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Abstract
This work encompasses the effect of chemical and metabolic stress on lipid content and fatty acid methyl ester (FAME) profile 
by Chromochloris zofingiensis. To this aim, a control medium amended with specific concentrations of sodium chloride (15 
g  L−1, 30 g  L−1, and 60 g  L−1) and of ethanolamine (ETA) and triethylamine (TEA) (0.050 g  L−1, 0.100 g  L−1, and 0.150 
g  L−1) has been used for the cultivation of this strain. A better lipid content than the control was obtained under salt stress 
compared to chemical stress induced by ETA and TEA, while the effect on lipid productivity was negligible. Thirty grams 
per liter of NaCl allowed to obtain the highest value of the total lipid content (30.33% DW) compared to the control (20% 
DW). FAME profile revealed a 97.50–98.99% composition in C16–C18 with no statistically meaningful differences among 
the three concentrations of salt and chemicals tested. The most represented fatty acids were C18:1 oleic (> 45%wt), C16:0 
palmitic (> 34%wt), and C18:2 linoleic (> 21%wt) obtained under 60 and 30 mg  L−1 of NaCl and 0.150 g  L−1 of ETA, 
respectively. When using 0.150 g  L−1 of ETA, unsaturated fatty acids reached the highest portion (67.53%wt) than the con-
trol (62.26%wt). A quantitative and qualitative analysis of all FAMEs has been carried out to improve biodiesel properties. 
Chemical and physical properties of algal lipid–derived biodiesel showed a compliance with ASTM standards for unmixed 
biodiesel and the main European regulations (EN 14214 and EN 590) for the quality of biodiesel resulted fulfilled. Therefore, 
a profitable biodiesel can be obtained when cultivating C. zofingiensis under osmotic stress.
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1 Introduction

In the last two centuries, the intensive use of fossil fuels, 
mostly driven by the development of industrialization, has 
produced a dramatic increase in carbon dioxide  (CO2) emis-
sions. Consequently, there has been a marked increase in the 

global temperature [1]. The growing concern on the above 
premises emphasizes at global level the seeking of alterna-
tive sustainable and renewable sources of fuel able to sub-
stitute those of fossil origin [2].

Microalgae are considered today as cell factories able to pro-
duce a wide range of commercially important molecules and 
other biologically active compounds such as proteins, carbo-
hydrates, lipids, vitamins, and pigments to be exploited in food 
and health, biofuel, pharmaceutical, and cosmetic markets [3]. 
Beside their importance in terms of nutritional value, micro-
algae cultivation shows environmental positive implications 
due to  CO2 uptake from the atmosphere, production of biofuel, 
agro-fertilizers, bioplastics, and wastewater (WW) treatment 
[4]. To this aim, the ability of microalgae to combine the bio-
mass growth with the biological WW treatment and biofuel 
production has been addressed by an extensive literature [5].

The eligibility of microalgae for biodiesel production is 
based on the fact that this photosynthetic microorganism can 
sustain a high biomass production characterized by a high 
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lipid content [6]. In this scenario, microalgae can be poten-
tially exploited as renewable and environmentally friendly 
resources for the production of liquid biofuels. However, 
economic and technical issues constrain the full develop-
ment of microalgae mass-production cultivation systems, 
which limits the full widespread of this existing microal-
gae-based technology for biofuel production. The economic 
feasibility of microalgae mass cultivation should be guaran-
teed by high productivity in terms of biomass and efficient 
production of lipids [7].

Under photoautotrophic conditions, a series of culture 
parameters can be modified to tailor cell metabolic path-
ways toward the production of lipids and the accumulation of 
triacylglycerol (TAG) in particular. This can be obtained by 
controlling biotic and abiotic factors such as nutrients (i.e., 
stress nutrition in the form of nitrogen depletion), light, pH, 
temperature, oxidative, and salty stress [8].

When microalgae are exposed to stressful conditions, var-
ious strategies are adopted by the cells to adapt their metabo-
lism, such as altering the morphology, changing biochemical 
pathways, and slowing down the growth [9]. At commercial 
scale, different stressors are available to enhance the pro-
ductivity of certain algal components, mainly pigments and 
lipids. In this light, the latest frontier in biochemical field 
is the use of small chemical molecules as gene modulators 
for promoting metabolism and lipid accumulation, acting as 
activators or inhibitors of cell metabolism [10, 11]. Among 
these modulators, amines such as ethanolamine (ETA) and 
triethylamine (TEA) are able to influence lipid accumulation 
and fatty acid methyl ester (FAME) profile when added to 
the culture medium [12, 13].

Another stressful way adopted to condition the lipid 
metabolism of microalgae is the increase of salinity, which 
is able to alter not only the growth but also the biochemical 
composition of marine and fresh water microalgae [14]. In 
particular, high salinity is correlated to the accumulation 
of lipids because it favors the transition from the phase of 
active cell division to that one characterized by the stor-
age of energy as an adaptation to the stress environment 
[15]. From a biochemical point of view, the exposition to a 
saline environment undergoes at the cellular level a survival 
mechanism of response that implies an increased production 
of lipids, as energy-rich substances, that allows the cells to 
survive under extreme environmental conditions [16].

