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Abstract The appropriate microalgal species and the optimal
nitrogen supply in culture medium are vital factors in maxi-
mizing biomass and metabolite productivities in microalgae.
Vischeria stellata is an edaphic unicellular eustigmatophycean
microalga. Cytological and ultrastructural characteristics and
the effects of different initial nitrate-nitrogen concentrations
on growth, lipid accumulation, fatty acid profile, and pigment
composition were investigated in the present study. The cell
structures of V. stellata changed with the degree of nutrient
utilization and growth phase. The initial nitrate concentration
for the optimal growth of V. stellata ranged from 6.0 to
9.0 mM. The maximum total lipid (TLs), neutral lipid
(NLs), and total fatty acid (TFAs) contents were 55.9, 51.9,
and 44.7 % of dry biomass, respectively. The highest volu-
metric productivity of TLs, NLs, and TFAs reached 0.28,
0.25, and 0.21 g L' day ™', respectively. V. stellata had a
suitable fatty acid profile for biodiesel production, as well as
containing eicosapentaenoic acid (EPA) for nutraceutical ap-
plications. In addition, the content 3-carotene, increased grad-
ually as culture time was prolonged, resulting in its exclusive
production at the end of cultivation. V. stellata is a promising
microalgal strain for the production of biofuels and
bioproducts.
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Introduction

Microalgae are currently considered as a promising alternative
feedstock for biofuel production because of their highly effi-
cient conversion of solar energy to biomass, fast growth rate,
and high level of lipid production compared to other terrestrial
plants (Hannon et al. 2010; Sheehan et al. 1998; Borowitzka
2013a). Although microalgae-based biofuels are far superior
than conventional fossil fuels based on their renewable, bio-
degradable, and nontoxic properties, their extensive industrial
application has been hindered by the associated higher pro-
duction cost relative to that of conventional fossil fuels (Chisti
2007; Hannon et al. 2010). Recent studies have demonstrated
that the overall economic feasibility of biofuel production
using microalgae largely relies on the identification of the
appropriate microalgal species and the optimization of culti-
vation conditions (Prommuak et al. 2013). Desirable
microalgal traits include not only rapid growth rate and high
lipid content but also environmental tolerance and the poten-
tial for generating other valuable co-products. Mass cultiva-
tion of microalgae for biofuel production requires a high
amount of nitrogen. The excessive supply of external synthet-
ic nitrogen can lead to a significant reduction in net energy
gain, as well as potential competition with other food pro-
ducers for fertilizers, and increased production cost (Peccia
et al. 2013). A few microalgal species contain valuable me-
tabolites other than lipids (Borowitzka 2013b; Harisko and
Posten 2014). Current recognized natural co-products in
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microalgae include carotenoids and long-chain polyunsaturat-
ed fatty acids (LC-PUFAs) (Harisko and Posten 2014). These
co-products can serve as bridges and bonds for the improve-
ment in the cost-effectiveness of microalgae-based biofuel
production (Hannon et al. 2010). Therefore, it is essential that
an appropriate microalgal strain with lower nitrogen require-
ments which produces multiple metabolites for the generation
of high-value bioproducts (e.g., pigments), medium-value
bulk products (e.g., long-chain polyunsaturated fatty acids;
LC-PUFAs), and lipids for biofuels is recognized. In addition,
it is critical that the optimal cultivation procedure for this
species is identified to maximize metabolite and lipid produc-
tion, thereby rendering a cost-effective and sustainable tech-
nology for biofuel production.

