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Abstract The influence of nitrogen (N) deficiency on the cell
growth and intracellular lipid production of the alga Botryo-
coccus braunii UTEX 572 was investigated. Biomass
concentration and lipid content of B. braunii cultivated in
modified Chu-13 medium containing 0.04, 0.37, and
3.66 mM nitrate were 0.23-0.38 g L' and 36-63% of dry
cell weight, respectively. The specific growth rate of B.
braunii reached a constant of 0.185 day ' during cultivation
with an initial nitrate feed of 3.66 mM. The maximum lipid
content of B. braunii was 63% with 0.04 mM nitrate.
However, the maximum lipid productivity of 0.019 g
L' day ' was achieved with 0.37 mM nitrate. The level of
oleic acid, an important component of biodiesel, was higher at
86% of the total fatty acids under N-limited conditions
(0.04 mM nitrate) compared to 69% under N-sufficient
conditions (3.66 mM nitrate). Furthermore, expression of the
stearoyl-ACP desaturase gene (sad) encoding a stearoyl-ACP
desaturase involved in the synthesis of oleic acid was 2.6-fold
higher under N-limited conditions than under N-sufficient
conditions.

Keywords Biodiesel - Botryococcus braunii - Nitrogen
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Introduction

With the shortage of fossil fuels and their production of
greenhouse gas carbon dioxide upon combustion, alterna-
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tive fuels are now receiving considerable attention, espe-
cially biodiesel from microalgae (Chisti 2007). Microalgae
have emerged as a particularly promising feedstock due to
their widespread availability and higher lipid yields. As a
photosynthetic organism, algae can fix atmospheric CO,,
and burning algal hydrocarbons is not a net contributor to
CO,, thereby benefiting environmental protection (Yang et
al. 2004a). Previous studies have reported a high quality of
biodiesel production from the heterotrophic microalgae
Chlorella protothecoides (Xu et al. 2006). Furthermore,
other good sources for liquid fuel production include
autotrophic microalgae, such as Nitzschia communis
(Dempster and Sommerfeld 1998), Botryococcus braunii
(Rao et al. 2007), Dunaliella (Takagi et al. 2006), and the
diatom Chaetoceros muelleri (McGinnis et al. 1997).

The green alga B. braunii is a colonial member of
Trebouxiophyceae (Casadevall et al. 1985) and grows as a
colony of individual cells held together by a colony matrix
containing a mixture of liquid hydrocarbons and unusual
lipids. This alga is widespread in freshwater and brackish
lakes, reservoirs, and ponds. In 1976, a bloom of B. braunii
appeared in the Darwin River reservoir, and despite a high
liquid hydrocarbon content, the algal colonies still floated
(Wake and Hillen 1980). Botryococcus braunii is also well
known for its high content of fatty acid and has already
been proposed as a renewable source of biodiesel for future
energy requirements (Banerjee et al. 2002). Different strains
of B. braunii produce different types of hydrocarbons;
however, due to the absence of clear morphological differ-
ences between these strains, they have been classified into
three chemical races—A, B, and L—depending on the type
of hydrocarbons synthesized (Metzger and Largeau 2005).
Race A produces long straight-chain odd-carbon-numbered
hydrocarbons (mono- to tetra-unsaturated) from C,3 to Cs3
derived from fatty acids, typically alkadienes, with the
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formula C,H,, — ,. Race B produces branched triterpenoids
from Cs( to C3; with the generalized formula C,H,, — 19,
termed botryococcenes. Race L produces an acyclic tetra-
terpene hydrocarbon called lycopadiene, typically C4oH7g.

The lipids from microalgal sources have to be trans-
esterified, leading to fatty acid methyl esters (FAMEs or
biodiesel) that fulfill diesel characteristics (Miao and Wu
2006). Biodiesel is produced by a mono-alcoholic trans-
esterification process. Triacylglycerols (TAGs) react with a
mono-alcohol (usually methanol or ethanol) based on the
catalysis of alkali, acids, or enzymes (Li et al. 2008b).
Neutral lipids, mainly TAGs, are preferred over phospho-
lipids or glycolipids due to their higher percentage of fatty
acids and lack of phosphate. Among the many vegetable
oils currently available, those with a high content of oleic
acid are the most suitable due to the greater stability of their
alkyl esters and their better characteristics as fuels (Knothe
2005).

