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The lipid content and composition of Haematococcus pluvialis exposed to stress conditions were analyzed
to assess the potential of this microalga as a biodiesel feedstock. The total lipid content of control cells
was 15.61% dw, whereas that of cells exposed to continuous high light intensity with nitrogen-sufficient
medium (A-stress condition) or under continuous high light intensity with nitrogen-deprivation medium
(B-stress condition) was 34.85% dw and 32.99% dw, respectively. The fatty acid profile was similar under
all conditions and indicated that the main components were palmitic, stearic, oleic, linoleic, linolenic and
linolelaidic acids. The neutral lipid fraction increased about 2-fold under both stress conditions. The per-
centage of saturated fatty acids in the neutral lipid fraction was 30.36% and 29.62% in cultures grown
under A-stress and B-stress, respectively, and 27.81% under control conditions. The monounsaturated
fatty acid content was not significantly different in control and A-stress cultures (20.07% and 19.91%,
respectively), but was 18.96% under B-stress. The content of polyunsaturated fatty acids was 47.23%
under B-stress and 43.15% under A-stress. Growth-rate was higher under A-stress compared to B-stress.
This is the first study of H. pluvialis that provides a detailed characterization of its lipid content in relation
to bioenergy. The results indicate the potential of this microalga as a biodiesel feedstock; however, cul-
ture conditions still have to be improved in order to achieve an adequate energy balance in mass culture.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Haematococcus pluvialis Flotow is an unicellular biflagellate
green microalga that develops resistant cells, called cysts or apl-
anospores, under stress conditions (Boussiba et al., 1999; Boussiba,
2000), which accumulate astaxanthin and lipids (Grünewald et al.,
2001; Damiani et al., 2006; Cerón et al., 2007). The ability of this
and other microalgae to grow or survive in a wide range of envi-
ronmental conditions, coupled with their capacity to efficiently
modify lipid metabolism in response to different stress conditions
(Roessler, 1990; Guschina and Harwood, 2006; Hu et al., 2008), has
made them interesting organisms regarding the synthesis of non-
polar triacylglycerols (TAGs). TAGs are the best substrate to pro-
duce biodiesel (Xu et al., 2006; Chisti, 2007; Hu et al., 2008; Schenk
et al., 2008; Vasudevan and Briggs, 2008; Rodolfi et al., 2009). Bio-
diesel is obtained by trans-esterification of oil or fat with a mono-
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hydric alcohol, yielding the corresponding mono-alkyl esters
(Knothe, 2005). Since trans-esterification maintains the relative ra-
tio of fatty acids present in the feedstock (Costa Neto et al., 2000),
the profile of the fatty acid ethyl esters is a reflection of the feed-
stock fatty-acid composition (Lang et al., 2001; Ferrari et al., 2005).

Although, at present, the technology for production and extrac-
tion of microalgal oils remains expensive, and therefore, non-prof-
itable for biodiesel production (Sheehan et al., 1998; Hu et al.,
2006; Chisti, 2007), the rise in fuel prices together with the gradual
depletion of world reserves of fossil fuels, continues to encourage
the search of new algal species as a renewable biofuel sources.

The intrinsic ability to produce large quantities of lipid and oil is
species- and strain- rather than genus-specific (Hu et al., 2006).
Moreover, the lipid content increases when algal cells are sub-
jected to unfavorable culture conditions, such as high salinity
(Ching-Piao and Liang-Ping, 2001), nitrogen starvation (Yu et al.,
1987; Illman et al., 2000; Zhekisheva et al., 2002), and high light
intensity (Gordillo et al., 1998). Besides, the lipid composition in
microalgae also depends on the age of the culture and the different
life-cycle stages (Siron et al., 1989; Fidalgo et al., 1998).

Hu et al. (2008) compiled information from 60 year-old to cur-
rent reports about algal species that produce lipids, their fatty
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acids and TAG biosynthetic pathways, and also about environmen-
tal and biological factors that may affect these pathways. The
authors indicated that much of the information on algal fatty-acid
composition belongs to a limited number of algal species, and most
of the data concern total extracted lipids instead of individual lipid
classes.