The Eustigmatophyceae (Heterokontophyta) is a small
class of unicellular coccoid yellow-green algae, distinct
from the coccoid Xanthophyceae on the basis of cytologi-
cal and ultrastructural properties (Hibberd and Leedale
1970). The potential use of some species of
Eustigmatophyceae for commercial production of biofuels
and bioproducts has been based on their ability to accumu-
late and store large amount of lipids, hydrocarbons, LC-
PUFAs, especially eicosapentaenoic acid (EPA), and vari-
ous novel carotenoids (Rodolfi et al. 2009; Santos 1996).
Previous studies of eustigmatophytes have mainly concen-
trated on marine species of the genus Nannochloropsis. Its
utilization in the production of aquacultural feeds, biofuels,
lipids, EPA, commercial valuable pigments, and vitamin E
(x-tocopherol) has been extensively investigated (Lubian
et al. 2000; Durmaz 2007; Rodolfi et al. 2009; Ferreira
et al. 2009; Doan and Obbard 2014). The genomic charac-
terization of Nannochloropsis, as well as the development
of techniques in genetic transformation to qualitatively and
quantitatively enhance lipid production, has recently been
conducted (Vieler et al. 2012; Kilian et al. 2011). Hence,
Nannochloropsis has rapidly emerged as a model organism
for studies on EPA and biofuel production. A previous
study has also indicated that the Eustigmatophyceae com-
prise highly diverse species, genera, and families with po-
tential industrial utilizations (Fawley et al. 2013).

The accumulation and storage of lipids in various
microalgal species are generally affected by various culti-
vation conditions such as nutrient type and supply, light
intensity, salinity, temperature, and culture age (Pal et al.
2011; Prochazkova et al. 2014). Among all nutrients, ni-
trogen (N) is an important factor that regulates lipid accu-
mulation in microalgae. N limitation or starvation can trig-
ger microalgae to accumulate massive amounts of storage
lipids (Juneja et al. 2013), except for the green algae
Dunaliella primolecta and Tetraselmis suecica, where lipid
content decreases in N-limiting conditions (Thomas et al.
1984), and the blue-green algae, where little or no changes
in lipid content are observed in conditions of limited N
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(Piorreck et al. 1984). However, N limitation or starvation
affects microalgal growth and lipid accumulation, as well
as leading to a decrease in the level of LC-PUFAs (Harisko
and Posten 2014). Therefore, determining the appropriate
initial N concentration (e.g., an intermediate N concentra-
tion) that balances the growth, lipid accumulation, and
high-value biomolecules synthesis in microalgae is
warranted.

The eustigmatophyte Eustigmatos cf. polyphem has been
shown to accumulate large amounts of lipid (60.6 % dry
weight) (Zhang et al. 2013). On the other hand, information
for Vischeria stellata, a soil microalga from the same family
as Eustigmatos, is limited. Therefore, the present study ex-
amined changes in the cytological morphology and ultra-
structure, as well as growth, lipid accumulation pattern, fat-
ty acid profile, and pigment composition of V. stellata cul-
tured with different initial nitrate concentrations. This re-
search aimed to assess the feasibility of producing lipids,
EPA, and f3-carotene as biofuel feedstock, as well as bio-
molecules of high- and medium-value using V. stellata. In
addition, the ratio of lipid output and nitrate input in
V. stellata was examined.

Materials and methods

Vischeria stellata 33.83 was obtained from the Culture
Collection of Algae at Gottingen University (SAG). The stock
culture of V. stellata was maintained in a 250-mL flask with
150 mL of modified BG-11 medium (Andersen et al. 2005),
containing the following components (per liter): 18.0 mM
NaNO3, 0.22 mM K,HPOy4, 0.3 mM MgSO,4-7H,0,
0.24 mM CaCl,2H,0, 31.2 uM citric acid, 22.2 uM FeCls-
6H,0, 2.69 uM EDTA disodium salt, 0.19 mM Na,COs,
and 1 mL A5 trace elements solution. The V. stellata
inoculum was prepared by transferring stock cultures
into a 6.0x60 cm glass column photobioreactor and
cultivating the under aeration for 6-7 days.

For the experiment using different initial concentra-
tions of sodium nitrate, the cells of the seed cultures
were harvested by centrifugation at 1000xg for 3 min
at room temperature. The cell pellets were then washed
three times with N-free modified BG-11 medium. Then,
the cell pellets were resuspended into four different ini-
tial sodium nitrate concentrations (18.0, 9.0, 6.0, and
3.6 mM) of modified BG-11 medium using a 3.0x
60 cm glass column (270 mL working volume) with a
conical bottom at a starting optical density (OD7s¢) of
0.6+0.09 at 25+1 °C. The cultures were aerated with
compressed air containing 1 % (v/v) CO, through a hol-
low glass rod. Continuous illumination was provided
using a bank of cool-white fluorescent lamps, giving a

light intensity of 300 pmol photons m > s '. The
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cultures belonging to the four treatment groups (each
consisting of five replicates) were maintained for
18 days.