The growing economic and environmental interest in 
finding robust strains capable of producing biomass that 
could be exploited as a feedstock for biofuels should be also 
highlighted [17]. Feedstocks with these characteristics can 
compete with traditional biodiesel obtained from terrestrial 
crops in terms of land and water use, carbon sequestration, 
and reduction of greenhouse gas emissions.

The single-celled green microalgae Chromochloris zof-
ingiensis, which belong to the class of Chlorophyceae [18], 

represents a valid candidate for this purpose. Nowadays, there 
is a growing interest toward C. zofingiensis in the frame of a 
biorefinery approach by producing multiple products from 
a single source of microalgal biomass. In this scenario, this 
strain shows great promise due to its high biomass productiv-
ity and the accumulation of a diverse range of products such 
as pigments, carbohydrates, proteins, and essential amino 
acids [19]. Besides the production of the carotenoid astax-
anthin, C. zofingiensis emerges as a potential accumulator of 
lipids for the production of biodiesel when exposed to suit-
able stressful conditions such as high light [20] and nitro-
gen deprivation [21]. Another appealing aspect noteworthy 
is the ability of C. zofingiensis to modulate its metabolism 
shifting from an initial photoautotrophy or heterotrophy into 
a mixotrophic mode, increasing in this way the production of 
biomass and lipids by coupling two different trophic modes of 
cell growth [22, 23]. Therefore, based on its ability to growth 
under these multitrophic culture conditions as well as on its 
high-density growth, scalability, and tolerance to a wide range 
of environmental stresses (primarily pathogens and pollut-
ants), C. zofinginesis can represent a desirable robust strain 
for biotechnological applications [18, 24, 25].

For many freshwater Chlorella strains, such as Chlorella 
vulgaris [26–28] and Chlorella protothecoides [29], there are 
examples of modification on lipid content and FAME composi-
tion based on the application of an osmotic stress. The possibil-
ity to use seawater instead of freshwater for algae cultivation 
could reduce the footprint of freshwater, helping in this way 
to preserve a scarse resource on the Earth. On the other hand, 
there are few examples dealing with the response of C. zof-
ingiensis to salinity levels, showing how biomass production 
could be severely compromised [30]. Hence, by considering the 
potential use of chemicals such as NaCl producing a metabolic 
stress on microalgae, the effect on C. zofingiensis lipid produc-
tion under a growing salinity environment is investigated in 
this work. The use of gene modulators as stressors and lipid 
metabolism inductors is reported as well for the first time for 
this strain. FAME profile is also analyzed from a quantitative 
and qualitative point of view to assess a comparison with the 
standard directives for biodiesel properties.

2  Materials and methods

2.1  Inocula and culture medium preparation

The culture collection of algae at the University of Texas, 
Austin, USA [31], provided the strain Chromochloris zof-
ingiensis UTEX32 object of this study. The standard Bold 
basal culture medium (BBM) was used for maintenance and 
cultivation of the cell cultures. The BBM was prepared using 
the following six stock solutions:  NaNO3 (10 g 400  mL−1 
 H2O),  KH2PO4 (7 g 400  mL−1  H2O),  K2HPO4 ×  3H2O (3 g 
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400  mL−1  H2O),  MgSO4 ×  7H2O (3 g 400  mL−1  H2O),  CaCl2 
×  2H2O (1 g 400  mL−1  H2O), and NaCl (1 g 400  mL−1  H2O). 
Ten milliliters of each stock solution was added to 1 L of dis-
tilled water. Three different vitamin stock solutions (thiamine 
0.1 g 100  mL−1  H2O, biotin 25 ×  10−6 g 100  mL−1  H2O, and 
vitamin B12 15 ×  10−6 g 100  mL−1  H2O) and a PIV metal 
solution (EDTA-Na2 750 mg  L−1,  FeCl3 ×  6H2O 97 mg  L−1, 
 MnCl4 ×  4H2O 41 mg  L−1,  ZnCl2 5 mg  L−1,  CoCl2 ×  6H2O 2 
mg  L−1, and  Na2MoO4 ×  2H2O 4 mg  L−1) were also prepared. 
One milliliter of each vitamin stock solution and 6 mL of 
PIV metal solution were added to 1 L of distilled water after 
autoclaving it (model 760, ASAL, Cernusco s/N, MI, Italy).

Fifty milliliters of BBM and 10 mL of microalgal inocula 
were poured in 150-mL Erlenmeyer flasks and maintained 
at room temperature 1 week in cultivation until reaching the 
end of exponential growth phase. A cotton cup was provided 
to isolate the flasks to the surrounding environment and to 
allow air diffusion. Fluorescent lamps (model T8 36 W IP20, 
CMI, Germany) were adopted to continuously illuminate 
the flasks providing a light intensity of 50 μmol  m−2  s−1 
measured with a luxmeter (model HD 2302.0, Delta OHM, 
Padua, Italy).

