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Abstract: Nannochloris atomus (QUCCCM31) is a local marine microalga showing potential to serve
as renewable feedstock for biodiesel production. The investigation of the impact of temperature
variation and nitrogen concentrations on the biomass and lipid productivities evidenced that
biomass productivity increased with the temperature to reach an optimum of 195 mgL−1 d−1 at
30 ◦C. Similarly, the lipid content was strongly influenced by the elevation of temperature; indeed, it
increased up to ~3 folds when the temperature increased from 20 to 40 ◦C. When both stresses were
combined, triacylglycerols and lipid productivity reached a maximum of 45% and 88 mgL−1 d−1,
respectively at 40 ◦C. Cultures under high temperatures along with Nitrogen-Depleted (ND) favored
the synthesis of Fatty Acids Methyl Ester (FAMEs) suitable for high quality biodiesel production,
whereas cultures conducted at low temperature coupled with Nitrogen-Limited (NL) led to a
production of polyunsaturated fatty acids (PUFAs). Our results support the feasibility of cultivating
the thermotolerant isolate QUCCCM31 year-round to meet the sustainability challenges of algal
biomass production by growing under temperature and nitrogen variations. The presence of omega 3
and 9 fatty acids as valuable co-products will help in reducing the total process cost via biorefinery.

Keywords: Nannochloris atomus; temperature variations; N-starvation; lipid productivity; PUFAs;
sustainable feedstock; biodiesel

1. Introduction

Due to the expanding human population, the global energy demand per capita is expected to
increase to 37% of consumption by 2040 [1]. Qatar is amongst the countries where the energy sector is
heavily dependent on the fossil fuels. Although, the existing crude oil reserves are estimated to be
25,244 (million barrels) (Annual Statistical Bulletin 2015), they are reportedly diminishing and have
raised major environmental concerns. Therefore, alternative renewable energy needs to be exploited to
achieve a sustainable bio-economy, which copes with the agenda of 2030 sustainable development
goals and Qatar’s national vision.

Biodiesel, obtained from biological feedstocks, emerged as one of the future fuels, owing to its
less polluting, biodegradable and renewable characteristics [2]. The main criteria for algal biodiesel
production is selection of strain with high growth rate and considerable amounts of lipids [3]. Several
methods are adopted for microalgal lipid extraction. The traditional techniques involve organic solvent
extraction using different methods such as the Bligh and Dyer and Folch method with a mixture
of chloroform and methanol as solvents, nHexane extraction etc. [4,5]. These methods are usually
associated with treatments such as sonication, bead beating, and microwave oven techniques to disrupt
the algal cell wall and facilitate the transfer of intracellular lipids from microalgae to the extraction
solvent [5,6]. However, these techniques present some limitations [7,8]. Recently, the supercritical fluid
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extraction emerged as a novel extraction technique with the ability to enhance both the disruptive and
diffusive mechanisms essential for efficient algal oil extraction. It allows the preservation of the quality
of bioactive compounds with less energy cost and lower environmental impact [9,10].

In the last decades, the production of algae-based biodiesel increased with an estimated yield
of 58,700 to 136,900 Lha−1year−1 [11]. Despite this, the commercial production is only limited to few
strains [12]. This is because today, the outdoor scale production undergoes a variety of temperature
fluctuations between 10 and up to 45 ◦C due to the greenhouse effect, which, unfortunately, hindered
the algal growth [13]. On the other hand, the high lipid content needed for biodiesel production is
usually obtained under unfavorable biomass growth conditions [14]. To overcome this, intensive efforts
are devoted to select suitable strains, which can grow in extreme conditions with high temperature
tolerance, especially in arid places such as Qatar’s environment. In parallel, strategies are applied to
enhance both lipid and biomass productivities, an important factor for biodiesel production [13,15].

Previous studies proved that temperatures affect both the algae growth and lipid accumulation [16].
Indeed, several researches demonstrated that most microalgae species are able to carry out
photosynthesis and cellular division over a wide range of temperatures generally stated between 15
and 30 ◦C with optimal conditions between 20 and 25 ◦C [17]. Converti et al. [18] highlighted also
the effect of temperature on lipid content and the work results showed that an increase in cultivation
temperature from 20 to 25 ◦C doubled the lipid content of Nannochloropsis oculata (from 7.9% to
15.9%) [18]. Along with the temperature, nitrogen limitation is one of the most efficient strategies used
to enhance algal lipid accumulation [19]. It is easy to manipulate and has low cost compared with
other factors influencing the intracellular lipid content [20]. Earlier research work indicated that strains
such as Dunaliella, Chlorella and Nannochloropsis species are known to respond to nitrogen starvation
by increasing lipid production, one the most critical factors for biodiesel production [21]. However,
for user acceptance, the obtained microalgal biodiesel needs to comply with existing standards, such
as ASTM Biodiesel Standard D 6751 (USA) or Standard EN 14214 (European Union) [22].

Qatar is a country where the energy sector is heavily dependent on fossil fuels. Our research work
aims on minimizing this dependence by investigating a local algae and improvement of its biochemical
composition for biodiesel production. While many studies have investigated the production of biodiesel
from algal biomass, there is scant information in the literature, to the best of our knowledge, reporting
the use of microalgae isolated from desert environment. Nannochloris atomus (QUCCCM31) is a marine
microalgae isolated from Qatar and showing advantages such as high growth rate and resistance to
salinity up to 60 ppt [23]. Due to huge differences in Qatar’s temperature between winter and summer,
and the lack of control over temperature in open raceway ponds, the ability of algae isolates to grow at
different ranges of temperature is of vital importance to avoid culture collapse, which can significantly
influence the profitability of algal cultivation systems. The primary objective of our study was to
mimic the outdoor seasonal temperature conditions throughout the year and determine the impact of
the temperature’s fluctuations on growth, biomass and lipid productivity; 3 different temperatures
from the low annual average (20 ◦C) followed by the average annual temperature (30 ◦C) then (40 ◦C)
as the high annual average temperature were investigated. The secondary objective of the work
aimed to optimize the conditions leading to maximum biomass and lipid productivities of the algae
by studying the effect of different nitrogen regimes. Furthermore, FAME profiles resulting from the
various cultivation conditions were investigated to evaluate the effect of the conditions applied on the
quality of biodiesel by estimating the fuel properties.

2. Materials and Methods

2.1. Chemicals

All solvents used were HPLC grade. Fatty Acid methyl esters standards were obtained from
Sigma-Supelco (# 47885-U).
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2.2. Strain, Growth Medium and Pre-Cultivation Conditions

Nannochloris atomus QUCCCM31 was obtained from the Qatar University Culture Collection for
Cyanobacteria and Microalgae (QUCCCM) [23].