Observation of cell morphology and ultrastructure

The morphology of cells from cultures maintained in
photobioreactors was observed daily under a light micro-
scope. Sample preparation for transmission electron micro-
scope (TEM) analysis was based on the methods of Zhang
et al. (2013). The cells were harvested by using low-speed
centrifugation (600xg), followed by double fixation. The har-
vested cells were prefixed in 2 % glutaraldehyde in 0.1 M
phosphate buffer (pH 7.2) at 4 °C for 2 h and then rinsed three
times with 1 % phosphate buffer. Subsequently, the cells were
post-fixed in 1 % osmium tetroxide in the same buffer at 4 °C
for 2 h. Then, the cells were rinsed again and dehydrated
through a series of acetone solutions (30, 50, 70, 90, 95, and
100 %) at room temperature for 30 min. Finally, the
dehydrated samples were incubated in a 1:1 mixture of ace-
tone and Epon 812 resin for 3 h, then in a 1:3 mixture of
acetone and Epon 812 resin for 3 h, and finally transferred
to 100 % resin and kept overnight. The specimens were then
polymerized at 45 °C for 12 h, followed by 60 °C for 24 h. The
ultra-thin sections of specimens were stained with uranyl ac-
etate and lead citrate for 30 min each and observed in a TEM
(Model Philips, Tecnai 10).

Biomass measurements

Approximately 10 mL of the culture suspension was collected
from a photobioreactor each day. The biomass concentration
was determined daily by filtration of a 10-mL aliquot of the
culture suspension on a previously weighed GF/B glass fiber
filter (Wy). Then, the membrane with cells was dried in an
oven at 105 °C overnight and transferred to a dessicator.
After cooling to room temperature, the dried membrane with
algal cells was weighed (weight, W) again. The dry weight
(dry cell biomass; DW) was calculated using the following
equation: DW (g L™")=(W,—W;)x 100.

Determination of nitrate concentration in the culture
medium

Ten-milliliter aliquots of the microalgal suspension were col-
lected daily from the photobioreactors and centrifuged at
1000xg for 5 min. The supernatant was filtered through
a 0.22-um filter (GF/C filter China), and the filtrate was
transferred into another clean test tube for the determi-
nation of nitrate concentration. Measurement of nitrate
concentration was conducted on an AutoAnalyzer3 in-
strument (Bran-Luebbe, Germany).

Lipid extraction and quantification

The cells were harvested by centrifugation at 1000xg
for 5 min and then freeze-dried in a freeze drier. Total
lipid (TL) content was determined by gravimetric mea-
surement after extraction from freeze-dried microalgal
powder as described elsewhere (Khozin-Goldberg et al.
2005), with minor modifications. Lyophilized biomass
was extracted with 2 mL of 10 % DMSO-methanol
solution in a 50 °C water bath for 10 min, followed
by extraction for 30 min at 4 °C. The mixture was then
centrifuged at 1000xg for 5 min to isolate the superna-
tant. The residue was re-extracted with 4 mL 1:1 (v/v)
diethyl ether and hexane at 4 °C for 1 h and centri-
fuged. The extraction process was repeated twice, and
the supernatants were combined. Finally, distilled water
was added to the methanol extract and diethyl ether-
hexane extract to a ratio of 1:1:1:1 (water/methanol/
diethyl ether/hexane, v/v/v/v). The upper phase, which
contained the lipids, was collected and dried under N,
and weighed.