2.2  Cultivation conditions and experimental setup

The cultivation of C. zofingiensis took place both in 1-L 
flasks and 20-L bubble column reactors (thereafter named 
PBR). The 1-L flasks were filled with 500 mL of BBM, aer-
ated (0.03%  CO2 v  v−1) by diffusion trough a cotton cup, and 

daily shaken manually. The flasks were maintained at room 
temperature and illuminated by white fluorescent lamps with 
a 50 μmol  m−2  s−1 light intensity. The lamps were turned on 
for 12 h and turned off for the remaining part of the day. The 
20-L PBRs (outer diameter 18 cm; inner diameter 17 cm; 
height 100 cm), were characterized by a working volume 
of 12 L and were supplemented by 10 L of medium and 
2 L of inocula. An air pump (GIS Air Compressor, Carpi, 
MO, Italy) provided the compressed air while a  CO2 cylin-
der provided the gas, respectively, to obtain a filtered mix 
of  CO2 and compressed air (2–98% v  v−1) which was sup-
plied through a perforated rubber stopper to the column. The 
PBRs were illuminated with a photoperiod of 12 h/12 h at 
room temperature by one fluorescent panel providing a light 
intensity of 65 μmol  m−2s−1, as reported in Fig. 1.

Three chemicals such as NaCl, ETA (Merck KGaA, 
Germany), and TEA (Merck KGaA, Germany) were added 
to the BBM as reported in the experimental setup shown 
in Table 1. Three different concentrations for each source 
were tested as follows: 0.050 g  L−1 (ETA1), 0.100 g  L−1 
(ETA2), and 0.150 g  L−1 (ETA3) for ethanolamine; 0.050 g 
 L−1 (TEA1), 0.100 g  L−1 (TEA2), and 0.150 g  L−1 (TEA3) 
for trimethylamine; and 15 g  L−1 (SAL1), 30 g  L−1 (SAL2), 
and 60 g  L−1 (SAL3) for NaCl. The test under stress was 
carried out in two stages as follows: (a) growth phase (GP) 
which lasted 20 days and (b) stress phase (SP) which started 
on the 20th day and lasted 5 days.

A series of experiments (with an initial concentration of 
the inocula equal to 0.1 g  L−1) were performed to evaluate 

Fig. 1  Scheme of the photo-
bioreactor adopted during the 
experiments
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C. zofingiensis growth, biomass production, and total lipid 
content as well as FAME profile according to the experimen-
tal setup. Optical density (OD) and biomass concentration (g 
 L−1) were collected to monitor microalgae growth. The final 
dry weight, the total lipid content, and the FAME profile 
were obtained at the end of the cultivation both at growth 
and stress phases.

2.3  Cell growth and dry weight determination

The absorbance (ABS) of the culture detected at 720 nm by 
a spectrophotometer (model ONDA V30 SCAN–UV VIS, 
ZetaLab, Padua, Italy) was used to monitor C. zofingiensis 
growth for 25 consecutive days. Distilled water was used 
as the blank for the absorbance readings. A relationship 
between dried biomass concentration and ABS was estab-
lished by building a regression equation, which allowed 
calculating the biomass of the sample once obtained the 
value of ABS reading. The detailed procedure adopted for 
the gravimetrical determination of the dry biomass has been 
reported in a previous work carried out by our team [22].

The cell concentration (dry weight), Xdw (g  L−1) was cal-
culated using the following equation:

where W is weight (g) of the dried algal biomass, and V is 
volume (L) of the algae culture used for the test.

The average biomass productivity (∆X) was expressed as

where max Xmax is maximum biomass (g  L−1) obtained 
at (tmax).

The specific growth rate (μ) was calculated according to 
the following equation:

(1)X
dw

=
(

W
2
−W

1

)

∕V

(2)(ΔX) = maxX
dw
∕tmax

where X2 and X1 are dry biomass concentration (g  L−1) at 
time t2 and t1, respectively.

A pH meter (model HI 2210, Hanna Instruments, Woon-
socket, RI, USA) was used to measure the pH of culture 
suspensions.