Several studies on content, synthesis and biological activity of
fatty acids and astaxanthin from H. pluvialis have already been per-
formed (Yuan and Chen, 2000; Cifuentes et al., 2003; Zhekisheva
et al., 2002; Zhekisheva et al., 2005; García-Malea López et al.,
2005; Rosa et al., 2005; Cerón et al., 2007). H. pluvialis vegetative
cells grow optimally under low irradiation, i.e., below 100 lmol
photon m�2s�1 (Fan et al., 1994; Harker et al., 1995), and saturated
nutrient conditions (Cifuentes et al., 2003). In contrast, lipid accu-
mulation, which occurs during cyst formation, is induced by stress
factors, such as nutrient limitation and high light intensity (Zhe-
kisheva et al., 2002, 2005). These conditions are also conducive
to enhancing astaxanthin synthesis (Boussiba et al., 1999; Boussi-
ba, 2000; Cifuentes et al., 2003; Cerón et al., 2007). Zhekisheva
et al. (2002) observed that the accumulation of oleic acid was cor-
related with an increase in astaxanthin esters when H. pluvialis was
grown under nitrogen starvation or high light intensity conditions.
In addition, a strong connection between the synthesis of TAGs and
carotenoids has previously been shown in the microalgae Dunaliel-
la bardawil (Rabbani et al., 1998) and Dunaliella salina (Mendoza
et al., 1999).

The aims of this study were: (a) to increase knowledge on lipid
content and fatty-acid composition of an Argentinian strain of H.
pluvialis grown under optimal and stress conditions in the labora-
tory, and (b) to analyze the potential of this microalga’s oil as a bio-
diesel feedstock.
2. Methods

2.1. Algal strain and culture conditions

H. pluvialis samples were collected from rainwater in Bahía
Blanca (38�500S, 63�300W), Buenos Aires Province, Argentina. Uni-
algal cultures were obtained by means of serial dilutions (Stein,
1973). Biflagellate cells were cultured in Bold’s Basal Medium
(BBM), containing 3.4 mM of sodium nitrate (Stein, 1973). The cells
were kept at 24 �C with continuous bubbling of air (500–700 cm3/
min) containing 0.30 cm3/min of CO2. A 12/12 h light/dark photo-
period and cool-white fluorescent lamps, which provide 90 lmol
photons m�2s�1, were used. The pH was adjusted to 7.0 with NaOH
before autoclaving. An inoculum of 45 � 103 biflagellate cells/ml
was resuspended for a two-week period in one liter of: (i) full med-
ium (MBB), under the same conditions as those indicated above
(control). (ii) full medium, under 300 lmol photons m�2s�1 of con-
tinuous light and without aeration (A-stress condition) and (iii)
nitrogen-free medium, under 300 lmol photons m�2s�1 of contin-
uous light and without aeration (B-stress condition). In both stress
conditions the samples were manually agitated twice daily and the
first cysts appeared after four days of culture stress. Three repli-
cates of the cultures were done.
2.2. Growth measurements

The cell concentration was determined by counting three repli-
cate samples by means of Sedgwick–Rafter chambers. Growth-rate
(k) was estimated during the period of exponential growth by least
squares fit of a straight line of the data logarithmically transformed
(Guillard, 1973). Doubling time was also calculated as DT: ln 2/k.
2.3. Transmission electron microscopy (TEM)

Cysts of H. pluvialis were fixed at 5 �C in 3% glutaraldehyde and
1.5% paraformaldehyde in 0.05 M Na-cacodylate buffer (pH 7.4).
The samples were postfixed in 2% OsO4, dehydrated in acetone ser-
ies, and embedded in low-viscosity Spurr’s resin. Sections were cut
with a diamond knife, stained with uranyl acetate and lead citrate,
and observed using a Jeol 100 CX-II electron microscope.