Desaturases are known for their ability to catalyze the
formation of unsaturated fatty acids. These enzymes act
by introducing a double bond at a specific defined
position in the hydrocarbon chain and are grouped into
three types, where microalgal fatty acid desaturases are
part of the family of acyl-ACP desaturases or plant-type
desaturases (Tocher et al. 1998), which are membrane-
bound enzymes (Mustardy et al. 1996). Acyl-ACP
desaturases introduce double bonds into fatty acids that
have been esterified to glycerolipids. The stearoyl-ACP
desaturase (SAD) of microalgae converts stearic acid
(18:0) into oleic acid (18:1). A quantitative real-time
polymerase chain reaction (QRT-PCR) is among the best
methods available for determining changes in gene
expression due to its ability to quantify target genes
rapidly and accurately, even those with very weak
expression levels (Cook et al. 2009).

Accordingly, in this study, the cultivation of various
initial nitrate concentrations to increase the lipid production
and change the fatty acid composition of B. braunii was
investigated. First, the effect of nitrogen concentration on
the cell growth and lipid productivity was examined in a
batch culture. Second, sad gene expression level in this alga
under nitrogen-limited culture conditions was assessed
using qRT-PCR.

Materials and methods

Botryococcus braunii UTEX 572 belonging to race A
was used throughout this study and obtained from
UTEX in the USA. A modified Chu-13 medium was
also used, which contained the following (mg L'):
KNOj;, 400; K,HPO,, 80; MgSO4-7H,0, 200;
CaCl,-2H,0, 80; Fe-citrate, 20; and citric acid, 200
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(Dayananda et al. 2007). Pre-cultures were carried out in
125-mL Erlenmeyer flasks in a shaking incubator: tem-
perature 25°C; shaking at 100 rpm; light intensity
120 pumol photons m 2 s ' with continuous light;
inoculation every 3 weeks (10 mL culture into 30 mL
fresh medium). For nitrogen starvation, the cells were
washed three times with sterilized distilled water and
suspended in a nitrogen-free Chu-13 medium. The growth
curves were obtained from dry weight measurements and
optical density measurements. The dry weight measure-
ments were carried out based on the filtration of aliquots
using an ash-free Whatman filter (GF/C), which was
weighed after dried (100°C, 1 h), that had been
thoroughly rinsed (distilled water 20 mL) and dried
(100°C, 1 h). Meanwhile, optical density measurements
were obtained as follows: When comparing the optical
density at 680 nm with the dry weight for a large range
of samples, the two sets of figures clearly exhibited a
linear relationship (+* = 0.985), at least during the first
stages of the batch culture: biomass (g/L) = ODggo nm ¥
0.495. Variations in the algal biomass were also deter-
mined from the ODggy nm. The mean biomass doubling
time during the exponential stage of the batch culture was
determined according to In2/pu, p is a specific growth rate.
In addition, nitrogen content in the medium was checked
during the experiment using a nitrogen (total) cell test kit
(Merck 1.00613, Germany).

Fatty acid analysis

Total lipids were extracted using a modified version of the
method of Bligh and Dyer (1959). The lipid fraction was
extracted with chloroform/methanol (2:1, v/v), then isolated
in the chloroform phase after adjusting the solvent ratio to
2:2:1 (chloroform/methanol/water, v/v/v). The chloroform
phase was then removed by evaporation under a vacuum
and the weight determined gravimetrically. The fatty acids
were analyzed using the method of Lepage and Toy (1984).
A sample aliquot (10 mg) was placed in a capped test tube
and then saponified with 1 mL of a saturated KOH-CH;OH
solution at 75°C for 10 min, followed by methanolysis with
5% HCI in methanol at 75°C for another 10 min. Finally,
2 mL of distilled water was used to extract fatty acids. All
the samples were analyzed using a gas chromatograph (HP
5890A, USA) equipped with a flame ionization detector.
The injector temperature was 250°C, and the separation
was achieved on a 25-m x ® 0.32-mm fused silica capillary
column. The flow of the carrier gas (N,) was 2 mL min ',
and 1 pL of a methyl ester solution was injected for each
analysis. The temperature program was as follows: The
initial temperature of 80°C was maintained for 3 min,
raised to 250°C at a rate of 10°C min_l, and then

maintained at 250°C for 5 min. The components were
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identified by comparing their retention time and fragmen-
tation pattern with established standards.