Separation of lipid fractions and quantification

The lipid extracts were separated on a solid-phase silica gel
column (Sep-Pak Plus Silica, Waters) and then extracted using
the technique described by Christie (1982). The column was
equilibrated with chloroform, and then, the lipid extracts were
dissolved in chloroform and loaded onto the column. Three
sequential eluting solvents, namely, chloroform, acetone/
methanol (9:1, v/v), and methanol, were used to isolate the
neutral lipids (NLs), glycolipids (GLs), and phospholipids
(PLs), respectively. Each fraction was dried under N, and
weighed.

Fatty acid analysis

For fatty acid profile analysis, the freeze-dried microalgal
powder was used for in situ transesterification with a
methanol/toluene mixture (90:10, v/v) containing 2 %
H,SO,4 and incubated in an 80 °C water bath for 1.5 h
(Cohen et al. 1993). The fatty acid methyl esters (FAME) were
analyzed in an Agilent 6890 N Gas Chromatograph (Agilent,
USA), equipped with a CD-2560 and a 100 m*0.25 mmx
0.20 um column. The injector temperature was 250 °C and
that of the detector was 260 °C. The eluant gas was N,. The
flow velocity was 23 mL min ™. The first temperature proce-
dure was at a constant 140 °C for 5 min. The temperature was
then increased to 240 °C, using increasing increments of
4 °C min ' and then was held constant for 20 min. Each fatty
acid was identified by comparison between the observed re-
tention time and those of the standards.
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TL, NL, and total fatty acid productivities

TL, NL, and total fatty acid (TFA) productivities were esti-
mated by using the following equation:

e 1t = DV LY X Cw)

where P, is the productivity of either TLs, NLs, or TFAs; DW
is the dry weight; C, is the respective content of TLs, NLs, or
TFAs based on dry biomass, and ¢ is the culture time.

TL, NL, and TFA yields based on nitrate utilization

The TL, NL, and TFA yields based on nitrate utilization were
calculated by using the following equation:
DW(g L") x Cx(%DW)

Ng L)

Yig g!') =

where Y, is the TL, NL, or TFA yields based on the amount of
nitrate; Cy is the respective content of TLs, NLs, or TFAs based
on dry biomass, and N is the total amount of initial nitrate
supplied in the medium of the different treatment groups.

Pigment extraction and analysis

The pigments were extracted from 10 mg of each freeze-dried
sample mixed with 5 mL acetone and kept for 24 h at 4 °C.
The pigment extracts were filtered through a 0.2-pum nylon
membrane filter (Millipore, USA) prior to high-performance
liquid chromatography (HPLC) analysis. Pigment analysis
was performed on a Dionex model U-3000 HPLC (Dionex,
USA) using a Kromasil C18 reverse phase column (5 pm
particle size, 250x4.6 mm ID, Dionex,) coupled with a C18
guard column (5 um particle size, 15x%4.6 mm ID). The binary
mobile phase was acetonitrile/water (9:1, v/v) (eluent A) and
100 % ethyl acetate (eluent B). Pigments were eluted at
1 mL min~' as follows: initial 100 % A and 0 % B, 0—
20 min linear gradient to 100 % B, 20-22 min 100 % B,
22-23 min return to 100 % A, and 23-25 min, 100 % A for
re-equilibration.

Results

Light microscopy morphology and ultrastructure The ge-
nus Vischeria was established by Pascher in 1937 (Hibberd
1981). The typically identifiable characteristic of this genus is
a cell wall raised as projections or ridges in the newly dividing
cell or early developmental cell. As cultivation time pro-
gresses, the most actively growing vegetative cells in liquid
culture have completely smooth, unornamented walls. The
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cells in logarithmic phase cultures were oval to spherical in
shape, although a certain amount of young cells presented an
angular, slightly polyhedral, shape (Fig. 1a (A, B, F)), mostly
5-12 pum in diameter, and some of the cells increased in size to
a maximum of 35 pum in the late logarithmic phase and sta-
tionary phases. There was a single parietal, lobed chloroplast
in the cytoplasm. Projections emerged from the cell wall
during early culture (Fig. la (A, E)), which gradually
disappeared over time, and the great majority of cells
eventually possess completely smooth walls (Fig. la
(B)). Massive conspicuous lipid bodies were visible in
the cytoplasm, and their volume markedly increased dur-
ing the later growth stages of cultures (Fig. la (C, D)).
Vegetative reproduction involved the formation of two or
four autospores (Fig. la (E, F)) or sometimes zoospores.
The zoospore was vase-shaped with a single emergent
flagellum attached to the anterior end and a large
extraplastidial eyespot under the swollen body of the
flagellum (Fig. la (QG)).