2.4. Nile Red staining

Cysts of H. pluvialis were frozen at �40 �C and hand-ground for
10 min (Wiltshire et al., 2000). Five microliters of Nile Red (9-
diethylamino-5H-benzo[a] phenoxazine-5-one, Sigma) in acetone
(1 mg/L) was added to 5 mL of algal suspension (Elsey et al.,
2007). The mixture was vigorously agitated in a vortex mixer. Fluo-
rescence was detected 5 min after staining by using a Leica
DMIRE2 Conphocal TCS SP2 SE microscope with a 475 nm band-
excitation filter and a 580 nm band-emission filter.

2.5. Lipid extraction

Methanol extraction was performed according to Zhekisheva
et al. (2002). For the three culture conditions, H. pluvialis biomass
was harvested on day 14 by centrifugation at 3000g and lyophi-
lized. Freeze-dried samples of 50 mg of biomass were treated with
1 mL DMSO for 5 min at 70 �C and further extracted with 5 mL of
methanol at 4 �C during 1 h. The mixture was centrifuged at
3000g, the supernatant collected and the pellet re-extracted with
methanol at 4 �C for 15 min. Peroxide-free diethyl ether, n-hexane
and water were added to the methanol extract up to a final ratio of
1:1:1:1 (v/v/v/v). The mixture was shaken in a separatory funnel,
centrifuged, and the upper phase collected. The lower phase was
acidified with acetic acid to pH 3–4 and re-extracted with a mix-
ture of diethyl ether:hexane (1:1, v/v). The combined upper phases
were evaporated to dryness under nitrogen and kept at �20 �C.
Two replicates for each extraction were done. All chemicals used
were analytical grade.

2.6. Lipid fractionation

Fractionation of lipids into neutral, glycolipids and phospholip-
ids was performed using a silica cartridge Sep-Pack (SP) of
1000 mg, according to Berger et al. (1995). Briefly, this procedure
included: (i) adsorbent conditioning with 30 mL of chloroform,
(ii) sample loading, 1 mL of chloroform/oil solution containing
20 mg of oil; (iii) elution of neutral lipids from the adsorbent bed
with 15 mL of chloroform: acetic acid (9:1, v:v); (iv) glycolipids
recovery by elution with 20 mL acetone:methanol (9:1, v:v) and
(v) phospholipids recovery by elution with 20 mL of methanol.
Each fraction was collected into a conical vial and evaporated to
dryness under nitrogen.

The efficiency of SP separation was verified by thin-layer chro-
matography (Silicagel G 60 70-230 mesh, Merck). New plates were
pre-run in a tank containing chloroform: methanol (50:50, v:v) to
remove contaminants from the silica gel. Concentrated solutions of
each fraction in chloroform (10 mg/mL) were applied to the bot-
tom of the plates and the plates were developed with chloroform:
methanol (2:1, v:v). After evaporation of the solvent, the plates
were sprayed with phosphomolybdic acid and heated at 120–
130 �C.

2.7. Methyl ester derivation and fatty acid (FA) analysis

An aliquot of the lipids (about 25–30 mg) was weighed in a her-
metic flask and 2 mL of 10% KOH methanolic solution was added
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while shaking vigorously. The flask was sealed hermetically, the air
space was purged with a stream of nitrogen, and the flask was
heated for 45 min in a water bath at 80 �C. The unsaponifiable
material was extracted using petroleum ether. The lower phase
was treated with concentrated HCl and the liberated fatty acids
were extracted with petroleum ether. The ether extract was dried
under a nitrogen stream, 1.5 mL of BF3 solution (10% in methanol)
was added, and the sample was incubated at 80 �C for 30 min. Fi-
nally, fatty acid methyl esters (FAME) were extracted with petro-
leum ether, evaporated to dryness under nitrogen and
chromatography-grade hexane was added to a final volume of
100 lL.