2.4  Total lipid content determination

A modified version of the classical gravimetric method 
of Bligh and Dyer [32], tuned by Chen et al. [33], was 
adopted to execute the measurements of the total cell lipid 
content. Once the algal biomass was collected, it was cen-
trifuged (model 2560 Nakita, Auxilab S.L., Beriain, Spain) 
at 6500 g for about 5 min in order to separate supernatant 
and sediments. The latter were collected and freeze-dried 
at − 80 °C for about 24 h. The extraction of lipids was 
carried out on the freeze-dried biomass which had been 
previously lyophilized (Lio1000P, 5 Pascal, Trezzano s/N, 
MI, Italy). The detailed steps of the lyophilization process 
are reported in Vitali et al. [22]. Broadly, two extractive 
solutions are required, one chloroform/methanol mix and 
a chloroform + sodium chloride solution, which contribute 
to get a final volume ratio of about 2:2:1.8 (chloroform/
methanol/water). The final mixture was subsequently 
extracted and centrifuged at 6500 g for about 5 min. At 
this point, the chloroform phase was transferred into a pre-
weighted glass tube (m0, mg), blow-dried under  N2 flow 
gas at 60 °C (HGC 244 HA, China) for 90 min and finally 
weighted (m1, mg). The percentage (%) of the lipid content 
(TL) was calculated by multiplying the obtained value of 
total lipid content (g  g−1 biomass) by 100 as follows:

The lipid productivity (LP) was calculated as follows:

2.5  FAME determination

A modified protocol reported by Lage and Gentili [34] 
was adopted for FAME determination starting from lyo-
philized biomass. The detailed procedure is reported in 
Vitali et al. [22]. Briefly, toluene and 1%  H2SO4 in anhy-
drous methanol were used to improve the methylation of 
non-polar lipids and their trans-methylation, respectively. 
Tricosanoic acid methyl ester  CH3(CH2)21COOCH3 ≥ 
99.0% (GC), (Sigma-Aldrich, St. Louis, MO, USA) in 
hexane was used as an internal standard. The extraction 
of FAMEs was then performed with a 5% NaCl + hexane 

(3)� =
(

lnX2 − lnX1

)

∕
(

t2 − t1

)

(4)TL(dw%biomass) =
[(

m1 −m0

)

∕m
]

× 100

(5)LP
(

g L−1 day−1
)

=
TL ∙ DW

day

Table 1  Experimental setup

ETA ethanolamine, TEA triethylamine, SAL BBM saline medium with 
the addition of NaCl, GP growth phase, SP stress phase

Culture medium BBM

Chemical added ETA TEA SAL
Cultivation time (days) 20 (GP) 20 (GP) 20 (GP)

25 (SP) 25 (SP) 25 (SP)
Reactor 1-L flask 1-L flask 20-L PBR
Working volume (L) 0.5 0.5 12
Volume medium (L) 0.333 0.333 10
Volume inoculum (L) 0.167 0.167 2
Concentration used (g 

 L−1)
0.050 (ETA1) 0.050 (TEA1) 15 (SAL1)
0.100 (ETA2) 0.100 (TEA2) 30 (SAL2)
0.150 (ETA3) 0.150 (TEA3) 60 (SAL3)
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extractive solution, and after phase separation, the organic 
phase was quantitatively analyzed by a 7820A Gas Chro-
matograph (Agilent Technologies, Palo Alto, CA, USA) 
coupled to a 5977B Mass Spectrometer (Agilent Tech-
nologies, Palo Alto, CA, USA). Data on GC-MS system, 
capillary column, gas carrier, injector, and detector tem-
perature as well as mode of operation for the chroma-
togram were reported elsewhere [22]. The individual 
FAMEs were identified and quantified by using a stand-
ard reference solution based on a Supelco 37 Component 
FAME Mix® (Sigma-Aldrich, Saint Louis, MO, USA), 
tricosanoic acid methyl ester (TAME) internal standard 
solution, and hexane.

The content of FAMEs was calculated by manually 
integrating their peak areas with respect to the internal 
TAME standard solution, after calculation of the response 
(RF) using the standard reference solution. Finally, fatty 
acid (FA) levels were reported in terms of g 100 g−1 
total FAs.

The relative content of each FA, presented in a percentage 
of total FA, was expressed by RF, which was derived by the 
following equation:

where ms is the mass of internal standard (mg), Ai is peak 
area of section i, mi is the weight of sample (mg), and As is 
the area of standard.

2.6  Estimation of fuel biodiesel properties

The quality of biodiesel which can be potentially produced 
from the lipids extracted, was assessed on the basis of the 
FAME composition. Density (ρ), kinematic viscosity (υ), 
saponification value (SV), high heating value (HHV), 
cetane number (CN), iodine value (IV), long-chain satura-
tion factor (LCSF), degree of unsaturation (DU), cold filter 
plugging point (CFPP), and oxidative stability (OS) were 
evaluated through the equations proposed by Sentham-
ilselvi and Kalaiselvi [35]. Allylic position equivalent 
(APE), cloud point (CP), bis-allylic position equivalent 
(BAPE), and pour point (PP) were evaluated by means of 
the software Biodiesel Analyzer© Ver. 2.2. [36].

2.7  Statistical analysis

Each experimental condition was investigated in triplicate. 
Statistical analysis on biomass and lipid content, specific 
growth rate, lipid productivity, and FAME profile was per-
formed using MetaboAnalyst 5.0 platform tuned by the 
McGill University, Montreal, Canada. The one-way analy-
sis of variance (ANOVA) followed by Tukey’s honestly 
significance different (HSD) test was used to statistically 

(6)RF
[

∕
]

= m
s
A
i
∕m

i
A
s

analyze the difference among the groups. Variables were 
reported as significant at 95% confidence (probability limit 
of 0.05).