The TEM images showed a single large pyrenoid (P) pro-
truding from the inner face of chloroplast (CP) by forming a
small stalk (S) and surrounded by several flat lamellate vacu-
oles (LV) (Fig. 1b (1-3)); the stroma of the pyrenoid was not
penetrated by the thylakoids (T) (Fig. 1b (4)). The thylakoids
were equally distributed, grouped into three, passing through
the entire chloroplast matrix, almost to the chloroplast mar-
gins, and the girdle lamella was diminished (Fig. 1b (5)). The
chloroplast double-membrane envelope was enveloped by the
chloroplast endoplasmic reticulum. A large reddish globule
with droplets (RB) was located in the cytoplasm of vegetative
cells (Fig. 1b (2)). Several smaller vesicles with identical con-
tents (CL) were also freely scattered within the cytoplasm
(Fig. 1b (1)). The nucleus (N) is always located proximal to
the pyrenoid of vegetative cells. Several lipid bodies (LB)
were formed in the cytoplasm of stationary stage cells
(Fig. 1b (1, 2, 6)).

The effect of initial nitrate concentration on growth rate
and lipid accumulation pattern The effect of initial nitrate
concentration on biomass accumulation in V. stellata is shown
in Fig. 2a. The maximum biomass concentration (9.8 g L ™)
was observed in the 6.0 mM nitrate treatment group.
However, the biomass concentration 7.9 g L™" at the low ini-
tial nitrate concentration of 3.6 mM was significantly less than
that of the other three treatments. The nitrate level in culture
media with 3.6 mM and 6.0 mM initial nitrate concentrations
was almost depleted after 2 days, whereas those of 9.0 mM
and 18.0 mM initial nitrate concentrations were depleted after
3 and 5 days, respectively (Fig. 2a).

During the growth period, TLs of the four different initial
nitrate supply treatment groups constantly increased
(Fig. 2b), and the initial nitrate concentration significantly
influenced lipid content with low nitrate-nitrogen
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b

Fig. 1 Morphology (a) and ultrastructure (b) of Vischeria stellata. for b, 4 and 5, where it represents 500 nm. The cell is in the logarithmic
Pyrenoid (P), chloroplast (CP), stalk (S), lamellar compound (CL), phase and early culture in a, 4 and B; the cell is in stationary phase and at
thylakoid (7), nucleus (), mitochondria (M), lamellate vesicle (LV), and the later growth stage of culture in a, C and D

red body (RB). The scale bar represents 10 um in a and 1 um in b, except
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Fig. 2 Time-course changes in biomass and nitrate concentration in the
culture medium (a) and lipid accumulation (b) of Vischeria stellata grown
under four different initial nitrate concentrations in modified BG-11

concentration accelerating lipid accumulation. The maxi-
mum TL was 55.9 % of dry biomass in the 3.6 mM initial
nitrate treatment group on day 18, whereas TL content
reached only 43.3 % of dry biomass in the 18.0 mM nitrate
treatment group.

Effect of initial nitrate concentrations on lipid classes The
extracted lipids consisted of polar lipids and nonpolar
lipids. The polar lipids could be further classified into GLs
and PLs, which are the major constituents of membrane
lipids. As shown in Fig. 3, GL and PL levels gradually
decreased over culture time. NL content progressively in-
creased with the accumulation of storage triacylglycerols
(TAGs). In addition, NL content increased more at lower
initial nitrate concentrations. The NLs were in the main
fraction of the TLs of the four different initial nitrate
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Fig. 3 Changes in the contents of lipid fractions of V. stellata cultured in
four different nitrate concentrations in modified BG-11 medium (percent-
age of the total lipids (a), percentage of the dry biomass (b); from left to
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treatment groups. Neutral lipids reached 93 % of TLs in
the cultures with an initial 3.6 mM nitrate concentration.
Even in the 18.0-mM treatment group, NL content also
reached 88 % of the TLs at harvest time.