FAMEs were analyzed by gas chromatography with an HP Agi-
lent 4890D gas chromatograph, equipped with a flame-ionization
detector at a temperature of 260 �C, a split/splitless injector and
a capillary column SP – 2560 (100 m, 0.25 mm and 0.2 lm) (Supe-
lco Inc., Bellefonte, PA). The carrier gas was high purity hydrogen at
18 cm/s. The GC oven was initially held at 140 �C for 5 min; then,
the temperature was increased at 4 �C/min to 240 �C and held iso-
thermal for 15 min. The detection limit of the chromatographic
method was set to 0.01%. The HP 3398A GC Chemstation Software
(Hewlett Packard, 1998) was used for chromatographic analysis.
FAMEs identification was performed by comparison with standard
certificate material, Supelco FAME 10 mix 37 (Bellefonte, PA, USA),
according to AOCS Official Method Ce 1b-89. Two replicates of each
FAME analysis were done.

2.8. Calculated Iodine value

The iodine value of algal oils was calculated according to AOCS
recommended practice Cd 1c-85. This method estimates the grams
of halogen absorbed by 100 g of the fat.

2.9. Statistical analysis

The differences in mean values (n = 4) as well as between mean
percentages (n = 4) of fatty acids were assessed with ANOVA and
Student’s t-test, being statistically different at a significance level
of 5%.

3. Results

3.1. Growth measurements

Cultures stressed with high light intensity (condition A) and
control cultures behaved in a similar way until the third day
(Fig. 1). In control cultures, the maximum cell concentration of
1.1 � 106 cells ml�1 (0.79 div d�1 and doubling time of 21 h) oc-
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Fig. 1. Growth of Haematococcus pluvialis in control culture, in A-stress condition (contin
intensity and without nitrogen). Error bars denote standard deviations among replicate
curred after 12 d. In A-stress cultures, the highest cell concentra-
tion of 5.2 � 105 cells ml�1 (0.56 div d�1 and doubling time of
30 h) was measured after 10 d. Cultures stressed with high light
intensity and nitrogen-free medium (condition B) showed lower
cell concentrations (1.8 � 105 cells ml�1 after 10 d) than A-stress
cultures and did not exhibit an exponential phase.

3.2. Lipid droplets characterization and neutral lipid identification

TEM observations indicated the presence of cytoplasmatic oil
droplets in H. pluvialis cysts (Fig. 2). Before the lipid extraction,
the presence of neutral lipids was ascertained by observation of
yellow-gold fluorescence droplets after Nile Red staining (Fig. 3).

3.3. Lipid composition

Under A- and B-stress conditions, the total lipid content (per-
centage dry weight = % dw) was 34.85%(c) and 32.99%(c), respec-
tively, which was considerably higher than that observed under
control conditions (15.61%(b), a = 0.05) (Table 1). The neutral lipids
were the majority of lipids under all culture conditions tested;
however, the neutral lipid content increased significantly under
both stress conditions, compared to control cultures. The phospho-
lipid content was also higher in stressed than in control cultures.
There was no significant difference in glycolipid content between
control and stressed cultures. Moreover, no significant differences
were found between glycolipids and phospholipids under the two
stress conditions.

3.4. Fatty-acid composition

The fatty acid profile in H. pluvialis was similar under control
and stress conditions and revealed that palmitic, estearic, oleic, lin-
oleic, linolenic and linolelaidic acids were the major components
(Table 2).

The percentage of saturated fatty acids (SFA) in the neutral lipid
fraction was significantly higher in cultures grown under A-
(30.36%) and B-stress (29.62%) conditions compared to the control
(27.81%). No significant differences (a = 0.05) were found between
stressed cultures (Table 2). The palmitic acid content (C16: 0) de-
clined under stress conditions, particularly in A-stress condition
(Fig. 3). In contrast, the relative content of stearic acid (C18: 0) in-
creased in both stress conditions.