The strain was cultured in 2X f/2 media with 0.15gL−1 [24] for biomass production using an
illuminated Innova 44 Shaker Incubator (New Brunswick Scientific) with agitation set to 200 RPM and
a photon flux of 200 µmol photons m−2s−1 in a cycle of 12:12h light/dark. Optical density (OD) was
followed daily and cultures were harvested once the early stationary phase was reached. The biomass
was centrifuged for 5min at 400–600 g, after which the pellet was sub-cultured in nitrate replete
(Normal f/2), washed with nitrate limited (NL: f/2 media with only 10% of the NaNO3 concentration)
or nitrate depleted (ND: f/2 media without NaNO3) before sub-culturing, to eliminate any residual
nitrogen in the media. All cultivations were performed in duplicate.

2.3. Photobioreactor Setup and Experimental Conditions: Nitrate Limitation and Depletion

The strain was cultivated in aseptic 1L photobioreactors (DASGIP parallel bioreactor system,
Eppendorf, Inc., USA). The culture pellet was re-suspended in a volume of either NR, NL or ND
medium, to an initial OD750nm of 0.3. The culture was continuously sparged with 3 Lh−1 air enriched
with 1.5% CO2 concentration controlled to maintain a pH of 7.5. The temperature was set to 20, 30 or
40 ◦C, as per the experimental conditions. Illumination was provided by 3 internal DASGIP LED Sticks,
with a 3-channel emission-spectrum (Channel A, 660, 780 nm; Channel B, 572, 625, 640 nm; Channel C,
453 nm). Set-points were 2.00, 1.244 and 2.00 µmol photons s−1 for channels A, B and C respectively,
under 12:12h light/dark cycles, which is equivalent to a light intensity of 600 µmolm−2 s−1. Mixing
was set to 200 rpm (pitch-blade impeller). The Culture density (OD750nm) was measured every other
day using a UV/Vis spectrophotometer (Jenway 7310, UK) and 5 mL samples were taken in parallel for
biomass dry weight analysis.

The nine investigated conditions: Control (f/2), 3 different temperatures (20, 30 and 40 ◦C) in
(f/2) media and 2 nitrogen concentrations (NL and ND) at the 3 different temperatures previously
indicated, were performed in biological duplicate. Cultures were cultivated under the above-mentioned
conditions until reaching stationary phase after which cells were harvested by centrifugation at 5000 rpm
for 15 min, washed with 0.5 M ammonium formate to eliminate the residual salt and freeze-dried prior
to analysis.

2.4. Determination of Specific Growth Rate and Biomass Productivity

The specific growth rate was determined using the following Equation (1):

µ =
ln Nt2 − ln Nt1

t2 − t1
(1)

where (t1) and (t2) are the beginning and end of logarithmic growth phase and (Nt1) and (Nt2) are the
microalgal density at the time of t1 and t2, respectively.

The biomass productivity was assessed according the Zhu et al. [25] protocol which was developed
for marine algae. Briefly, 5 mL of the algal cells’ samples were taken at inoculation (T0) and after
reaching the stationary phase (Tend). The algal suspension was filtered using a vacuum pump through
pre-weighed glass fiber filters (Whatman GF/F, 47 mm), the filters were washed twice with 0.5 M
ammonium formate to remove the salts. Finally, the filters were dried at 90 ◦C until constant weight,
cooled down in a vacuum desiccator and then reweighed.

The biomass productivity was calculated by subtracting both dry weights and dividing it by the
volume of samples multiplied by the number of culture days. Equation (2) according to Zhu et al. [25].

Dry weight of the biomass was assessed at the time of inoculation (t0) and at time of harvesting
(tend) after drying the algal cells at 90 ◦C. Biomass productivity is determined as per
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PX =
CX

V.t
(2)

in which (Px) is the biomass productivity in gL−1d−1, (Cx) the difference of dry weights in g, (V) the
culture volume in L and (t) the duration of the cultivation in days. All measurements were performed
in duplicate.

2.5. Lipid Quantitative and Qualitative Analysis

Total lipids were extracted using a modified Folch Method, and Fatty Acid Methyl Esters (FAMEs)
were extracted using a one-step trans-esterification method, both as described by Saadaoui et al. [23].
Indeed, total lipids were extracted using modified Folch Method [26]. Briefly, 10mg of freeze-dried
microalgae biomass was treated first with 0.88% NaCl prior to being incubated at 4 ◦C in an adequate
volume of methanol. After overnight incubation, 2 V of chloroform was added to the mixture and
was subjected to Tissuelyser (Qiagen, Germany) at 30Hz during 4min for cell disruption. The tubes
were later centrifuged at maximum speed and the supernatant is transferred into pre- weighed glass
tube. Several extractions using methanol/chloroform (V/2 V) were performed to ensure a complete
extraction. Later, an adequate volume of 0.88% NaCl will be added to separate the organic and aqueous
phases, and then vortex for 10 min for phase separation. The organic phase was washed twice with an
authentic upper phase to eliminate any debris of contaminants.

Preparation of authentic upper phase: chloroform/methanol/water (16 mL /8 mL /6 mL); mix it
well by vortex for 30 s; centrifuge the tube for 5 min then remove the upper layer (methanol-water),
this is your authentic upper phase.

Lipid content measurement was done gravimetrically: After separation of the layers, the organic
phase was collected and dried using nitrogen flu. The weight of the tube after drying will be recorded
and subtracted from the weight of the empty tube to determine the % of total lipid/mg of dry biomass.

Lipid productivity was calculated using the following equation [27]:

PLipid
(
gL−1 d−1

)
= Px×

C f

100
(3)

where PLipid is lipid productivity, Px is biomass productivity (g L−1d−1) and Cf is lipid percentage.
Fatty Acid Methyl Esters (FAMEs) were extracted using one-step trans-esterification method to

avoid any loss of the lipids. Briefly, 10 mg of dried biomass was added to 4 mL of a sulfuric acid 95%
and methanol solution (H2SO4: CH3OH=1:10) then sonicated (Branscon 1510, Mexico) for 10 min prior
to being heated at 80 ◦C for 2 h. Subsequently, the solution was transferred into a centrifuge tube
containing 1 mL of distilled water and 3 mL of hexane: chloroform (4:1) mixture. The tube was well
mixed and centrifuged at 5000 rpm for 5 min. Finally, the top layer containing the FAMEs fraction was
collected and filtrated prior to analysis.

The extracted FAMEs were later analyzed using a GC-FID (Shimadzu 2010 plus, Japan). 2 µL of
the sample extract was injected into gas chromatography with an oven temperature program between
100–240 at 5 ◦C/min holding time. The sample was separated using a 100 m column; helium gas is used
as a carrier gas. FAME peaks were identified by comparison of their retention times with a 37 supelco
standards from marine oil by GC–FID post run analysis and quantified by area.

2.6. Determination of Calorific Values (CV)

The calorific values (CV) of dried algal cells were determined using a Parr 6300 bomb calorimeter
(Parr Instrument Company, USA). Microalgal cells were harvested from the different media conditions.
The algal samples (100 mL) were filtered onto cellulose nitrate filters (Whatman GF/CTM Ø 47 mm) and
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dried before combustion in the calorimeter. Benzoic acid was used as calorific standard. The calorific
value of biomass was calculated as indicated in Equation (4), Illman et al. [28].

