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" Algae often produce higher levels of polyunsaturated fatty acids than is desirable for biodiesel.
" Temperature shifts can alter the fatty acid profile of storage lipids under nitrogen starvation.
" 32 �C was the optimal temperature for fatty acid content and composition for biodiesel production.
" Carbohydrate and lipid storage were both affected by shifting temperature.
" Environmental factors can manipulate algal feedstocks potentially reducing the refining cost.
a r t i c l e i n f o

Article history:
Received 14 August 2012
Received in revised form 22 September 2012
Accepted 25 September 2012
Available online 11 October 2012

Keywords:
Chlamydomonas reinhardtii
Algae
Biofuel
Fatty acid
Temperature
0960-8524/$ - see front matter � 2012 Elsevier Ltd. A
http://dx.doi.org/10.1016/j.biortech.2012.09.090

⇑ Corresponding author. Tel.: +61 (2) 6125 3088.
E-mail address: michael.djordjevic@anu.edu.au (M
a b s t r a c t

This study investigated the changes in the fatty acid content and composition in the nitrogen-starved
Chlamydomonas reinhardtii starchless mutant, BAF-J5, grown at different temperatures.

The optimal temperature for vegetative growth under nitrogen sufficient conditions was found to be
32 �C. Shifting temperature from 25 to 32 �C, in conjunction with nitrogen starvation, resulted in BAF-
J5 storing the maximum quantity of fatty acid (76% of dry cell weight). Shifting to temperatures lower
than 25 �C, reduced the total amount of stored fatty acid content and increased the level of desaturation
in the fatty acids. The optimal fatty acid composition for biodiesel was at 32 �C. This study demonstrates
how a critical environmental factor, such as temperature, can modulate the amount and composition of
fatty acids under nitrogen deprivation and reduce the requirement for costly refining of biofuels.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

The mass cultivation of microalgae as a biomass feedstock for
liquid biofuels is being assessed worldwide. Microalgae have high
photosynthetic productivity and growth rates compared to terres-
trial plants and can accumulate energy rich compounds such as
polysaccharides and lipids. Microalgal lipids are of particular inter-
est for nutrition (Mansour et al., 2005) and as a replacement for
petroleum based transportation fuels such as diesel and jet fuel
(Lee Chang et al., 2012). Therefore, a greater understanding of
the biological processes and environmental factors that influence
the storage of these metabolites is required. For mass cultivation
in the open, seasonal changes in light and temperature have the
potential to significantly affect algal growth and modulate produc-
tivity. These environmental factors could directly impact the eco-
nomic viability for industrial-scale biofuel production.
ll rights reserved.

.A. Djordjevic).
The eukaryotic green alga Chlamydomonas reinhardtii is an
important model for the study of photosynthesis (Grossman,
2000) and lipid metabolism in microalgae (Lohr et al., 2005). The
availably of a sequenced genome with mature annotation
(Merchant et al., 2007) and metabolic databases (Lopez et al.,
2011) enables high-throughput techniques like transcriptional,
proteomic and metabolomic profiling to be applied to understand-
ing lipid metabolism. The availability of strain collections and
mutant libraries also facilitates the elucidation of lipid metabolism
in microalgae (Boyle et al., 2012; Miller et al., 2010; Nguyen et al.,
2011; Wang et al., 2011). The metabolic consequences of changes
to environmental conditions or induced by functionally removing
a gene or disrupting its regulation may have unanticipated conse-
quences. Therefore it is important to directly identify and quantify
the metabolites to fully understand the biology.

Chlamydomonas reinhardtii normally stores carbon in starch
granules and lipid droplets when nitrogen deprived (Ball et al.,
1990; Miller et al., 2010; Moellering and Benning, 2010; Msanne
et al., 2012; Nguyen et al., 2011). However, in the low-starch

http://dx.doi.org/10.1016/j.biortech.2012.09.090
mailto:michael.djordjevic@anu.edu.au
http://dx.doi.org/10.1016/j.biortech.2012.09.090
http://www.sciencedirect.com/science/journal/09608524
http://www.elsevier.com/locate/biortech


442 G.O. James et al. / Bioresource Technology 127 (2013) 441–447
(sta1-1) (Ball et al., 1991) and starchless mutants (sta6)
(Zabawinski et al., 2001), carbon is redirected from starch to lipid
biosynthesis when starved of nitrogen (Fan et al., 2011; Goodson
et al., 2011; James et al., 2011; Wang et al., 2009). These mutants
are defective in the key regulatory enzyme of starch biosynthesis,
ADP-glucose Pyrophosphorylase (AGPase). This shift in carbon
metabolism from starch to lipid biosynthesis and storage has also
been observed in higher plants with reduced levels of AGPase
(Sanjaya et al., 2011). In C. reinhardtii, photoautotrophic (Msanne
et al., 2012) and photoheterotrophic growth under low and
high-light (Li et al., 2010) have been investigated under nitrogen
deprivation. However, there has been no study on the influence
of shifts in growth temperature on lipid biosynthesis under
nitrogen deprivation.