The monounsaturated fatty acid content (MUFA) present in the
neutral lipid fraction showed no significant differences between
control and A-stress cultures; however, there was a lower MUFA
percentage in algae grown under B-stress condition (a = 0.05) (Ta-
ble 2). The best-represented acid was the oleic acid.
7 8 9 10 11 12 13 14
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Fig. 2. Transmission electron micrograph of a Haematococcus pluvialis cyst.
Cytoplasmatic lipid droplets in A-stress condition after 48-h growth are shown.
Scale bar = 0.5 lm.

Fig. 3. Light micrographs of a Haematococcus pluvialis cyst. (A) Phase contrast
microscopy. (B) Epifluorescent microscopy. Neutral lipid droplets in A-stress
condition after 11-day growth are shown. Scale bars = 20 lm.
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Regarding polyunsaturated fatty acids (PUFA) present in the
neutral lipid fraction, there was a significant increase in the B-
stress condition compared to the control and A-stress ones (Ta-
ble 2). This increase may be attributed to higher proportions of lin-
oleic (C18:2n6cis), linolelaidic (C18:2n6trans), and linolenic acids
(C18:3n3).

The iodine value of H. pluvialis oil was 110.95 g I2/100 g, 99.64 g
I2/100 g and 123.56 g I2/100 g under control, A-stress and B-stress
conditions, respectively.
4. Discussion

Nitrogen (Roessler, 1990; Rodolfi et al., 2009) and phosphorus
deficiency (Siron et al., 1989) as well as extreme environmental
Table 1
Lipid content (percentage of dry weight biomass = % dw) and classes (neutral, glycolipid an
are means ± standard deviations of three replicates. Identical superscripts indicate non-sig

H. pluvialis Maximum
cells (m�1)

k
(Div. d�1)

Doubling
time (h)

Tota
(% d

Control 1.1 � 106 0.79 21 15.6
A-stress

condition
5.2 � 105 0.56 30 34.8

B-stress
condition

1.8 � 105 0.07 246 32.9
conditions, e.g. high salinity (Roessler, 1990), high light intensity
(Zhukova and Titlyanov, 2006) or extreme temperatures (Norman
and Thompson, 1985) induce the accumulation of lipids in several
microalgae. Although the accumulation of fatty acids under nitro-
gen starvation is a widely known phenomenon (Ben-Amotz et al.,
1985; Yu et al., 1987; Roessler, 1990; Rodolfi et al., 2009), the effect
of high light intensity on fatty acid content has not been studied
extensively (Zhekisheva et al., 2002; Cerón et al., 2007). Thus, we
were particularly interested in examining the relationship between
lipid accumulation and continuous high light intensity in H. pluvi-
alis cultures with or without nitrogen. The two stress conditions in-
duced an increase of about 2-fold in the total lipid content;
however, in cultures with high light intensity and without nitrogen
(B-stress) the growth-rate was extremely low, compared to cul-
tures with high light intensity (A-stress). The highest fatty acid
content was obtained by Cerón et al. (2007) in H. pluvialis also
growing under continuous high illumination, but under moderate
limitation of nitrate availability. It is interesting to remark that
the presence of some nitrogen source is necessary for the growth.

The fatty acid profile of the Argentinian strain of H. pluvialis was
similar in control cultures and under both stress conditions. Zhe-
kisheva et al. (2002) also found no differences in the fatty-acid
composition in cultures of the German strain of H. pluvialis sub-
jected to either high light intensity or nitrogen deprivation. Under
both stress conditions, the oleic acid content decreases slightly in
the neutral lipid fraction, but doubled and tripled in the glycolipid
and phospholipid fractions, respectively. Zhekisheva et al. (2002)
reported an increase in oleic acid content of the triglyceride frac-
tion in H. pluvialis, which was reflected in the increased total lipid
content. Cerón et al. (2007) also showed that the oleic acid was the
major fatty acid present in cysts. The differences in oleic acid con-
tent observed in this study could be attributed to differences in
growing conditions since the Argentinian strain cultures were
not supplemented with CO2.