CV
(
Kcal g−1

)
= 2325× (Tend − T0)−

45
m

(4)

with 2325 (kcal) being benzoic acid equivalent energy, T(end) and T(0) are the initial and final temperature
of combustion, 45 is CV of Nichrome wire and cotton thread (kcal) and m is the total biomass weight.

2.7. Assessment of Biodiesel Quality

The quality of biodiesel was determined by assessing the saponification value (SV), iodine value
(IV), cetane number (CN) and degree of unsaturation (DU) and compared to the international biodiesel
standard (EN14214, ASTM D6751-02).

The values were calculated by using the equations below [29] where, F is the percentage of
each fatty acid, M is the molecular mass of fatty acid, D is the number of double bonds, MUFA is
monounsaturated fatty acids and PUFA is polyunsaturated fatty acid in wt %.

SV =

∑
(560× F)

M
(5)

IV =

∑
(254× F×D)

M
(6)

CN =
(
46.6 +

5458
SV

)
− (0.225× IV) (7)

DU = MUFA + (2× PUFA) (8)

The kinematic viscosity at 40 ◦C (υ) of each FAME can be calculated by using Equation (9) and
summation of all FAME-derived fuel properties provides the final υ of the biodiesel as published in
Ramírez-Verduzco et al. [30]:

ln(υ) = −12.503 + 2.496× ln(M) − 0.178×D (9)

Predictive oxidative stability was calculated, where possible, based on C18:2 and C18:3 content as
suggested by Park et al. [31] following Equation (10):

Y =
117.9295

X
+ 2.5905 (10)

where X is the content of linoleic and linolenic acids (wt%) (0 < X < 100); and Y is the oxidation stability
in hours.

2.8. Statistical Analysis

All experiments were performed in duplicate, unless stated otherwise. The reported values are
the mean of the individual samples, while the error bars represent the range. One-way ANOVA was
used to determine significance difference (α = 0.05%) between the means of independent conditions.

3. Results and Discussion

3.1. Assessment of the Temperature Effect on the Biomass Productivity

Microalgae are exposed to a variety of changes in the environment. Temperature is considered as a
crucial factor influencing the algae culture and biomass productivity especially for outdoor cultivation.
Seasonal cycles vary according to the climatic and geographical location of the habitat in which they
are growing, and different strains of the same species may respond differently. Due to huge differences
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in Qatar’s climate between winter and summer, the ability of algae isolates to grow at different ranges
of temperatures is of a vital importance for biomass production.

Figure 1 illustrates the effect of temperature on QUCCM31 growth rates and biomass productivity.
The optimum growth rate and biomass productivity was found at 30 ◦C with a value of 1.05 (day−1)
and 195 ± 4.2 mgL−1d−1 respectively, followed by a growth rate equal to 0.96 (day−1) and productivity
of 157 ± 2.1 mgL−1d−1 at 40 ◦C, which confirm the thermotolerant capacity of the strain. A dramatic
decrease (62%) of biomass productivity was seen at 20 ◦C in comparison to cultivation at 30 ◦C.
The obtained growth pattern was observed by Sorokin et al. [32] where they reported the same findings
and claimed that algae growth is slow at low temperatures, reaches an optimum growth at an adequate
temperature and becomes slower at high temperatures [23]. Below optimal growth temperatures, an
increase in temperature has a positive effect on photosynthesis and cell division. In order to explain
the growth variations of algal strains under different temperatures, different strategies are developed.
Torzillo and Vonshak [33] showed that temperature influences the photosynthetic process by altering
the activities of important enzymes involved, among them Rubisco, which is a key enzyme responsible
for carbon assimilation in photosynthetic organisms [34,35]. In addition, it also affects cell membrane
fluidity, influencing the uptake of nutrients, which alter the growth of the algal strains [36]. On the
other hand, for temperatures exceeding the optimal temperature, microalgae growth rate and biomass
productivity decreases. This is generally explained by heat stress which can affect the functionalities
of enzymes (inactivation, denaturation) or modify proteins which are involved in photosynthetic
processes, thereby inhibiting the growth [37].

Figure 1. Growth rate µ (d−1) and biomass productivity (mg L−1 d−1) of Nannochloris atomus at different
cultivation temperatures.

The effect of temperature on the growth of Nannochloris atomus has not been a major focus of
past research during the past decades. For that, our research work is considered as interesting as it
contributes to the knowledge base and will lead to developing data on this very promising microalga.
Results of the temperature fluctuations in Qatar’s environments show that algae cultivated outdoors
are exposed to strong temperature variations with maximum temperatures of 40 ◦C. Consequently,
a very temperature-robust algae strain is required for outdoor algae cultivation. The strain revealed
the capacity to have a consistent growth at high temperature specific to Qatar’s climate and proved its
flexible nature to adapt to the wide range of environmental conditions in Qatar, allowing its suitability
to be cultivated year-round. Therefore, high biomass accumulation can be achieved during the day
time and the low temperature observed at nights or during winter can help in avoiding the biomass
loss [37].



Sustainability 2020, 12, 2008 7 of 21

3.2. Effect of Temperature Variations on Lipid Quantity, Productivity and Quality

Temperature is one of the parameters that is not only affecting algae growth but also influencing the
quantity and quality of fatty acid. The total lipid content of the strain at different temperatures is shown
in Figure 2. The results obtained showed that the total lipid content of the algae varied significantly
(p ≤ 0.05) between the highest (40 ◦C) and lowest (20 ◦C) culture temperatures. With increasing
temperature, the total lipid content increased 0.8 folds between 20 and 30 ◦C, and 1.33 folds between
20 and 40 ◦C. The strain showed the highest lipid content of 30%, with a lipid productivity of
47.1 ± 3.77 mgL−1d−1, at 40 ◦C, while the minimum lipid content (22.5%) was observed at 20 ◦C
with a lipid productivity of 16.9 ± 3.27 mgL−1d−1. The studied Qatar Nannochloris atomus isolate
exhibited higher amounts of lipid at all temperatures as compared to the findings of Pereira et al. [38],
who reported 21% (w/w) in Nannochloris atomus isolated from the west coast of Saudi Arabia, a region
that has similar environmental conditions to Qatar. Such results prove that temperature conditions are
able to drive the production of lipids in QUCCCM31 cells and hence confirm the suitability of growing
QUCCCM31 for high lipid production under Qatar’s diverse climate conditions. Enhancement of
lipid production in cells under temperature variations is amply studied, however, similar to the
growth, the effect of temperature on micro algal lipid content is shown to be strain dependent [16].
Nannochloris atomus QUCCCM31 showed the ability to accumulate increased amounts of lipids with
increased cultivation temperatures, which is confirmed by several previous investigations of other
microalgae species such as Chlorella, Spirogyra, Chlamydomonas, Botryococcus, Scenedesmus, Neochloris,
Haematococcus, Nannochloropsis, and Ulva species [39]. Therefore, our data emphasizes on sustainable
biomass and lipid production using QUCCCM31 over the entire seasons with a maximum production
at high temperature, which is an important characteristic of Qatar’s climate. Several explanations were
proposed to illustrate the effect of temperature on algal lipid. Some studies suggested that temperature
presents a stressful condition to the microalgae to which they react by synthetizing the triacylglycerols
(TAGs) as storage product; hence, the amount of total lipid increases. However, there are also species
such as Chlorella vulgaris, which showed a decrease of 2.5 folds in lipids when the temperature increased
from 25 ◦C to 30 ◦C. The alteration of the photosystem II activity was considered responsible for such
lipid production behavior [18].