The optimisation of growth temperature is an important param-
eter as the composition of lipids in thylakoid membranes and
photosystems of both microalgae and cyanobacteria are tempera-
ture sensitive, and acclimatise accordingly (see review by Los and
Murata, 2004). Photosystem (PS) II and to a lesser extent PSI, are
damaged at low or high temperatures (Allakhverdiev et al.,
2008). The degree of fatty acid unsaturation in the chloroplasts is
likely to be an important response mechanism for maintaining
activity by adjusting the membrane fluidity of the photosystems
as temperature changes. Increases in temperature lead to increased
saturation of the fatty acids and conversely saturation is reduced as
temperature falls (see review by Los and Murata, 2004).

While lipid quantity is important from a productivity point of
view, the composition is also critical as the acyl chain lengths
and their degrees of unsaturation are key properties that deter-
mine biodiesel oxidative stability and performance properties
(Knothe, 2011). High levels of polyunsaturated fatty acids (high
susceptibility to oxidation) or saturated lipids (raise cloud points
and viscosity) are undesirable (see reviews by Knothe, 2011;
Schenk et al., 2008). Optimising the fatty acid profile can reduce
the extent of costly refining for biofuels (Merchant et al., 2012).
Therefore, microalgae that produce predominantly monounsatu-
rated fatty acids with low levels of saturated and polyunsaturated
fatty acids would be preferable for the production of biodiesel.

Chlamydomonas reinhardtii low-starch and starchless mutants
have been shown to accumulate high levels of lipid when switched
to nitrogen deprivation under standard laboratory growth condi-
tions, however, they generally produce higher proportions of poly-
unsaturated fatty acids than is ideal for biodiesel production. To
date, no assessment has been made of the effect of temperature
on lipid synthesis or composition in these strains during the switch
to nitrogen deprivation. In this study, the optimal temperature for
vegetative growth was determined and, crucially, the effect of tem-
perature transition on fatty acid content and composition under
nitrogen deprivation were measured. We tested the hypothesis
that raising the temperature of microalgal cultures towards the
maximum tolerated for growth under nitrogen deprivation would
lower levels of polyunsaturated lipids, and hence produce an im-
proved fatty acid profile for biodiesel production.
2. Methods

2.1. Strains and growth conditions

Chlamydomonas reinhardtii starchless mutant BAF-J5 (cw15
arg7-7 nit1 nit2 sta6-1::ARG7) was compared to the reference
wild-type strain cc-125 (mt + agg-1 + nit1 nit2) under nitrogen suf-
ficient and deficient conditions as described previously by James
et al., 2011. In brief, the strains were grown photoheterotrotrophi-
cally in 250 mL flasks containing 125 mL of the nitrogen sufficient
Tris/Acetate/Phosphate (TAP) medium (Gorman and Levine, 1965)
on an orbital shaker (100 rpm) with continuous illumination
(100 ± 5 lmol photons m�2 s�1) at 25 �C with standard air CO2

levels.

2.2. Temperature effects on vegetative growth with sufficient nitrogen

To determine growth rates an aliquot (2 mL) of mid-log phase
culture grown at 25 �C was inoculated into TAP medium
(125 mL) and then transferred to a illuminated growth chamber
set at either 17, 25, 32, 35 or 38 �C and grown until stationary
phase (determined by absorbance Abs750). Optical density
(Abs750) was measured with an Ultrospec 2000 UV/visible spectro-
photometer (Pharmacia Biotech). Cell doubling time (Td) was cal-
culated using the formula below, where l is the slope of the
linear regression of a plot of the log of optical density over linear
time (h):

Td ¼
Logð2Þ

l

2.3. Effects of temperature shifts on growth under nitrogen deprivation

For nitrogen deprived growth studies, stationary culture
(100 mL) grown at 25 �C was centrifuged (800g, 10 min, 25 �C)
and the pellet washed with nitrogen deficient medium (50 mL,
TAP-N) before inoculating into TAP-N medium (200 mL). All cul-
tures were washed and inoculated at an initial absorbance of
Abs750 = 0.8 ± 0.06 (SD) and grown at either 17, 25, 32, 35 or
38 �C for four days.