cDNA synthesis and PCR primer design

Culture samples (25 mL) were centrifuged at 3,500xg for
20 min. After removing the supernatant, each cell pellet
was resuspended in 600 pL of 50 mM Tris—HCI (pH 8.0),
100 mM EDTA, and 130 pL of chloroform and incubated
in ice for 5 min to eliminate any external RNases. The
buffer was then removed by centrifugation at 12,000xg for
10 min at 4°C. Finally, the cell pellets were frozen in liquid
nitrogen and kept at —70°C until isolating the RNA. The
total RNA of B. braunii was extracted using a NucleoSpin
RNA Plant Kit (Maxherey-Nagel, Germany) according to
the manufacturer’s instructions and eluted in 30 pL of
DEPC water. Total RNA concentration and purity were
determined using a spectrophotometer (Nanodrop ND-
1000, USA); each total RNA sample was assayed twice
and an average value determined. The total RNA (1 pg)
was reverse-transcribed to produce cDNA using a Sprint
RT Complete First-Strand cDNA Synthesis Kit (Clontech,
USA) with anchored-oligo (dT) 18 primers in a total
reaction volume of 20 pL. For the reverse transcription,
the mixture was incubated at 42°C for 1 h and finally
heated at 75°C for 10 min to terminate the reaction. All the
cDNA samples were diluted 100-fold with DEPC water.
From an alignment of SAD amino acid sequences from
GenBank Accession no. ABP57425 (Haematococcus plu-
vialis), ACX71635 (Muriella zofingiensis), and EDP04705
(Chlamydomonas reinhardtii), two consensus amino acid
sequence blocks, EENRHGD and MPAHLMD, were
identified, corresponding to amino acid positions 170-176
and 299-305, respectively, in ABP57425. The degenerate
primers ACP-D2f (5'-GAG GAR AAC CGY CAC GGC
GAC-3') and ACP-D7r (5'-TBC ATG AGG TGC GCS
GGC AT-3') were then synthesized based on the sequences of
these two blocks. This also included predicted melting
temperatures (7,) of 58-60°C, primer lengths of 20-21
nucleotides, guanine—cytosine contents of 40-57%, and PCR
amplicon lengths of about 400 bp. All the primers were
custom-ordered from a commercial supplier (Genotech,
Korea).

gRT-PCR conditions

qRT-PCRs were performed by a DNA Engine Choromo4
thermocycler (Bio-Rad, CA, USA) using the iTaq™
SYBR® Green Supermix with ROX (Bio-Rad). The
reactions were performed in triplicate and included 10 pL
of the SYBR Green Supermix with ROX, 7 uL of sterile
water, 1 puL of the cDNA template, and 1 pL of the 10 uM
forward and reverse gene-specific primers in a final volume

of 20 uL. The reactions were incubated at 95°C for 3 min
to activate the FastStart 7ag DNA polymerase, followed by
45 cycles at 95°C for 30 s, 61°C for 30 s, and 72°C for
30 s. The specificity of the PCR reaction was confirmed
using a heat dissociation protocol (from 65°C to 95°C)
following the final PCR cycle. This ensured that the
resulting fluorescence originated from a single PCR product
and did not represent primer dimers formed during the PCR
or a non-specific product. The amplification of a single
product of the expected size was verified by gel electro-
phoresis on a 1.0% agarose gel (Sigma-Aldrich, USA) and
ethidium bromide staining. CFX Manager Software version
1.0 (Bio-Rad) was used to collect the fluorescence data. A
threshold cycle (C;) value was determined from each
amplification plot. The PCR efficiencies were calculated
using the equation £ = 10 "51°°° — | on a standard curve
generated using a tenfold dilution series of one sample over
five dilution points measured in triplicate, according to the
method of Pfaffl (2001).

Results

Effect of initial nitrate concentration on growth of B.
braunii

The growth profiles of B. braunii with different nitrate
concentrations in the modified Chu-13 medium are shown
in Fig. 1. After 10 days of cultivation, a higher initial
nitrate concentration in the medium was found to produce
an increased biomass concentration, where the highest
biomass concentration was 0.38 g L' when using an
initial nitrate feed of 3.66 mM, which also produced a
specific growth rate of 0.185 day ' (Table 1). Meanwhile,
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Fig. 1 Effect of initial nitrate concentration on cell growth and
nitrogen consumption of B. braunii in Chu-13 medium. Closed
symbols are dry cell weight and open symbols are total dissolved
nitrogen concentration (mean + SD of three samples)
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Table 1 Effect of nitrate concentration on specific growth rate,
biomass, and lipid content after 10-day cultivation of B. braunii in
Chu-13 medium

Nitrate Specific Doubling  Lipid Lipid
concentration  growth time content productivity
(mM) rate (days) (mgg") (gL 'day)
(day ")
0.04 0.090 7.7 627.2 0.009
0.37 0.159 44 600.3 0.019
3.66 0.185 3.8 359.1 0.014

the lowest growth rate of 0.090 day ' was measured with
an initial nitrate feed of 0.04 mM. Furthermore, the
average doubling time was 3.8 and 7.7 days with an
initial nitrate feed of 3.66 and 0.04 mM, respectively
(Table 1). At the end of the cultivation, 100% and 99% of
the nitrate had been removed from the media with an
initial nitrate feed of 0.37 and 3.66 mM, respectively
(Fig. 1). For the medium with 0.37 mM nitrate, no nitrate
was detected after day 6.