Figure 2. Effect of Temperature Variation on QUCCCM31 Lipid Content and Productivity.

In conjunction with the lipid content, different temperatures of cultivation affect also the fatty acid
composition (Table 1) and the numbers of double bonds in fatty acids (Figure 3). The results show that
the saturated fatty acids (SFAs) presented the majority of FAMEs followed by the monounsaturated
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fatty acids (MUFAs) where the polyunsaturated fatty acids (PUFAs) were the lowest fraction. In parallel,
the number of double bonds per fatty acid molecule decreased with increasing cultivation temperature.
In general, temperature 40 ◦C stimulated the production of SFAs with a relative percentage of 45.2% of
the total fatty acids and dominance of C16–C18 (97%), while 30 ◦C presented the highest amount of
MUFAs with a maximum percentage of 40.6% and dominance of Oleic Acid C18:1n9 (38%). The oleic
acid is the preferred fatty acid for biodiesel production and the existence of single bond provides
the methyl ester a good cold flow and viscosity properties without compromising with the oxidative
stability [40]. Besides, the temperature 20 ◦C presented the maximum percentage of polyunsaturated
fatty acids (PUFAs) at 32.2% of total fatty acids. The majority of PUFAs was composed of essential
fatty acids such as linoleic acid (LA, C18:2n-6) and α-linolenic acid (ALA, C18:3n-3). Other essential
PUFAs in human nutrition such as arachidonic acid (AA, C20:4), eicosapentaenoic acid (EPA, C20:5n3),
docosahexaenoic acid (DHA 22:6n3) and nervonic acid (C24:1) were also present. Such data correlates
with previous findings stating an increase in MUFAs and decrease in PUFAs with temperature
increase [41,42]. This is a common strategy in many organisms in an attempt to tolerate various
temperatures. All cell types synthesize fatty acids. Besides their role as a major form of carbon and
energy storage, they are main components of cell membranes and their composition controls the
movement of materials into and out of the cell and ensure protection and structural stability for the
organism. The common data might be explained by the fact that lower temperatures stimulate the
expression of unsaturated fatty acids to help in maintaining the membrane fluidity and functions [41].
On the other hand, an elevation in temperature is accompanied by an increase in the saturated FA
content in order to preserve the integrity of the algal cell membrane [43]. Respectively, we can
conclude from our findings that the strain behaves differently at different temperatures for culture.
High temperature culture conditions can, hence, be used to promote the production of high total lipid
yield with desired saturation and carbon chain length (C16 to C18) suitable for biodiesel production,
while cultures at low temperature seen at night or during the winter can be applied for the production
of polyunsaturated fatty acids used for several nutraceutical and pharmaceutical applications.

Table 1. Fatty acids composition of the strain Nannochloris atomus under 20, 30, at 40 ◦C. Data shown is
the mean ± range, n = 2.

FAME-Compounds
FAMEs Relative %

20 ◦C 30 ◦C 40 ◦C

C14:0 Methyl myristate 0.92 ± 0.02 0.88 ± 0.03 1.2 ± 0.06
C14:1 Methyl myristoleate 0.05 ± 0.01 ND ND

C16:0 Methyl palmitate 30.57 ± 4.6 29.52 ± 2.8 37.85 ± 5.2
C16:1 Methyl palmitoleate 2.67 ± 0.9 1.60 ± 0.41 1.46 ± 0.5

C18:0 Methyl stearate 1.66 ± 0.23 4.1 ± 0.56 5.3 ± 1.9
C18: 1n9t: Elaidic acid 0.20 ± 0.43 0.18 ± 0.05 0.29 ± 0.01
C18: 1n9c: Oleic acid 24.12 ± 1.75 38.08 ± 2.65 25.83 ± 3.6

C18:2 Methyl linoleate 26.15 ± 1.8 19.9 ± 2.3 24.3 ± 2.6
C18:3 Methyl linolenate 6.83 ± 0.3 3.62 ± 1.3 2.02 ± 0.2
C20:0 Methyl arachidate 0.69 ± 0.04 0.8 ± 0.012 0.68 ± 0.1

C20:1 Methyl 11-eicoenoate 0.14 ± 0.004 0.19 ± 0.005 0.12 ± 0.007
C20:2 Methyl 11,14-eicosadienoate 5.25 ± 1.4 0.78 ± 0.2 0.35 ± 0.13

C20:4 Methyl arachidonate 0.19 ± 0.005 0.16 ± 0.001 0.14 ± 0.002
C20:3 Methyl 11,14,17-eicosatrienoate 0.08 ± 0.01 0.036 ±0.001 0.04 ± 0.016

C20:5 Methyl eicosapentaenoate 0.11 ± 0.009 0.087 ± 0.005 0.12 ± 0.006
C22:0 Methyl behenate 0.07 ± 0.002 0.01 ± 0.004 0.015 ± 0.005

C24:0 Methyl lignocerate 0.215 ± 0.15 0.115 ± 0.008 0.148 ± 0.078
C22:6 Methyl docosahexaenoate 0.052 ± 0.012 0.052 ± 0.016 0.073 ± 0.02

C24:1 Methyl nervonate 0.953 ± 0.009 0.501 ± 0.003 0.217 ± 0.005∑
SFAs 34.12 ± 3.4 35.31 ± 5.3 45.19 ± 2.9∑

MUFAS 33.91± 4.23 40.56 ± 5.3 27.92 ± 1.39∑
PUFAS 32.22± 1.59 23.84 ± 1.8 27.09 ± 0.89∑

C16-C18 92.2± 0.3 96.88 ± 4.5 97.08 ± 1.56

ND: not determined.
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Figure 3. Relative percentage of different fractions of fatty acid at the 3 different investigated temperatures.

3.3. Combined Effect of Temperature and Nitrogen Starvation on Biomass Productivity

In the second part of the work, a two-stage culture strategy was used wherein initially the culture
was cultivated in nitrate-replete conditions followed by a nitrate-starvation phase. The aim was to
increase the biomass productivity in the first step under normal conditions, followed by cultivation step
for a lipid-accumulation. This is a very crucial parameter in the commercial production of microalgae
biomass, which reduces the cost for down-stream processing. Accordingly, the combined effect of
different nitrogen regimes and temperatures on biomass productivity of QUCCCM31 was studied.