2.4. Estimation of total carbohydrate and lipid

After four days of growth in nitrogen deficient medium, cells
(0.5 mL) were pelleted (16,000g, 5 min) and resuspended in water.
The samples were dried under nitrogen purge and the lipid and
carbohydrate content was estimated using Fourier Transformed
Infrared Spectroscopy (FTIR) as previously described by James
et al. (2011).

2.5. Fatty acid analysis by gas chromatography mass spectrometry
(GC/MS)

After four days of growth in nitrogen deficient medium, algal
cultures (100 mL, 40–90 mg dry cell weight, DCW), were centri-
fuged (3000g, 20 min at 25 �C) and the cell pellet was frozen in li-
quid nitrogen and freeze-dried (Bench Top K series freeze dryer,
VirTis, USA) for four days at �100 �C and 10–20 mTorr.

Fatty acid methyl esters (FAMEs) were prepared and analysed
by GC/MS as previously described by James et al. (2011). Quantita-
tive analysis of the FAMEs was performed using Xcalibur software
(version 1.4, Thermo Electron Corporation, USA) against the inter-
nal standard, heptadecanoic acid (Sigma–Aldrich).

3. Results

3.1. Growth characteristics under nitrogen replete conditions

The growth of C. reinhardtii wild-type cc-125 and the starchless
mutant BAF-J5 were assessed over a range of temperatures in TAP
medium. Both strains grew logarithmically at 17, 25, 32 and 35 �C
but growth rate and maximum cell density were inhibited at 38 �C
(Fig. 1(a) and (b)). This was reflected in the calculated doubling
times (Td) which indicated maximum growth rates occurred at
32 and 35 �C (Table 1). After 3 days at 38 �C, BAF-J5 ceased cell
division and the culture collapsed (Fig. 1), however, culture col-



Fig. 1. Vegetative growth experiments in nitrogen replete medium at 17, 25, 32, 35
or 38 �C. Starter cultures of (a) cc-125 and (b) BAF-J5 were grown at 25 �C and then
used to inoculate fresh nitrogen replete medium and were grown until stationary
phase in growth chambers set at the specified temperatures. Data as means ± SD
(n = 4).

Table 1
Nitrogen replete doubling times of cc-125 and BAF-J5 at different temperatures in TAP
medium.

cc-125 BAF-J5

17 �C 23.1 ± 1.1 25.7 ± 0.3
25 �C 10.7 ± 0.6 11.5 ± 0.6
32 �C 7.6 ± 0.1 7.2 ± 0.1
35 �C 8.1 ± 0.1 8.6 ± 0.2
38 �C 17.5 ± 2.8 15.5 ± 0.7

Data expressed as cell doubling time (Td) (h).
Means n = 4 replicates, errors = standard deviation.

Fig. 2. Changes in growth under nitrogen deprivation after shifting cultures to
temperatures of 17, 25, 32 or 35 �C. Starter cultures of (a) cc-125 and (b) BAF-J5
were grown to stationary phase at 25 �C, then diluted in fresh nitrogen-free
medium and grown for four days in growth chambers set at the specified
temperatures. Data as means ± SD (n = 4).
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lapse was not observed in cc-125. At 17 �C, growth rates were
greatly decreased for both cc-125 and BAF-J5, being about 30% of
the maximum observed at 32 �C (Table 1).

3.2. The effect of temperature shift, under nitrogen deprivation, on
growth and carbon storage

The effect of shifting temperature under nitrogen deprivation
on the growth of both strains was assessed (Fig. 2). As expected,
non-logarithmic growth occurred at all temperatures with both
strains (James et al., 2011).