In the medium with 0.04 mM nitrate, the color of the
algal cells turned yellow and the chlorophyll-a content in
the algal cells was very low (Fig. 2). However, chlorophyll-
a concentration slowly increased after day 6. The cultures
with 0.04 and 0.37 mM nitrate concentrations turned
yellow-red and mucoid on day 10, and the supernatants
were brown and turbid after centrifugation. This was
probably because the medium nitrate was all used up and
the nitrogen-limited conditions allowed carotenoids and
exopolysaccharides to accumulate.
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Fig. 2 Chlorophyll-a content profiles of B. braunii with different
initial nitrate concentrations in Chu-13 medium (mean + SD of three
samples)
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Effect of initial nitrate concentration on lipid production
of B. braunii

The lipid content increased from 23% to 63% of the
biomass after 10 days of cultivation with an initial nitrate
feed of 0.04 mM in the Chu-13 medium (Fig. 3). Also, the
lipid content with 0.04 mM nitrate was two times higher
than that with 3.66 mM nitrate. Thus, the experimental data
indicated that increasing the nitrogen concentration in the
nutrient medium led to a decrease of the lipid content in the
cells. Notwithstanding, lipid productivity was highest with
0.37 mM nitrate (Table 1). As such, while the highest total
lipid content was 627.2 mg g ' when cultivated with an
initial nitrate feed of 0.04 mM, the highest lipid yield was
0.19 g L! when cultivated with an initial nitrate feed of
0.37 mM. Therefore, even though the cells had a high lipid
content, the biomass concentration was low when nitrogen
was limited (initial nitrate concentration below 0.37 mM).
Consequently, in this study, an initial nitrate feed of
0.37 mM was identified as the critical concentration to
achieve a high growth rate and high lipid productivity of
0.019 g L™! day ' (Table 1).

Fatty acid composition with different initial nitrate
concentrations

Oleic acid (C18:1) was the major fatty acid in all the
samples, and the proportion of oleic acid increased with
culture time (Fig. 4). During cultivation, palmitic acid
(C16:0) decreased while oleic acid increased. With
3.66 mM nitrate, linoleic acid (C18:2) and linolenic acid
(C18:3) showed no decrease during cultivation. However,
with 0.04 and 0.37 mM nitrate, linoleic acid did decrease
during cultivation. Oleic acid increased with a lower nitrate

70
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Fig. 3 Total lipid content of B. braunii with various nitrate
concentrations in Chu-13 medium (mean £ SD of three samples)
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was also an increase in sad transcription in the nitrogen-
deficient cells when compared with the control cells, which
continued to increase slowly throughout the culture period.
When compared with the nitrogen-sufficient conditions

(3.66 mM nitrate), sad gene expression was almost 2.6 times
nitrate), representing a clear up-regulation of the gene under

revealed that the sad transcript of B. braunii changed in
response to nitrogen depletion in the culture medium. There
coincided with the time when the cells reached nitrogen
starvation conditions, after day 6 (Fig. 1). In the nitrogen-
limited cultures, the percentage of oleic acid in the fatty acids
increased sharply until day 6, then increased slowly thereafter
(Figs. 3 and 6). Notwithstanding, the percentage of oleic acid
higher under the nitrogen-limited conditions (0.04 mM
the nitrogen-limited conditions.
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Discussion

The growth of B. braunii limited by nitrogen (a fourfold
reduction of nitrate concentration in the medium) was
slower and the final biomass was only about half that of the
control at day 20 of cultivation (Zhila et al. 2005). Previous
results have also shown that 4 mM nitrate in a modified
Chu-13 medium is a growth-limiting nutrient (Yang et al.
2004b). However, on day 10, the culture with 3.66 mM
nitrate was still green and the supernatant was clear as there
was still enough nitrogen in the medium to support algal
growth (Fig. 1). Therefore, it seems that the culture with
3.66 mM nitrate was under N-sufficient condition but the
others with 0.04 and 0.37 mM nitrate were under N-limited
condition during the cultivation period in this study.