Figure 4 summarizes the variations in biomass productivity under the different conditions
investigated. Our study showed that there was no biomass loss while growing the culture in
both nitrogen regimes comparing to the nitrogen replete medium. Moreover, at the three applied
temperatures, the biomass productivity was higher in nitrogen depleted and limited compared to
the replete media. We also noticed that, similarly to the normal conditions, the highest biomass
productivity was observed at 30 ◦C for both nitrogen regimes with a maximum of 226mg L−1d−1 at
nitrogen depleted.

Figure 4. Biomass Productivity of Strain QUCCCM31 under Nitrogen limitation and depletion.
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A considerable biomass yield is a main concern for biodiesel production. Upon nitrogen
starvation, the ability of strains to increase in biomass is observed for many microalgal strains [44–46].
Davis et al. [47] reported that growth of Chlorella pyrenoidosa continued in a medium that was depleted
or deficient in nutrients, particularly nitrogen. A similar effect was observed recently in the species
C. vulgaris [46]. Our Nannochloris isolate exhibited the same data with a continued growth at limitation
or depletion conditions. These findings are supported by two explanations. The two-phase cultivation
method followed in this study, where the algae were cultivated under normal conditions to reach
a high biomass production, and then transferred in nitrogen limited or free medium for metabolite
production. Culture in replete media enhance the chlorophyll accumulation, which is a nitrogen-rich
compound and is easily accessible. After transfer to nitrogen limited or free media, the cells start to use
the chlorophyll as an intracellular source which will allow their continuous growth despite exhaustion
of external nitrogen source [44,48,49]. On the other hand, the nitrogen stress allows accumulation of
large amount of lipids inside the cells, which results in an increase of the dry weight observed later by
an increment in the biomass productivity [50].

3.4. Combined Effect of Temperature and Nitrogen Regime on Lipid Quantity and Quality

A number of previous studies have demonstrated that biochemical composition of microalgae
can be manipulated by simultaneous changes in the chemical parameters of the culture medium.
The secondary objective of the work aimed to optimize the lipid productivities through different
nitrogen regimes and study the impact of interactions’ effects between the nitrogen and temperature
fluctuations to understand the behavior of algal cells in large-scale systems. To achieve that, after first
culturing QUCCCM31 in replete media, a nitrate-starvation phase was combined with temperature
variations to improve the lipid production over an entire year. Subsequent to the biomass productivity,
the impact of the combined parameters (temperature and nitrogen stress) on lipid quantity and quality
was investigated.

The results showed that variation of temperature and nitrogen concentration had a significant
effect on the lipid contents (Figure 5a) and productivity (Figure 5b) of Nannochloris atomus. In general,
the temperature stress combined to both nitrogen regimes (NL and ND) increased the lipid content
and productivity compared to the control culture. Between the two nitrogen regimes applied in this
study, the nitrogen depletion revealed the highest lipid content compared to the nitrogen limitation
with a maximum of 45% (w/w) at 40 ◦C compared to 41.2% and 32% at 30 ◦C and 20 ◦C respectively.

Figure 5. Effect of temperature variation and nitrogen regimes on lipid content (a) and lipid
productivities (b) of QUCCCM31.



Sustainability 2020, 12, 2008 11 of 21

Table 2 summarizes the percentage increase of biomass productivity and lipid content between the
different conditions investigated. At 20 ◦C, the percentage increase of lipid content and productivity
was 32% and 28.5%, respectively, for the nitrogen limitation, compared to 42.2% and 66.9%, respectively,
for the nitrogen depleted. For the 30 ◦C, the percentage increase of lipid content and productivity was
23.2% and 26.4%, respectively, for the nitrogen limitation, versus 45.1% and 68.1%, respectively, for the
nitrogen depleted. The temperature 40 ◦C condition induced higher accumulation of lipid content and
productivity with a maximum percentage increase of 41.7% and 62.4%, respectively, for the nitrogen
limitation, and 50% and 93%, respectively, at nitrogen depletion.

Table 2. Effect of temperature variation and nitrogen regimes on QUCCCM31 Lipid productivity.

Culture Conditions Lipid Content % Yield (%) Lipid Productivity (mg L−1 d−1) Yield (%)

20 ◦C 22.5 ± 1.41 *** 16.9 ± 3.27 ***
20 ◦C NL 29.7 ± 0.94 32 21.7 ± 2.54 28.5
20 ◦C ND 32 ± 1.41 42.2 28.2 ± 1.54 66.9

30 ◦C 28.4 ± 0.8 *** 55.4 ± 4.94 ***
30 ◦C NL 35 ± 1.69 23.2 70 ± 2.72 26.4
30 ◦C ND 41.2 ± 1.14 45.1 93.1 ± 2.79 68.1

40 ◦C 30 ± 0.98 *** 47.1 ± 1.23 ***
40 ◦C NL 42.5 ± 0.77 41.7 76.5 ± 1.82 62.4
40 ◦C ND 45 ± 0.99 50.0 90.9 ± 1.85 93.0

***: N/A.

Based on data from the literature, the average daily lipid productivity in microalgae strains
grown in N-replete media at 30 ◦C was calculated as ~50 mgL−1 day −1 [51]. In the first part of the
study, we concluded that the temperature raised the lipid accumulation in our strain. The findings
of the second part indicate that when combined with nitrogen stress, a greater positive effect on
lipid productivity was observed than when subjected only to temperature variations, which is a very
important factor affecting the biodiesel production. Our results are in correlation with other previous
research work which highlighted that limited feeding of nitrate in batch cultivation of Nannochloris
atomus successfully increased the intracellular lipid yield [44,45,52,53]. Another report observed a 22%
drop in lipid yield in Nannochloris atomus when nitrate concentration increased from 0.9 mMl−1 to
9.9 mMl−1 [54]. Moreover, other studies conducted by Ordog et al. [55] also demonstrated that both
temperature and nitrogen had a significant effect on lipid productivity of 3 different species of Chlorella.

Nitrogen is the most critical nutrient affecting lipid metabolism in algae. Numerous species of
microalgae use the available carbon dioxide and solar energy and exhibit a significant accumulation of
lipids, particularly TAG, in response to nitrogen deficiency [16,37]. Rodolfi et al. [56] also conducted a
detailed and large-scale study and proved that nutrient starvation boost lipid production in several
diatoms, green algae, and red algae. Different strategies were highlighted to explain the accumulation
of lipids under nitrogen stress. Studies carried out by Li et al. [57] suggested that the increase under the
nitrogen stress might be linked to the shifting from starch as the primary storage of carbon and energy
into neutral lipids as a secondary storage product. This shifting is also explained by Roessler [58],
showing that these storage lipids are mainly composed of saturated and monounsaturated fatty acids,
which can be efficiently stored into the cell and can participate in rebuilding them following any
stress. Other research work done by Ratledge [59] explained this accretion in lipids by the cessation of
enzymes related to the cell growth and activation of other enzymes responsible for the accumulation of
lipids. The present study confirms that our local isolate QUCCCM31 is an oleaginous thermotolerant
strain-producing lipid in response to temperature stress and, additionally, the nitrogen stress enhanced
the lipid expression. From the perspective of economics, these investigated conditions can be applied
to grow the strain Nannochloris atomus QUCCCM31 in order to accumulate lipids, which is a key factor
for biodiesel production.