3  Results and discussion

3.1  Influence of metabolic and chemical stress on C. 
zofingiensis growth and lipid content

The growth and metabolic functions of microalgae are 
markedly influenced by stress factors, such as salinity, pH 
of the growth medium, nutrient depletion, and high light 
intensity. The effect of metabolic stress on C. zofingiensis 
biomass and lipid content was evaluated by adding some 

Fig. 2  Effect of osmotic stress, expressed in terms of NaCl concen-
tration, on final biomass concentration and total lipid content (a) and 
on specific growth rate and lipid productivity (b). Control medium 
(CTRL) was the BBM. SAL1 = BBM + 15 g  L−1 NaCl, SAL2 = 
BBM + 30 g  L−1 NaCl, and SAL3 = BBM + 60 g  L−1 NaCl. Aster-
isks (*) indicate a statistically meaningful difference (p ≤ 0.05) of the 
result from the corresponding one of control condition
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chemicals to the standard BBM. Figure 2 shows the effect 
of osmotic stress by the addition to the culture medium of 
three NaCl concentrations, 15 g  L−1, 30 g  L−1 g  L−1, and 
60 g  L−1, respectively. Chemicals were added to the con-
trol at the 20th day of cultivation, and the algal behavior 
under salt stress was monitored for 5 days (from the 20th 
to 25th day). Upon salt addition, no increase in biomass 
concentration (Fig. 2a) and specific growth rate (Fig. 2b) 
is observed compared to the control for all the three salt 
concentration investigated. The biomass concentration 
exhibited a progressive slight decrease compared to the 
control as the concentration of the salt increased. This 
pattern was in agreement with the reduction of biomass 
concentration under increased salinity of the culture media 
reported for the marine strains Tisochrysis lutea [37], Tet-
raselmis suecica [38], Chlorella vulgaris, and Isochrysis 
galbana [39]. The addition of salt on microalgae growth 
medium took place at the 20th day of cultivation when the 
cells were in their exponential phase to submit the whole 
cell population to the osmotic stress. As it can be seen in 
Fig. 3, cell growth was progressively affected by changes 
in the osmolarity and the inhibition was more accentuated 
under 30 and 60 mg  L−1 of NaCl. In this experiment, at the 
end of the 5 days of salt stress, C. zofingiensis was able 
to attain a biomass concentration of 1.07, 0.92, and 0.99 
g  L−1 under 15, 30, and 60 mg  L−1 of NaCl, respectively 
(Fig. 3). The values of biomass obtained at the 20th day 
of cultivation (when the salt stress was applied) were 1.21, 
1, and 1.22 g  L−1, respectively. There was therefore an 
inhibitory effect of cell growth during the 5 days of moni-
tored salt stress that produced a 15%, 12%, and 21% reduc-
tion on biomass concentration. It has been suggested that 

microalgae belonging to the Chlorella genus could have a 
mechanism to deal with the salinity stress [26]. Therefore, 
the ability of C. zofingiensis to cope with different salin-
ity stresses could be somehow related to the activation of 
some of these mechanisms. On the other hand, there are 
microalgae that experience modification in cell morphol-
ogy, low photosynthetic rate, and growth inhibition when 
cultured at low salinity probably due to osmotic and ionic 
imbalance. For example, T. suecica exhibited a low growth 
when cultured in 10 mg  L−1 and 20 mg  L−1 [38]. Con-
versely, it should be underlined that the growth of some 
species at high salt concentrations lowers the efficiency of 
photosynthesis and decreases the biomass accumulation. 
A high external ionic concentration as well as an exces-
sive ion flux into the cells might play an inhibitory effect 
of cell growth under high salinity. In fact, osmotic stress 
under high salinity can decrease the cellular water poten-
tial, leading to an excessive uptake of salt ions into the 
cells that in turn produces a cellular ion imbalance [40]. 
Although some microalgae and cyanobacteria are reported 
to be tolerant up to 100 g  L−1 of salt concentration, in 
general, salinity above 35 g  L−1 progressively causes nega-
tive effects on both cell growth and efficiency of photo-
synthesis, with photosynthesis process being inhibited by 
osmotic stress. These findings confirm that microalgae 
response to variation of salinity changes depends on spe-
cies, growth phase, and environmental conditions.

In a different way compared to biomass accumulation, 
the total lipid content (TL) resulted statistically (p < 0.05) 
enhanced in accordance with the increased salinity of the 
medium. In particular, when the salinity was increased up 
to 30 mg  L−1 (Fig. 2a), the TL increased up to 30.33% DW 
compared to the control (20% DW), while lipid productivi-
ties remained unaffected under the whole range of salinity 
tested (Fig. 2b).