An initial nitrate feed of 0.37 mM was identified as the
critical concentration to achieve a high growth rate and high
lipid productivity of 0.019 g L' day ' (Table 1). These
results are consistent with previous reports; for example,
the total lipid content of Neochloris oleoabundans and
Chlorella sp. increases by a factor of 2 at a low nitrogen
concentration (Hsieh and Wu 2009; Li et al. 2008a).
Furthermore, nitrogen limitation in Isochrysis galbana has
been reported to increase the intracellular content of fatty
acid and active diacylglycerol acyltransferase, which con-
verts fatty acid to triglyceride (Sukenik and Wahnon 1991).
This could explain why a low nitrate concentration raised
the total lipid content. Furthermore, the results showed that
different nitrate concentrations influenced cell growth and
lipid production.

The pattern of fatty acids in B. braunii is very typical for
Chlorococcales (Ahlgren et al. 1992), being very rich in
palmitic acid, oleic acid, and linolenic acid. As seen in
Fig. 4, oleic acid was the major fatty acid produced with all
the nitrate concentrations and throughout the cultivation,
followed by palmitic acid and linolenic acid. However,
these results differ with those for cyanobacteria where the
proportion of palmitic acid is usually >43% of the total
fatty acids. For example, the major fatty acids in Synecho-
cystis sp. PCC 6803 are palmitic acid, Palmitoleic acid
(C16:1), stearic acid, and oleic acid. A previous report also
showed that oleic acid is a precursor for n-alkadienes
(Banerjee et al. 2002), and the algal strains used in the
present study have been reported to belong to race A
(Dayananda et al. 2007).

The data obtained for the cultures of B. braunii grown
on the Chu-13 medium were generally compatible with
previous observations on the aging of nitrogen-replete
cultures (Khozin-Goldberg et al. 2002), which are charac-
terized by an enhanced proportion of oleic acid and total
fatty acid (TFA) content. The increase in oleic acid
proportion during aging is believed to be, at least partially,
the result of a shift from w-3 to w-6 unsaturated fatty acid

@ Springer

in lipids that ensues after the transfer from the logarithmic
to the stationary phase, as previously observed in many
microalgae (Khozin-Goldberg et al. 2002). It has also
already been shown that the TFA content and composition
both change during culture growth; however, nitrogen
starvation induces a larger increase in the fatty acid (FA)
content than the culture growth itself (Khozin-Goldberg et
al. 2002). TAGs are the main lipidic reservoir and usually
accumulate due to low growth rates related with nutrient
deficiency (Lombardi and Wangersky 1995). Carbon
incorporation is forced and, because of nitrogen deficiency,
carbon skeletons are not incorporated into proteins to allow
cell growth; therefore, the lipidic synthesis pathway is taken
as a carbon sink. In this study, the total phospholipids were
correlated with growth. Therefore, it is possible that the
total phospholipid contents are related with carbon avail-
ability, besides nitrogen, and that light has an indirect effect
through the photosynthetic capacity to assimilate CO,,
which is finally reflected in the growth rate, rather than a
direct effect via the structures supporting photosynthesis. A
strong negative correlation exists between TAGs and the
total phospholipids. Both lipid classes have common
precursors, and the common intermediates are likely to be
channeled towards TAG synthesis if phospholipid synthesis
is hindered. Thus, B. braunii, which produces large
amounts of hydrocarbons, exhibited a faster biomass
doubling time than algae like Chlorella, yet using less
energy.

Contrary to glyco- or phospholipids, which play an
important structural role in cells, TAG cellular accumulation
corresponds to a shift of metabolism under unfavorable
environmental conditions. Nitrogen starvation is already
known to trigger TAG accumulation to the detriment of cell
division. Lipid productivity depends on both the lipid content
in the cells and biomass accumulation, yet the optimal culture
conditions for these two factors are different, making it
difficult to optimize lipid productivity. Under nitrogen
starvation, many algal species have been reported to accumu-
late lipids (mostly TAG) which generally contain saturated
and monounsaturated FAs (Chu et al. 1997). Decreasing the
nitrogen concentration in the medium causes quite a number
of algal species to accumulate neutral lipids, principally
TAGs (Thompson 1996), accompanied by an increase in the
content of saturated FAs and a decrease in polyenoic FAs
(Alonso et al. 2000). In addition, under nitrogen deficiency,
chlorophyll-a concentration tends to decrease while carote-
noids increase (Geider et al. 1998).

When decreasing the nitrogen concentration in the Chu-13
medium, changes in the sad expression were not larger, yet
the production of oleic acid was increased. Therefore, this is
the first example of an increase in the transcription of the
essential sad expression and correlative oleic acid synthesis,
suggesting that nitrogen deficiency can trigger oleic acid
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synthesis. A similar behavior was previously observed in
Microcystis aeruginosa when studying the synthesis of
microcystin that acts as a toxic material (Sevilla et al. 2008).
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