The quantity and quality of fatty acids content, as well as the entire biochemical composition,
varies in response to culture conditions [60]. In order to analyze the combined effect of temperature
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and nitrogen on the fatty acid composition, trans-esterified total lipids were analyzed by GC-FID and
the results expressed in terms of relative percentage of each fatty acid are presented in Table 3.

Table 3. Effect of nitrogen limitation and depletion on Fatty acid composition of QUCCCM31.

FAME-Compounds
FAMEs Relative %

20 ◦C NL 20 ◦C ND 30 ◦C NL 30 ◦C ND 40 ◦C NL 40 ◦C ND

C14:0 Methyl myristate 1.42 ± 0.2 1.43 ± 0.8 1.12 ± 0.6 0.94 ± 0.1 1.04 ± 0.3 0.97 ± 0.15
C14:1 Methyl myristoleate 0.04 ± 0.01 ND ND ND ND ND

C16:0 Methyl palmitate 18.11 ± 1.2 16.7 ± 0.9 28.68 ± 0.9 27.4 ± 1.3 46.6 ± 2.1 43.6 ± 1.3
C16:1 Methyl palmitoleate 3.01±0.8 2.45 ±0.2 2.97 ± 0.5 2.3 ± 0.9 5.12 ± 0.5 1.66 ± 0.2

C18:0 Methyl stearate 3.02 ±0.7 6.36 ± 1.4 3.42 ± 0.45 3.73 ± 1.5 9.9 ± 1.45 2.79 ± 0.9
C18: 1n9t Elaidic acid 0.32 ± 0.09 0.36 ± 0.1 0.19 ± 0.08 0.20 ± 0.06 0.25 ± 0.03 0.17 ± 0.04
C18:1 Methyl oleate 30.25 ± 1.5 42.25 ± 2.4 37.49 ± 1.9 42.08 ± 3.3 22.90 ± 0.8 38.9 ± 1.81

C18:2 Methyl linoleate 32.65 ± 2.4 21.98 ± 3 19.65 ± 1.7 17.57 ± 0.9 9.83 ± 2.6 8.1 ±2.36
C18:3 Methyl linolenate 6.81 ± 0.7 5.83 ± 0.9 4.23 ± 0.8 3.53 ±0.9 2.48 ±0.7 2.17 ± 0.6
C20:0 Methyl arachidate 0.37 ± 0.8 0.19 ± 0.03 0.24 ± 0.07 0.25 ± 0.37 0.18 ± 0.103 0.15 ± 0.08

C20:1 Methyl 11-eicoenoate 0.42 ± 0.19 0.4 ± 0.01 0.27 ± 0.9 0.26 ± 0.08 0.12 ± 0.086 0.11 ± 0.05
C20:2 Methyl 11,14-eicosadienoate 2.91 ± 0.35 1.43 ± 0.61 1.18 ± 0.12 1.25 ± 0.23 1.04 ± 0.046 0.93 ± 0.25

C20:4 Methyl arachidonate 0.30 ± 0.01 0.25 ± 0.03 0.22 ± 0.05 0.19 ±0.02 0.16 ± 0.03 0.14 ± 0.08
C20:3Methyl 11,14,17-eicosatrienoate 0.06 ± 0.01 0.06 ± 0.01 0.05 ± 0.01 0.04 ± 0.15 0.05 ±0.012 0.03 ± 0

C20:5 Methyl eicosapentaenoate 0.06 ± 0.01 0.08 ±0.00 0.05 ± 0.00 0.09 ±0.01 0.04 ± 0.005 0.05 ± 0.01
C22:0 Methyl behenate 0.01 ± 0.00 0.01 ± 0.00 0.01± 0.00 0.01±0.00 0.013 ± 0.01 0.02 ± 0.01
C22:1 Methyl erucate 0.02 ± 0.01 0.03 ± 0.09 0.011± 0.01 ND 0.01 ±0.00 0.09 ±0.01

C24:0 Methyl lignocerate 0.16 ± 0.03 0.15 ± 0.06 0.18 ± 0.02 0.13 ± 0.09 0.224 ± 0.12 0.14 ± 0.08
C22:6 Methyl docosahexaenoate 0.04 ± 0.02 0.05 ± 0.01 0.035 ± 0.01 0.04 ± 0.02 0.04 ± 0.01 0.04 ± 0.01

C24:1 Methyl nervonate 2.3 ± 0.32 1.4 ± 0.05 0.12 ± 0.06 0.9 ± 0.02 0.70 ± 0.0 0.4 ± 0.02∑
SFAs 23.09± 0.70 24.84 ± 0.66 33.64 ± 2.87 32.45± 0.9 47.95 ± 2.87 57.68 ± 2.28∑

MUFAs 36.36± 0.24 46.89 ± 4.1 42.53 ± 1.23 45.75± 1.7 29.11 ± 0.3 41.24 ± 3.1∑
PUFAs 42.85± 3.73 29.66 ± 1.48 25.43 ± 1.3 22.70± 0.8 13.64 ± 1.9 11.46 ± 0.59∑

C16-C18 94.17 ± 5.6 95.93 ± 8.3 96.63 ± 10.3 96.81 ± 2.9 97.07 ± 4.9 97.38 ± 3.59
Ratio PUFAs/MUFAs 1.85 1.19 0.75 0.7 0.28 0.19

ND: not determined.

Similarly, to the temperature effect on lipid quality, nutrient deprivation tends to result in a FAMEs
profile enriched with SFA and MUFAs (Table 3). Indeed, saturated fatty acids were high at 40 ◦C ND,
while the MUFAs presented the second-high fraction at 20 and 30 ◦C ND. It was previously stated that
C16:0 and C18:0 are the major SFAs and C18:1 is the most dominant MUFA [56]. These data are similar to
our present study where the main saturated fatty acid was palmitic acid (C16:0), whereas oleic acid (18:1)
raised the MUFAs’ amount. The obtained FAME compositions are in agreement with those reported for
Nannochloris species by Talebi et al. [61] and Reitan et al.’s [52] findings, which showed an increment
in SFAs and MUFAs under nutrient depletion. The same trend was observed in Dunaliella tertiolecta
and Stephanodiscus minutulus where the amounts in MUFAs’ and SFAs’ values were directly related to
changes in the amount of nitrogen in the media [62]. In contrast to the SFAs’ and MUFAs’ fractions
that were high under the depletion conditions, cultures in nitrogen limitations at low temperatures
enhanced the amount of PUFAs. PUFAs are one of the most nutritionally important and essential fatty
acids due to their multiple health benefits [63]. A considerable increment in PUFAs (%) was observed
reaching a maximum accumulation at 20 ◦C NL with 42.8%, while it was a maximum of 32.2% in replete
media (~1.3X) (Table 3). Moreover, the high value of PUFAs/SFAs index proved the nutritional value of
Nannochloris atomus cultivated under the previously cited conditions [64]. Linoleic (18:2) and linolenic
(18:3) acids were dominant in PUFAs and contribute to the overall increase. This nutritional value
is enhanced by the existence of eicosapentaenoic acid (EPA, C20:5n3), docosahexaenoic acid (DHA
22:6n3) and nervonic acid (C24:1). In line with our findings, Wang et al. [65] stated that N-limitation
led to an increase of PUFAs for Phaeodactylum tricornutum, Isochrysis aff. galbana clone T-Iso, Rhodomonas
baltica, and Nannochloropsis oceanica. This is also in accordance with previous research data reporting
that the nutrient limitation induced the synthesis of PUFAs [66].