The presence of linolelaidic acid (C18:2n6trans) in H. pluvialis
had not been reported previously for other strains of Haematococ-
cus (Zhekisheva et al., 2002; Rosa et al., 2005; Cerón et al., 2007).
According to Khotimchenko and Yakovleva (2005), the increase
in the relative content of trans fatty acids would be related to expo-
sure to high light intensities; however, equal or even higher trans
fatty acids contents were observed in neutral and polar lipid frac-
tions in control cultures of H. pluvialis.

Whereas the fatty acid profile was qualitatively similar in the
two stress conditions tested in H. pluvialis, some quantitative dif-
ferences can be highlighted: (1) a significant increase of MUFAs
and a decline of PUFAs’ content (a = 0.05) were observed in the
neutral lipid fraction of algae cultured with high light intensity
and full medium (A-stress). SFAs presented no significant differ-
ences in this fraction in both stress conditions. (2) The percentage
of linolenic acid (C18:3n3) was higher in cultures growing under
both high light intensity and nitrogen starvation (B-stress
condition).

Not all algal oils are satisfactory or compatible with the engines
used today. For example, hydrocarbons produced by Botryococcus
braunii have a chain length greater than C30 (Banerjee et al.,
d phospholipid) in Haematococcus pluvialis under different culture conditions. Values
nificant (a = 0.05) differences.

l lipids
w)

Neutral
lipids (% dw)

Glycolipids
(% dw)

Phospholipids
(% dw)

1 ± 1.46(b) 9.20 ± 0.67(1) 3.70 ± 0.38(3) 1.87 ± 0.05(4)

5 ± 0.78(c) 19.80 ± 0.14(2) 7.85 ± 1.77(3) 9.50 ± 0.00(3)

9 ± 2.77(c) 16.60 ± 1.41(2) 6.67 ± 1.65(3) 9.80 ± 1.84(3)



Table 2
Fatty acid profile (percentage of total fatty acids) in neutral, glycolipid and phospholipid fractions in control and A- and B-stress culture conditions. Identical superscripts indicate
non-significant differences in the values (a = 0.05). Values are means of four replicates. SFA: saturated fatty acids; MUFA: monounsaturated fatty acids; PUFA: polyunsaturated
fatty acids. tr: trace, nd: no detected.

Neutral lipids Glycolipids Phospholipids

Fatty acids Control A-stress B-stress Control A-stress B-stress Control A-stress B-stress