The highest salt concentration tested (60 mg  L−1) did 
not correspond to the highest TL. A similar trend was 
also reported by Haris et al. [39] for C. vulgaris under 
a salinity range 0–40 mg  L−1, where the highest TL of 
15.06% DW was obtained with 24 mg  L−1 while under a 
maximum salinity of 40 mg  L−1, the TL was 7.80% DW 
and in the control was 6.72% DW. It should be kept in 
mind that stress conditions may elevate the lipid content in 
microalgae to guarantee the survival in those culture con-
ditions. When microalgae are grown under salinity stress, 
the biochemical pathways in the FA synthesis are directly 
involved because there is a depletion of the major pho-
tosynthesis electron acceptors of light and dark reaction 
[14]. Considering that the extent of this acceptor deple-
tion is species specific, in general, the effect of salinity 
level toward growth and proximate composition in terms 
of lipids, proteins, and carbohydrates varies between dif-
ferent microalgae strains.

Fig. 3  Evolution of C. zofingiensis growth before and after the appli-
cation of salt stress. Blue triangles correspond to SAL1 (BBM + 15 
g  L−1 NaCl), green squares to SAL2 (BBM + 30 g  L−1 NaCl), and 
orange rhombuses to SAL3 (BBM + 60 g  L−1 NaCl)
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Recently, metabolomic analysis provided a new insight 
to elevate lipid yields in the process of biodiesel production 
using photosynthetic organisms as feedstock [41]. To this 
aim, the effect on C. zofingiensis biomass and lipid content 
was investigated by adding to the control two chemicals as 
triggers of metabolism such as ETA and TEA. ETA is rec-
ognized as a metabolite indirectly associated with the FA 
synthetic pathway. It can have a negative effect on microal-
gal growth and cell division since it can increase the supply 
of acetyl-CoA and favor the generation of phosphatidy-
lethanolamine (PE), that is one of the main components 
of the cytoplasmic membrane [41]. TEA, a tertiary amine 
with three ethyl groups, is thought as a possible chemical 
that induces the promotion and accumulation of lipids [42].

In Fig. 4, the effect of three ETA concentrations, 0.050 
g  L−1, 0.100 g  L−1, and 0.150 g  L−1, respectively, on C. 
zofingiensis growth is reported. It can be inferred how 
biomass concentration and TL remain unaffected by the 
addition of ETA for all the three ETA concentrations 
investigated compared to the control (Fig 4a). A different 
trend was observed for lipid productivity, which exhibited 
a progressive gradual decrease as the ETA concentration 
increased compared to the control (Fig. 4b). Identical 
considerations can be made when the same three TEA 
concentrations were added to the control BBM. As it can 
be seen from Fig. 5a, the gradual increase in TEA concen-
tration produced a meager decrease in biomass concentra-
tion and increase in TL compared to the control, even if 

Fig. 4  Effect of ethanolamine (ETA) concentration on final biomass 
concentration and total lipid content (a) and on specific growth rate 
and lipid productivity (b). Control medium (CTRL) was the BBM. 
ETA1 = BBM + 0.050 g  L−1 ethanolamine, ETA2 = BBM + 0.100 
g  L−1 ethanolamine, and ETA3 = BBM + 0.150 g  L−1 ethanolamine. 
Asterisks (*) indicate a statistically meaningful difference (p ≤ 0.05) 
of the result from the corresponding one of control condition

Fig. 5  Effect of triethylamine (TEA) concentration on final biomass 
concentration and total lipid content (a) and on specific growth rate 
and lipid productivity (b). Control medium (CTRL) was the BBM. 
TEA1 = BBM + 0.050 g  L−1 triethylamine, TEA2 = BBM + 0.100 
g  L−1 triethylamine, and TEA3 = BBM + 0.150 g  L−1 triethylamine. 
Asterisks (*) indicate a statistically meaningful difference (p ≤ 0.05) 
of the result from the corresponding one of control condition
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the difference was statistically insignificant between the 
three TEA concentrations investigated (Fig. 5a). These 
results were somehow in disagreement with other data 
available in literature where the lipid content resulted 
increased once ETA and TEA were added to the culture 
medium. Cheng et al. [41] reported an increase up to 22% 
DW of the TL for Scenedesmus obliquus when this strain 
was cultivated in BG11 control medium with increasing 
concentration of ETA (0 mM, 0,5 mM, and 2 mM). In this 
case, the TL was positively correlated to the enhanced 
availability of ETA, while as reported in Fig. 4a, biomass 
content and ETA concentration were negatively correlated. 
The TL was also enhanced by 22.45% DW when ETA was 
supplemented to Crypthecodinium cohnii [43]. Xue et al. 
[13] reported the effect of TEA addition on Dunaliella 
tertiolecta growth and lipid production. In a similar way 
as reported for C. zofingiensis in Fig. 5b, the addition of 
TEA in the range 50–100 mg  L−1 did not affect lipid pro-
ductivity while when 150 mg  L−1 of TEA was added, the 
lipid productivity decreased.

