 2018b). Thus, the
concentration of 117.65 mM was considered the most suitable
for simultaneous production of lipids and Fx in biorefinery. The
overall performance of Nitzschia sp. NW129 at this concentration
was equivalent to or higher than that of non-polar microalgae,
which could be good producers of lipids or Fx.

CONCLUSION

In this study, an appropriate nitrogen concentration of
117.65 mM was screened and excellent productivities of lipid

(19.95± 1.29 mg L−1 d−1) and Fx (1.44± 0.05 mg L−1 d−1) were
obtained from the alkalophilic microalga Nitzschia sp. NW129
simultaneously. Furthermore, this concentration induced the
accumulation of unsaturated fatty acids, especially MUFA,
resulting in superior biofuel properties. In a nutshell, these
results demonstrated the feasibility of utilizing the alkalophilic
microalgae for the integrated production of biofuels and Fx in
biorefinery and emphasized the potential of Nitzschia sp. NW129
as a promising feedstock.
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