C6:0 nd 1.33 0.25 nd 3.99 2.65 tr 2.50 0.93
C8:0 nd 0.27 0.13 nd 0.40 0.35 tr 0.40 tr
C10:0 tr 0.23 tr nd 0.35 0.28 nd 0.48 0.25
C12:0 0.21 0.30 0.44 nd tr 0.36 nd nd tr
C13:0 nd nd 0.16 nd nd 0.25 nd nd tr
C14:0 1.25 1.35 1.35 1.75 1.81 1.55 2.01 1.82 2.22
C14:1 tr nd nd 3.47 tr tr 5.01 tr tr
C15:0 0.19 0.27 0.44 3.86 0.79 0.47 5.54 0.79 0.44
C15:1 nd nd nd 5.19 tr nd 7.27 nd nd
C16:0 22.49 18.87 21.29 25.12 18.94 20.32 23.27 25.67 19.10
C16:1 0.64 0.58 0.83 0.59 0.88 1.47 0.51 0.82 0.76
C17:0 0.19 0.32 0.32 tr 0.43 0.47 0.47 0.51 0.47
C17:1 tr tr tr tr nd tr tr tr 0.06
C18:0 3.15 7.07 5.69 3.98 9.62 10.80 4.38 7.45 5.68
C18:1n9t tr 0.67 tr tr 1.73 1.05 0.88 1.91 0.20
C18:1n9c 19.36 18.25 18.35 8.09 14.71 16.11 7.96 21.56 20.11
C18:2n6t 6.67 5.37 7.57 6.56 4.72 5.09 3.50 0.51 0.41
C18:2n6c 20.23 22.06 22.9 9.65 15.49 14.06 8.11 19.16 31.78
C20:0 0.2 0.32 0.27 tr 0.33 0.49 0.4 0.36 0.52
C18:3n6 0.86 1.02 0.95 0.60 0.37 0.30 0.8 1.50 0.70
C20:1 0.13 0.23 0.17 tr tr tr nd 0.20 0.16
C18:3n3 16.18 12.01 18.69 20.51 12.45 11.80 10.67 6.01 7.78
C21:0 tr tr tr tr tr tr nd nd 0.14
C20:2 0.32 1.15 1.59 0.71 tr tr 0.97 0.35 1.07
C22:0 0.18 0.31 0.25 tr 0.37 0.73 0.4 0.35 0.44
C22:1n9 tr 0.17 0.16 nd nd 2.76 nd nd nd
C20:4n6 0.89 1.21 0.84 0.26 0.68 0.84 0.55 0.58 0.62
C24:0 tr 0.20 tr tr 0.11 0.37 0.42 tr 0.13
C20:5n3 0.57 0.48 0.49 tr 0.38 0.18 0.21 0.39 0.81
C22:5n3 nd nd nd nd nd nd 0.15 0.19 0.31
SFA (%) 27.81 ± 0.42(a) 30.36 ± 1.19(b) 29.62 ± 0.73(b) 34.71 ± 4.32(d) 38.06 ± 5.97 (d) 40.23 ± 8.34(d) 37.08 ± 1.38(e) 46.91 ± 3.19(f) 30.14 ± 9.31(e,o)

MUFA (%) 20.07 ± 0.06(g) 19.91 ± 0.12(g) 18.96 ± 0.65(h) 17.34 ± 2.02(1) 18.14 ± 6.09 (1) 17.78 ± 1.73(1) 19.69 ± 3.01(j) 24.49 ± 3.81(j) 21.08 ± 0.73(j)

PUFA (%) 45.80 ± 0.18(k) 43.15 ± 0.68(l) 47.23 ± 0.56(m) 38.28 ± 1.95(d) 35.01 ± 2.63 (d) 36.35 ± 2.55(d) 24.97 ± 4.38(j) 29.51 ± 5.58(j) 43.07 ± 14.06(o)

M.C. Damiani et al. / Bioresource Technology 101 (2010) 3801–3807 3805
2002), while vegetable oils currently used for biodiesel are mainly
C16 and C18 (Durrett et al., 2008). In fact, biodiesels need to com-
ply with existing standards. The most important properties of bio-
fuel, cetane number (ignition quality), cold-flow properties,
oxidative stability, and iodine value, are determined by the struc-
ture of fatty esters, which are part of it (Knothe, 2005; Chisti,
2007). In turn, properties of fatty esters are determined by the
characteristics of fatty acids; i.e., carbon chain length and degree
of unsaturation, and the alcohol content (Knothe, 2005). Most mic-
roalgal oils differ from plant oils because they are rich in polyun-
saturated fatty acids with four or more double bonds (Belarbi
et al., 2000; Chini Zittelli et al., 2006; Rodolfi et al., 2009). This fea-
ture limits the algal species that can be used. According to the fatty
acid profile observed in H. pluvialis, we could infer some of the fea-
tures of the biodiesel that we would obtain from this alga. With re-
gard to PUFAs, the maximum degree of unsaturation of the chains
is three and the length of the fatty acid is intermediate with a max-
imum of 18 carbons. The iodine value is a measurement of the oil
unsaturation (Kyriakidis and Katsiloulis, 2000; Knothe, 2002). The
calculated iodine value of H. pluvialis oil obtained under A-stress
condition (99.64 g I2/100 g) was well below the European allowed
biodiesel standards (120 g I2/100 g) (Mittelbach, 1996; Chisti,
2007). In comparison, the B-stress condition presented a slightly
higher iodine value (123.56 g I2/100 g). However, it was lower than
the registered value for other biodiesel feedstocks, such as the soy-
bean oil (129.50%) and sunflower oil (125%) (Ferrari et al., 2005;
Agba and Abanga, 2008).