Using FTIR, the wild-type strain, cc-125, was seen to store ex-
cess carbon primarily as starch with only low levels of lipid. The
highest levels of carbohydrate were observed at 25, 32 and 35 �C
(Supplementary Fig. 1(a)). Carbohydrate storage was lowest at 17
and 38 �C. Similar levels of lipid were observed at 17, 25, 32 and
35 �C. In the starchless mutant, BAF-J5, low levels of starch storage,
and high levels of lipid storage were observed after four days of
nitrogen limitation and at each transition temperature except
38 �C (Supplementary Fig. 1(b)). The maximal levels of lipid con-
tent in whole cells were produced at 25 and 32 �C, with a reduction
in storage at 17, 35 and 38 �C (Supplementary Fig. 1(b)). These
semi-quantitative FTIR measurements of lipid content were con-
firmed by quantitative measurements of fatty acid content by
GC/MS analysis (Table 2).

3.3. Quantification of fatty acids

After four days of nitrogen starvation, fatty acids were quanti-
fied by GC/MS following extractive methylation to fatty acid
methyl esters (FAMEs; Table 2). The major fatty acids were 16:0,
18:0. 18:1D9, 18:1D11, 18:2D9,12 and 18:3D9,12,15, as previously
identified by James et al., 2011. The total amount of hydrolysed
fatty acids extracted from the wild type strain, cc-125, did not vary
significantly with shifts in temperature (Table 2 and Fig. 3(a)). By
contrast, fatty acid production in the starchless mutant, BAF-J5,
was higher and ranged from 55.6% DCW after shifting to 17 �C to
a maximum 76.4% DCW at 32 �C before decreasing to 74.2% DCW
at 35 �C (Table 2, Fig. 3(a)). The total fatty acid production at each
shift of temperature was consistent with FTIR analysis (Fig 3(b)). At



Table 2
Identification and quantification of fatty acids from cc-125 and BAF-J5 strains after temperature shifts to 17, 25, 32 or 35 �C for four days under nitrogen deprivation in TAP-N
medium.

cc-125 BAF-J5

17 �C 25 �C 32 �C 35 �C 17 �C 25 �C 32 �C 35 �C

16:0 3.28 3.18 3.14 4.06 15.22 16.83 18.60 22.55
a16:1D7t 0.05 0.04 0.04 0.05 0.64 1.59 4.13 4.39
a16:1D7c 0.10 0.02 0.05 0.02 0.21 0.26 0.39 0.23
16:2D7,10 0.19 0.25 0.29 0.28 0.49 0.79 0.82 0.64
16:3D7,10,13 0.11 0.13 0.21 0.16 0.06 0.06 0.06 0.07
16:3 0.42 0.33 0.21 0.10 2.22 1.94 2.05 1.71
16:4D4,7,10,13 1.02 0.94 0.94 0.79 2.29 2.21 1.90 1.87
18:0 0.39 0.44 0.50 0.74 1.05 2.02 2.61 2.75
18:1D9 0.77 0.53 0.48 0.41 8.52 13.74 16.33 12.25
18:1D11 0.83 1.15 1.24 1.58 3.46 4.91 5.86 6.18
18:2D9,12 2.04 1.73 1.39 1.36 9.99 12.01 10.84 8.49
18:3D5,9,12 1.04 1.22 1.55 1.32 2.83 3.90 5.57 6.49
18:3D9,12,15 2.78 2.48 2.09 1.77 8.34 7.71 6.83 6.80
b20:0,18:4D5,9,12,15 0.17 0.23 0.26 0.23 0.31 0.33 0.41 0.53
20:1D9 0.01 0.01 0.01 0.00 0.31 0.33 0.41 0.53

FAME Total 13.21 12.68 12.41 12.54 55.63 68.29 76.40 74.15

Data expressed as a percentage of dry cell weight (dcw). Means n = 4 replicates, standard deviations 6 4.86%
acis or trans geometry of bond determined from relative retention time.
bFAMEs of 20:0, 18:4D5,9,12,15 co-eluted and are estimated as the sum of the two components.
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the lowest transition temperature 17 �C, the fatty acid content for
cc-125 was relatively constant at 13.2%. However, for BAF-J5, the
fatty acid level was almost three quarters of the maximum
achieved at 32 �C (Table 2, Fig. 3(a)).

The accumulation and relative proportions of saturated, unsat-
urated and total fatty acids was assessed for both strains at the dif-
ferent transition temperatures (Table 2, Fig. 3). In BAF-J5,
monounsaturated fatty acids increased with temperature until
32 �C (Fig. 3(b)). The relative proportions of saturated fatty acid
for both strains remained essentially constant at 17, 25 and 32 �C
but increased sharply at 35 �C (Fig. 3(c)). The relative proportion
of polyunsaturated fatty acids in both strains also declined consis-
tently but above 32 �C, the wild type strain, cc-125, declined much
more sharply (Fig. 3(d)). For the starchless mutant, BAF-J5, this re-
sulted in a maximisation of the ratios of mono- to poly-unsatu-
rated fatty acids (Fig. 3(e)) and mono- to saturated fatty acid at
32 �C (Fig. 3(f)).