It has been reported that an increased concentration of 
ETA might promote the formation of FAs by depressing the 
synthesis of PE [41]. In this light, the involvement of ETA 
in FA metabolism can explain why when ETA is added to 
the culture medium, reproductive cycles of cells are slowed 
down and lipid metabolism is promoted. The direct con-
sequence inside the cytoplasm could be a negative effect 
on biomass accumulation with a correspondent increase 
in lipid production, due to an important shift toward the 
synthesis of lipids.

It should be considered that in our study, three 
increasing concentrations of ETA did not produce 
a positive trend on C. zofingiensis biomass (which 
decreased correspondingly), while only 0.050 g  L−1 
of ETA produced a slight increase in the TL. Where a 
similar test was carried out on another algal species (S. 
obliquus), the TL was significantly up-regulated but 
only with the highest ETA concentration tested (2 mmol 
 L−1), though the biomass was anyway reduced [41]. 
These findings may suggest that lipid metabolism can 
be stimulated depending on the ETA concentration and 
on the microalgal species involved. This aspect seems 
to be confirmed by a recent work on the effect of ETA 
on the production of metabolites in Haematococcus plu-
vialis [44]. The authors found out that ETA treatment 
improved the amount of carotenoids and carbohydrates 
in red cells, but the amount of proteins and biomass 
decreased in green cells. The ETA pre-treatment did not 
have significant effects on biomass of red cells, while 
it increased the amounts of carotenoids, carbohydrates, 
and proteins.

3.2  Influence of metabolic and chemical stress 
on FAME profile

The quality of a biodiesel is determined by a comparison 
between the chemical structure of lipids and the biodiesel 
standards. In particular, a good match in terms of similarity 
is obtained if FAs are characterized by a specific length of 
carbon chain and degree of chain branching as well as of 
unsaturation. This represents a fundamental prerequisite for 
considering microalgal biomass as a suitable feedstock for 
biodiesel production [7, 45]. Therefore, FAs were esterified 
to obtain the FAME profile of C. zofingiensis as reported in 
Table 2. FAME profile was obtained after 20 days of cul-
tivation for the control and 25 days under ETA, TEA, and 
osmotic stress, respectively.

As it can be seen, the main FAs represented in all the 
media investigated including the control are 16–18 atoms 
of carbon long-chain compounds with differences not sta-
tistically relevant between them (p < 0.05). The most rep-
resented are oleic (C18:1), palmitoleic (C16:0), linoleic 
(C18:2), and hexadecatrienoic (C16:3) acids.

By comparing in detail the effect of osmotic and meta-
bolic stress on FAME, it is interesting to note how the 
single FAs varied compared to the control based on the 
stress-inducer chemical considered. In particular, oleic acid 
increased considerably under osmotic stress with the high-
est percentage (45.32% DW) obtained with SAL3, while 
the highest percentage of palmitoleic acid was obtained 
under SAL2 (34.82% DW) and SAL1 (34.41% DW). Con-
versely, compared to the control, higher percentages of 
linoleic acid were obtained under ETA (ETA3 > ETA2 > 
ETA1) and TEA (TEA1 > TEA2 > TEA3), while lower 
percentages under osmotic stress. Interestingly, all TEA 
and ETA conditions produced almost doubled percentages 
of hexadecatrienoic acid compared to those obtained under 
osmotic stress.

Unsaturated fatty acids (UFA) represented the main 
components of FAMEs for all the culture media. Saturated 
fatty acids (SFA), UFA, and monunsaturated and polyun-
saturated fatty acids (MUFA and PUFA, respectively) did 
not show significant percentage differences (p < 0.05) for 
the three TEA media compared to the control. UFA and 
MUFA components resulted statistically increased under 
all the ETA conditions and osmotic stress, respectively, 
compared to the control. The high UFA/SFA ratio (greater 
than 2) was obtained when C. zofingiensis was cultivated 
in ETA media, being the lowest saturation degree found in 
all the culture media.

Almutairi et al. [37] reported the FAME composition of 
the haptophyte microalga Tisochrysis lutea under a range of 
salt concentrations 0.4–1.0 M. In this context, the authors 
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found that the relationship between SFA and UFA, in terms 
of increase of one component and corresponding decrease 
of the other, was not proportional to the increase of salin-
ity in the culture medium. In particular, SFA increased 
under a salinity of 0.4–0.6 M and decreased under 0.8–1.0 
M, with the UFA counterpart that decreased and increased 
accordingly. A similar trend was also found in this work for 
C. zofingiensis were SFA increased under 30 g  L−1 of salt 
and decreased when the salinity was increased up to 60 g 
 L−1, while UFA component decreased until 30 g  L−1 but 
increased with 60 g  L−1.