In recent years, species of green algae are considered as a source of essential fatty acids that are
necessary not only for improving the organism’s nutrition, but also for production of biodiesel. Apart
from adjusting carbon allocation to favor lipid accumulation under nitrogen starvation, microalgae also
modify their lipid metabolism in response to changing environmental conditions. Changes in specific
fatty acids in response to N-deprivation appear to be strain specific [67]. Moreover, it is speculated that
microalgae modify their fatty acid composition as a strategy to adapt to the changing temperatures
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and nitrogen. At high temperatures and nitrate depletion, the amount of SFAs and MUFAs increase to
maintain the integrity and fluidity of the cell membrane phospholipids layer [33], [36]; while the trend
for increasing fatty acid unsaturation with decreasing temperature and nitrogen limitation is linked to
the biosynthesis or conversion of existing polar membrane lipids into neutral lipid storage [55].

Lipid quality is a critical variable evaluating the algae species. Finding the appropriate conditions
to stimulate the synthesis of different fatty acids of interest is crucial for developing an efficient
biological production process. From a practical point of view, culturing QUCCCM31 under nitrogen
depletion can be applied for good quality of biodiesel production, while the nitrogen limitation can
be applied to grow Nannochloris to enhance PUFAs for pharmaceutical applications. The existence
of PUFA-chain from algae constitute a robust scientific and technological basis for the industrial
development of high-value products from algae. This is very important in the biodiesel production as
it helps to make the process economically feasible by reducing the cost through biorefinery process.
The main targeted application could be the use of high purified omega-3 fatty acids (DHA/EPA) and
omega-9 (nervonic acid) for nutrition and pharmaceutical applications.

3.5. Determination of Biomass Calorific Values (CV)

The full biomass sample of strain Nannochloris atomus obtained from the different culture conditions
was analyzed for calorific value and the data are outlined in Table 4.

Table 4. Calorific value of dried biomass cultivated under different culture conditions.

Culture Conditions Calorific Value (kJg−1)

20 ◦C 7.93 ± 0.11
30 ◦C 16.92 ± 0.41
40 ◦C 19.28 ± 0.59

20 ◦C NL 11.26 ± 0.48
30 ◦C NL 23.43 ± 0.74
40 ◦C NL 25.63 ± 0.66
20 ◦C ND 15.6 ± 0.84
30 ◦C ND 28.18 ± 0.95
40 ◦C ND 29.07 ± 0.67

In accordance with the other results, it was clear that the response of the algal strains to different
temperature and nitrogen regimes was variable. Under temperature variations, the maximum calorific
value was seen at 40 ◦C with a value of 19.27 ± 0.596 kJg−1. When different nitrogen regimes are
combined to temperature variations, there was a significant increase in the calorific value from 7 kJg−1

to 15 kJ g−1 under 20 ºC, 16 kJg−1 to 28 kJg−1 under 30 ◦C and 19 kJg−1 to 29 kJg−1 under 40 ◦C. The
highest calorific value was obtained with the strain grown at 40 ◦C in ND medium (29 kJg−1). We also
noticed that there is significant correlation at the 5% level between lipid content and the calorific value
(Figure 6). This is because lipids are high energy-rich biomolecules, and their accumulation yielded to
an increase in the calorific value.

Earlier findings showed that microalgae, when grown under normal conditions, presents calorific
values between 18 and 21 kJg−1 [59]. With variation of nutrient concentration as well as other
environmental conditions, some microalgae accumulates high amount of lipids and the calorific value
increases from 21 to 29 kJg−1 for some Chlorella species [28], and can reach a value of 35.58 kJg−1 for
B. braunii [68]. In the present research work, the data obtained when the nitrogen and temperature
stress were combined were found to conform with Illman et al. [28] and Scragg et al.’s [69] findings.
Although the calorific value of petroleum diesel is 42 kJg−1 [28], biomass with a calorific value greater
than 20 kJg−1 are seen to be satisfactory [70]. This is because biodiesel from microalgae biomass gives a
cleaner product without contamination of sulphur or phosphorus pollutants, unlike the petroleum
diesel, which is preferable for fuel quality [71]. Therefore, the algal biomass of strain QUCCCM31,
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when cultivated under specific conditions, proved its suitability as a high-energy source, and a viable
alternative to be used as a diesel replacement.

Figure 6. Relation between lipid content and calorific value of strain QUCCCM31 under different
culture conditions.

3.6. Assessment of Biodiesel Quality

FAMEs are used to estimate the properties of the biodiesel and previous studies have shown
that the profile of FAMEs in microalgal biomass are affected by many factors [40]. This has also been
elucidated in our study where it was proved that the different temperatures and nitrogen regimes
applied affected amply the composition of FAMEs.

Despite the actual emphasis on use of algal lipids as biodiesel feedstocks, only a few literature
reports of actual biodiesel produced from algae exist, and even fewer reports of relevant fuel properties.
The Table 5 summarizes a comparison between the biodiesel properties produced from our local isolate
Nannochloris atomus under different culture conditions and data reported by other research work.
This table summarizes the properties of biodiesel fuel such as CN, IV, SV, DU, and kinematic viscosity
derived from the FAME compositions of Nannochloris atomus compared to the international biodiesel
standard (EN14214, ASTM D6751-02) and other algae strains. It was observed that most of the nine
conditions investigated presented biodiesel properties within the range of standard values.
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Table 5. Biodiesel properties calculated from the FAME profile of strain Nannochloris atomus at different culture conditions.