4. Discussion

4.1. Growth characteristics

The optimal growth temperature for vegetative growth in a
nitrogen sufficient medium was found to be 32 �C, although similar
growth was also achieved at 35 �C (Fig. 1). At 38 �C, both strains
grew poorly and reached lower optical density, indicating that
the maximum tolerable temperature for growth occurs between
35 and 38 �C. At 38 �C the culture of BAF-J5 collapsed after 5 days
(Fig. 1(b)), whereas cc-125 did not collapse (Fig. 1(a)). BAF-J5 con-
tains multiple mutations affecting not only starch biosynthesis, but
also the flagella and the cell wall synthesis (Zabawinski et al.,
2001) and this may account for its high temperature sensitivity.
At 17 �C, the maximum growth rate of both cc-125 and BAF-J5
was reduced by approximately 60%. The shifting of cultures to a
range of temperatures under nitrogen deprivation resulted in an
expected slow non-logarithmic growth for both strains (Fig. 2) as
previously observed by James et al., 2011.

4.2. Fatty acid content

Under nitrogen deprivation, shifting temperature to 32 �C re-
sulted in BAF-J5 storing up to 76% of its DCW as fatty acids. At
35 �C, a similar level of total fatty acid also accumulated (74%
DCW). This is in accord with our previous work at 25 �C, when
BAF-J5 was found to increase its fatty acid content from 14% to
65% DCW following nitrogen starvation (James et al., 2011). Under
nitrogen deprivation, the total fatty acid content of cc-125 re-
mained constant at �12% DCW over the range of transition tem-
peratures from 17 to 35 �C. At 17 �C, the fatty acid content of
BAF-J5 was reduced by about a third relative to that at 32 �C. This
suggests that lipid storage, as measured by fatty acid content, is
less affected by the transition to nitrogen starvation (30% decrease)
and low temperature (17 �C) than is cell division in nutrient suffi-
cient media at low temperature, as evidenced by a 60% increase in
the cell doubling time. Carbohydrate and lipid storage were both
affected by switching temperature, indicating precursor supply is
rate limiting for carbon storage under nitrogen starvation (Supple-
mentary Fig. 1). This is consistent with a recent report that showed
acetate availability controls fatty acid synthesis and lipid storage in
C. reinhardtii under nitrogen starvation (Fan et al., 2012). Recent
studies have shown that fatty acid biosynthesis is up-regulated
when C. reinhardtii wild-type and starchless strains are grown
photoheterotrophically and nitrogen deprived (Fan et al., 2011;
Moellering and Benning, 2010; Wang et al., 2011).
4.3. Fatty acid unsaturation and membrane fluidity

This study shows that under nitrogen starvation, the level of
fatty acid unsaturation is influenced by a temperature shift. For
BAF-J5 at 35 �C, the observed increase in saturated fatty acids
was accompanied by a decrease in monounsaturated and polyun-
saturated fatty acids relative to other temperatures tested. This
may reflect adaptive changes in fatty acid metabolism needed to
adjust to temperature regimes near the maximum tolerated by C.
reinhardtii. A similar response was also recorded for cc-125 at
35 �C compared to 32 �C: a sharp decrease in polyunsaturated fatty
acids was accompanied by a sharp increase in saturated lipids. This
may be linked with a response requirement to maintain a certain
level of membrane fluidity (Los and Murata, 2004). As temperature
rises, the level of polyunsaturated fatty acids declines and concom-
itantly there is a rise in monounsaturated fatty acids. This is consis-
tent with other studies that show exposure to a lower growth
temperature increases polyunsaturated fatty acid production in
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cyanobacteria (Mironov et al., 2012), algae (Lynch and Thompson,
1984) and higher plants (Zheng et al., 2011).