H. pluvialis is considered a robust species that is easy to culture
under optimal conditions (Vonshak and Richmond, 1985; Cohen,
1999); however, the conditions to induce lipid synthesis reduced
their growth, just as reported for other microalgae (Siron et al.,
1989; Illman et al., 2000; Zhekisheva et al., 2002; Rodolfi et al.,
2009; Griffiths and Harrison, 2009). The lipid content was high un-
der both stress conditions tested (34.85% and 32.99% weight of dry
biomass), but not high enough to meet the requirements for com-
mercial biodiesel production. Therefore, it will be necessary to fur-
ther optimize culture conditions for this organism so that it
becomes a viable source of biofuel. For example, it is known that
CO2 supplementation can increase lipid content, especially the tri-
glyceride fraction (Gordillo et al., 1998; Huntley and Redalje,
2007). Furthermore, the strain must be tested under outdoor con-
ditions to evaluate lipid production under a natural light source
(Rodolfi et al., 2009). To increase biomass, a two-phase culture
strategy could be implemented including an initial phase in nutri-
ent-sufficient medium and low light intensity aimed at obtaining
high biomass productivity. This phase should be followed by a lipid
induction phase under high natural light intensity in open ponds
(Borowitzka et al., 1991, 2005; Olaizola, 2000; García-Malea López
et al., 2005, 2006; Masojídek et al., 2009). Northern Argentina has
some of the best conditions, such as a warm climate, high solar
irradiation and large expanses of land unfavorable to agriculture
for testing small-scale outdoor cultures of H. pluvialis in open
ponds.

Selection of fast-growing, productive strains, optimized for the
local climatic conditions are of fundamental importance to the suc-
cess of any algal mass culture and particularly for low-value prod-
ucts such as biodiesel (Griffiths and Harrison, 2009). According to
Borowitzka (1997), it is also important to evaluate harvesting costs
at the time of choosing the species. Low-cost harvesting requires
large cell size, high specific gravity compared to the medium and
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reliable autofloculation. With respect to H. pluvialis, the following
features make it a potential resource of oil feedstock for biodiesel
production: (1) its capacity to accumulate lipids in response to
high light intensity or nitrogen deprivation, (2) neutral lipids as
the main fraction, which is the preferred substrate for biodiesel
production by trans-esterification, (3) hydrocarbon chain length
shorter than C18, (4) polyunsaturated fatty acids with less than
three unsaturated double bonds, (5) possibility of a combined pro-
duction of biofuel and astaxanthin, which is a high-value co-prod-
uct (Huntley and Redalje, 2007), (6) ease of cultivating in
photobioreactors and at large scale in open ponds (Borowitzka
et al., 1991; Borowitzka, 2005; Olaizola, 2000; García-Malea López
et al., 2006; Huntley and Redalje, 2007; Masojídek et al., 2009), (7)
big cell size that makes harvesting very easy and economic (Mata
et al., 2010), and (8) the application of industrial mechanical meth-
ods conventionally used for cyst drying and astaxanthin extraction
(Olaizola, 2000; Cysewski and Todd Lorenz, 2004).

A drawback of this species is the need for freshwater conditions,
although other freshwater species have been tested (Rodolfi et al.,
2009) and proposed for the purpose of biodiesel production (Gou-
veira and Oliveira, 2009).
5. Conclusions

This study provides baseline information for future investiga-
tions on improving growth rates lipid production features of H. plu-
vialis. The analysis of the lipids in H. pluvialis indicated the
potential of this microalga as a biodiesel feedstock; however, cul-
ture conditions still have to be improved in order to achieve an
adequate energy balance in mass culture.
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