Biomass Used for Biodiesel SV (mg/g
KOH)

IV
(gI2/100g fat)

Cetane
Number

Degree of
Unsaturation

Oxidation
Stability (h)

Kinematic viscosity
υ (mm2 s−1)

SFAs (%) MUFAs
(%)

PUFAs
(%) Lipid (%) Reference

Biodiesel Standard EN14214 – ≤120 ≥51 – ≥6 3.5–5.0 – – – – –

Biodiesel Standard ASTM D6751-02 – NA ≥51 – – 1.9–6.0 – – – – –

N. atomus cultivated at

20 ◦C 194.7 96.2 52.7 98.4 6.2 3.4 34.1 33.9 32.2 22.5

This study

30 ◦C 179 80.6 56.2 86 7.6 – 35.3 40.1 23.8 28.4

40 ◦C 196.5 73 57.6 80.4 7.1 – 45.2 27.9 27.1 30

20 ◦C NL 193.2 109.6 49.9 113.3 5.6 – 23.1 36.4 42.8 29.7

30 ◦C NL 192.9 96 53 99.4 6.8 – 33.6 42.5 25.4 32

40 ◦C NL 195.1 83.3 55.5 87.7 7.5 – 58.0 29.1 13.6 41.2

20 ◦C ND 194.6 81.3 56.1 86.9 8.2 – 24.8 46.9 29.7 35

30 ◦C ND 198.6 50.8 62.3 53.5 12.2 – 32.4 45.8 22.7 42.5

40 ◦C 197.4 57.1 61.1 61.8 14.1 – 47.7 41.2 11.5 45

Isochrysis 160.5 82.1 49.5 66.8 – 3.5 32.9 22.2 25.1 [72]

Nannochloropsis 184.5 101.2 52 67.8 – 3.4 40.6 34 16.9 40 [73]

Chlorella – – 46 – – 3.7 – – – ND [74]

Dictyosphaerium
ehrenbergianum – 46.9 59.8 – – 4.9 – – – 34.1 [75]

Micractinium pusillum CCAP 248/1 – 42.4 60.2 – – 4.9 – – – 32.3 [75]

Micractinium pusillum CCAP 248/3 – 28.3 61.4 – – 5. – – – 23.6 [75]

Chlorella vulgaris – 75.1 57.2 – – 4.6 – – – 42.1 [75]

–: Not listed in the literature.
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The cetane number (CN) is widely used as a fuel quality parameter. It is related to the time
between injection and ignition. The shorter this time is, the higher is the CN [76]. Fuels with low cetane
number can cause damage to the engines and increase the formation of white smoke emission due to
incomplete combustion. The CN is highly influenced by the FAMEs’ profile. According to UNE-EN
14214 and ASTM D6751-02 standards, the CN for biodiesel should be a minimum of 51. Most of the
conditions studied in our experiment presented a CN matching with the standard values for biodiesel.
Our findings evidenced that CN values of Nannochloris atomus FAMEs increased with temperature
combined with nitrate depletion. Indeed, the highest CN was observed in the case of 30 and 40 ◦C
under nitrate depleted regimes (~62). This is due to the effect of temperature variations combined to
nitrate starvation on the saturation of the fatty acids [22]. However, CN value of 20 ◦C nitrate limited
condition is slightly below the range. This is explained by the fact that low cetane numbers have
been associated with more highly unsaturated components, mainly the esters of linoleic (C18:2) and
linolenic (C18:3) acids [40]. Biodiesel is most likely used with conventional petroleum diesel in different
blend concentration depending on CN and density of the biodiesel. Therefore, biodiesel with higher
cetane numbers can be blended at higher concentrations with petroleum diesel. Conditions of nitrate
depleted at 30 ◦C and 40 ◦C are the best concerning the CN comparing with the other investigated
culture conditions and even with regards to other species of algae strains presented in Table 5.

Iodine value (IV) is another parameter that estimates the properties of biodiesel. It measures the
unsaturation within a mixture of fatty acid which is important for viscosity and cloud points. The
lower the IV, the better the fuel will be as a biodiesel [77,78]. In the UNE-EN 14214 and ASTM D6751-02
standards, the iodine value is limited to 120 g I2/100 g. All the conditions investigated presented an
IV value matching with the standards. Conditions with less unsaturation are giving a better iodine
number. This is the case, in this study, of the culture at high temperature in nitrogen-depleted media
where the IV is very low. Other species, Micractinium pusillum CCAP 248/1 investigated in the literature,
showed lower IV = 28. This can be explained by a possible low percentage of unsaturation probably
due to the culture conditions.

Oxidation stability is also one of the major issues affecting the use of biodiesel. It corresponds to
the minimum time that biodiesel can stay before degradation and is extremely affected by the content
of polyunsaturated methyl esters [79]. As per the standard values defined by UNE-EN 14214 and
ASTM D6751-02, a minimum induction period of six hours is determined for biodiesel samples. Except
the conditions of 20 ◦C nitrate limited; all the other conditions meet the standards. Among them, 30 ◦C
and 40 ◦C ND tend to give biodiesel with better stability.

Additionally, to these parameters, biodiesel must have an appropriate kinematic viscosity (υ)
for a proper operation of the engine. It is an important parameter to ensure that fuel supply reaches
injectors at different operating temperatures. From our study, the microalgae-based biodiesel issued
from the nine different conditions studied presented a kinematic viscosity within the range of ASTM
D6751-02 set standard.

As elucidated above, temperature and nitrogen starvation had a major impact on FAME profiles
in QUCCCM31 isolate. It is, thus, not surprising that the investigated biodiesel properties were
also tightly linked with the applied culture conditions. In general, besides the cultures issued from
conditions in nitrate limitation media at 20 ◦C, the fuel properties of biodiesel issued from the eight
other different conditions were found to be conformed to the UNE-EN 14214 and ASTM D6751-02
standards. However, cultures in ND media under 30 ◦C and 40 ◦C were the most efficient conditions
improving the quality of biodiesel properties and gave better results to some of the strains described
in literature (Table 5). This is very interesting for large-scale biodiesel production in places such as
Qatar’s climate where the temperatures are high almost all the year. Nonetheless, the nitrogen stress
should be taken into account. Nannochloris atomus QUCCCM31 oil appeared to be a good feedstock
for biodiesel production, which can be partially substituted for petro-diesel under most operating
conditions, regarding performance parameters, without any modifications having to be made to
the engine.
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4. Conclusions

The present study investigated the impact of seasonal temperature variations seen in Qatar
on the growth and lipid productivity of the locally isolated marine microalgae Nannochloris atomus
QUCCCM31. In parallel various nitrogen, starvation strategies were combined to temperatures to
enhance the lipid productivity and quality.

The strain showed its ability to meet the sustainability challenges of algal biomass production by
growing under temperature and nitrogen variations. The two-stage cultivation processes followed by
nitrogen starvation represented a feasible strategy to increase the lipid content without affecting the
biomass productivity, which is very important at commercial level for biodiesel production.

The analysis of FAMEs’ profiles of the Nannochloris atomus QUCCCM31 under the different
conditions applied showed that saturated fatty acids are more dominant at high temperature,
and N-depleted where low temperatures coupled to N-limitation enhanced the production of PUFAs.
The presence of omega-3 and omega-9 fatty acids as valuable co-products increased the potential use
of the QUCCCM31.

Biodiesel properties of the strains issued from most conditions studied was conformed to the EN
14214 and ASTM D6751-02 standards. Nonetheless, when the strain is cultivated in nitrogen-depleted
media under 30 and 40 ◦C, the quality of the biodiesel synthesized was improved.

These data are essential to optimize the cultivation of commercially interesting microalgae for
biodiesel production and, hence, to grow them in a cost-effective and profitable way.
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