In both cc-125 and BAF-J5, the highly unsaturated fatty acids
16:4D4,7,10,13 and 18:3D9,12,15 which are predominantly associated
with the chloroplast lipid classes monogalactosyldiacylglycerol
(MGDG) and sulfoquinovosyl diacylglycerol (SQDG) (Giroud et al.,
1988), decreased as temperature increased. This is consistent with
previous work that showed unsaturation of chloroplast lipids en-
hanced the thermal stability of photosystem II and growth at low
temperature (Sato et al., 1996). This suggests the desaturation of
fatty acids in storage lipids may be regulated in part by the same
temperature acclimatisation mechanism as the thylakoid mem-
brane lipids in the chloroplast. Conversely, the levels of the extra-
plastidic fatty acids 18:3D5,9,12 and 18:4D5,9,12,15 associated with
diacylglyceryl-trimethylhomoserine (DGTS) and phosphatidyleth-
anolamine (PtdEtn) (Giroud et al., 1988) increased along with the
saturated and mono-unsaturated fatty acids as temperature
increased.

It is well known that growth temperature affects the fatty acid
composition of photosynthetic microorganisms. The level of fatty
acid unsaturation is linked to membrane fluidity and temperature
(Los and Murata, 2004). Membrane fluidity decreases as tempera-
ture decreases and fatty acid desaturation increases to compensate
for the decreased membrane fluidity, conversely the opposite oc-
curs as temperature rises (Los and Murata, 2004). The C. reinhardtii
hf-9 mutant which is deficient in plastidic x-6 fatty acid desatur-
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ase, has been reported to contain decreased levels of the chloro-
plast fatty acids 16:4D4,7,10,13 and 18:3D9,12,15, and showed reduced
photosystem activities (Sato et al., 1995). Mutant hf-9 also dis-
played decreased growth at low temperature and increased growth
at high temperature suggesting that chloroplast lipid unsaturation
contributes to temperature acclimatisation (Sato et al., 1996). It is
clear from both our results and the literature that growth temper-
ature can be used to manipulate the composition of fatty acids for
biofuel production.

Recently, several fatty acid desaturases have been found to be
associated with lipid droplets (Nguyen et al. 2011). In a separate
study, Miller et al. (2010) found that three desaturase genes; plas-
tid acyl-ACP D9-desaturase, and the microsomal D12-desaturase
and D5-desaturase were up-regulated in the dw15.1 (cw15) strain
when deprived of nitrogen. Although there is no information on
changes in the regulation of these desaturases with temperature,
these desaturases may serve as targets for metabolic engineering
to improve the fatty acid profile for biodiesel production.

4.4. Fatty acid profile for biodiesel

Biodiesel properties and compliance with regulatory specifica-
tions (ASTM D6751 in the USA and EN 14214 in Europe) is depen-
dent on the fatty acid composition. Microalgal oils often contain
high levels of saturated and polyunsaturated fatty acids which
are likely to have poor biodiesel properties; low viscosity and high
cloud point for the saturated FAMEs and low oxidative stability for
the polyunsaturated FAMEs (Knothe, 2011). Recently, a Chlamydo-
monas sp. isolate was reported to have a fatty acid composition
that meets the European Standard (EN 14214) for biodiesel (Wu
et al., 2012). In our study, 32 �C was found to be the optimum tem-
perature for vegetative growth and for maximum content of fatty
acids during nitrogen deprived growth. This temperature also pro-
vided the most favourable fatty acid profile for biodiesel produc-
tion achievable for C. reinhardtii. The highest level of
monounsaturated fatty acid was achieved, with concomitantly re-
duced levels of the polyunsaturated fatty acids and little change in
the levels of saturated fatty acids (Fig. 3). At the highest transition
temperature of 35 �C, the fatty acid profile changed to a less ideal
composition for biodiesel, as saturated fatty acids increased and
monounsaturated fatty acids decreased when nitrogen deprived.
This demonstrates how the control of temperature can be applied
to manipulate the fatty acid composition of microalgae to improve
biofuel properties and performance. The desaturases responsible
for the biosynthesis of specific polyunsaturated fatty acids may
represent targets for genetic engineering to further improve the
fatty acid composition for biodiesel production.
5. Conclusions

The lipid content of Chlamydomonas reinhardtii starchless mu-
tant BAF-J5 was enhanced from 65% (at 25 �C) to 76% of dry cell
weight following a temperature switch and onset of nitrogen
deprivation at 32 �C. Specific polyunsaturated fatty acids were
found to respond differently to changes in transition temperature
and it is postulated that this could be due to their association with
organelle-specific lipid classes. This study offers an insight into
how environmental factors can be used to manipulate the quantity
and composition of algal fatty acids to yield a biofuel feedstock
with a reduced requirement for costly refining.
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