The UFA/SFA ratio relies on the cellular internal distri-
bution of SFA and UFA which is linked to the nutritional 
requirements of microalgae. This last aspect depends in 
turn on the culture medium. The lipid composition in terms 
of SFA and UFA can be rearranged by microalgae depend-
ing on growth and environmental conditions. For example, 
an increase in the synthesis of neutral triglycerides leads to 
elevate the SFA portion inside the cell affecting the synthe-
sis of polar membrane lipids (rich in UFA) which are par-
tially degraded to sustain the triglyceride metabolism [46, 
47]. The condition of nutrient starvation is a typical situ-
ation that favors this metabolic rearrangement of FAMEs.

The C16:0 FA is particularly suitable for making bio-
diesel. Therefore, the oil obtained by C. zofingiensis rich in 
C16:0 would possess high potential as a feedstock for bio-
diesel synthesis. In particular, C16:0 content was increased 
from 32.68% in BBM to 34.82% in SAL2, suggesting that 
the increased salt concentration in the medium can be used 
as an effective way to induce the accumulation of specific 
FAs, such as those involved in biodiesel synthesis.

3.3  Analysis of biodiesel properties based on FAME 
profile

The biodiesel quality is greatly affected by fuel proper-
ties. Among these last ones, oxidative stability and igni-
tion are influenced by the lipid component of the bio-
mass as well as by the FAME profile. In particular, the 
presence of long-chain C16–18 FAs, the high content of 
C18:1, and the level of UFA positively influence these 
two parameters. [48]. As it can be seen in Table 2, beside 
the control, more than 96% of C. zofingiensis total FAs 
were represented by C16–C18 groups, C18:1 was in the 
range 30.64% (TEA2)–45.32% (SAL2), and the degree 
of unsaturation was in the range 57.90% (SAL2)–67.53% 
(ETA3).

The feasibility of obtaining biodiesel from the extracted 
lipids was further evaluated on an additional analysis of 
the FAME profile by taking advantage of the software Bio-
diesel Analyzer© Ver. 2.2 which implements the equations 
reported in previous studies [36]. The latter one, by means 

of suitable mathematical relationships, allows to evalu-
ate the relevant characteristics of biodiesel which can be 
obtained from the concerned FAME mixture. The obtained 
results are summarized in Table 3.

What emerges is an almost full compliance of all the 
physical parameters that characterize the obtainable bio-
diesel with the range of values prescribed by the ASTM 
standards (ASTM 6751-12) for unmixed biodiesel. Fur-
thermore, most of the requirements of the European regu-
lation for quality biodiesel (EN 14214 and EN 590) are 
satisfied by the biodiesel obtained using the culture media 
studied.

Based on the ASTM directives on biodiesel standards, 
40 is the minimum value that should be reported for the 
cetane number (CN), a value that was actually reported 
for all the media where C. zofingiensis was cultivated. 
In addition to CN, the cloud point (CP), the pour point 
(MP), the lubricity (L), the viscosity (υ), and the density 
(ρ) represent additional parameters that are carefully con-
sidered to guarantee the biodiesel quality. In particular, the 
values denoting CP and PP should remain low, as found 
for ETA2 compared to the control. This particular condi-
tion is obtained by ensuring a high level of UFA in the 
FAME, as found for all the three ETA concentrations tested 
(Table 2). A high content of PUFA C18:2 instead guaran-
tees a reduction of PP, as observed for ETA and for ETA2 
in particular. Two parameters which differ somewhat from 
the prescribed standards are viscosity and density (in bold 
in Table 3) which were slightly lower. In fact, the values 
of these parameters should be in the range 3.5–5  mm2  s−1 
and 0.86–0.9 t  m−3, respectively, according to the Euro-
pean standards. However, what can be noted is that the 
difference between the reported and prescribed values is 
very small and could be easily adjusted by adding specific 
additives to the biodiesel.

4  Conclusion

This work is aimed at evaluating how two chemicals such as 
ethanolamine (ETA) and trimethylamine (TEA) and osmotic 
stress obtained by the addition of sodium chloride to the 
culture medium are able to modify the metabolism of C. 
zofingiensis toward an enhancement of growth, lipid produc-
tivity, and FAME profile. The growth remained unaffected 
by the chemical concentrations investigated while the salt 
stress produced a decrease in biomass accumulation. On the 
other hand, the whole range of salinity tested produced an 
increase in the lipid content. In particular, the highest lipid 
content (30.33% DW) was obtained under SAL2 compared 
to the control (20% DW), while TEA and ETA had a neg-
ligible effect.
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The addition of ETA on culture medium produced a modifica-
tion on FAME profile since UFA and in particular PUFA resulted 
significantly increased compared to the same FAs under osmotic 
stress. The assessment of FAME composition of C. zofingiensis 
cultivated under stressful conditions demonstrated that biofuels 
with characteristics very close to the ones required by the relevant 
standards for the quality of biodiesel can be produced by using 
salt and chemicals acting as gene modulators.
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