Effect of initial nitrate concentrations on fatty acid profiles
and levels The main fatty acids in V. stellata were palmitic acid
(C16:0), palmitoleic acid (C16:1), oleic acid (C18:1), arachidonic
acid (C20:4), and eicosapentaenoic acid (C20:5)
(Fig. 4). The content of monounsaturated fatty acids
(%TFAs), including palmitoleic acids and oleic acids,
slightly increased over culture time. In addition, the
polyunsaturated fatty acids, C20:4 and C20:5 (%TFAs),
gradually decreased (Fig. 4a). On the other hand, the
content of fatty acids in terms of dry weight gradually
increased with lower initial nitrate concentrations, which
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Fig.4 The content of individual fatty acid is given as a percentage of the
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acid given as a percentage of the dry biomass weight (%DW) (b) (the four

is consistent with the changes in TL content (Fig. 4b).
As shown in Fig. 5b, the highest fatty acid content of
44.7 % DW was observed using the 3.6 mM initial
nitrate concentration, which was 13 % higher than the
18.0 mM treatment. The content of palmitic acid
(C16:0) was the highest, reaching 16-28 % DW, and
EPA (C20:5) reached 1.3-1.44 % DW at the end of
cultivation.

Effect of initial nitrate concentrations on the productivities
and yields of TLs, NLs, and TFAs The productivities of
TLs, NLs, and TFAs are important in the evaluation of the
potential of microalgal species as biodiesel production
(Griffiths and Harrison 2009). The highest volumetric produc-
tivity of TLs, NLs, and TFAs was achieved in the cultures with
6.0 mM initial nitrate concentration, and the productivities
were 0.28 g L™ day ' (TLs), 0.25 g L™ day ' (NLs), and
021 gL ' day ' (TFAs) (Fig. 5a).
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The TL, NL, and TFA yields on the basis of initial nitrate
concentration increased with lower initial nitrate concentra-
tions (Fig. 5b). The highest TL yield was 14.7 g g ' nitrate
in the 3.6 mM nitrate cultures, which was 5.7-times the yield
of TL using 18.0 mM nitrate. The maximum NL and TFA
yields were also observed with 3.6 mM nitrate, was and were
13.7and 11.8 g g ', respectively.

Effect of initial nitrate concentrations on pigment compo-
sition and (3-carotene content The major pigments of
V. stellata were violaxanthin, vaucheriaxanthin, chlorophyll
a, and {3-carotene (Fig. 6). The color of the culture medium
changed from green to yellow and orange in the lower initial
nitrate concentration treatment group (data not shown). The
content of 3-carotene in V. stellata rapidly increased after the
growth phase and was the predominant pigment on day 18.
The initial nitrogen concentration affected (3-carotene accu-
mulation. The highest content of 3-carotene was observed in

Yields on nitrate (g g)

0 T T
TLs NLs

TFAs

Fig. 5 The volumetric productivity of the total lipids (TLs), neutral lipids (NLs), and total fatty acids (TFAs) (a) and the yields of TLs, NLs, and TFAs
per gram nitrate used (b) in the different initial nitrate concentration groups (day 18)
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Fig. 6 Changes in pigment compositions and contents (HPLC peak values) of V. stellata in the different initial nitrate concentration treatments (a,

18.0 mM; b, 9.0 mM; ¢, 6.0 mM; d, 3.6 mM)

the 18.0 mM initial nitrate concentration treatment group,
reaching 1.3 % of dry weight.

Discussion

The general morphology and ultrastructure of the vegetative
cells and zoospores, including the flagellar apparatus of
V. stellata, has been previously described (Santos and
Leedale 1991). The release of zoospores in V. stellata was
induced by transferring the culture from light to dark, as in
other species of Eustigamtophyceae (Santos 1996).

N is an essential element for all microalgae, and its limita-
tion or deprivation leads to metabolic changes (Prochazkova
et al. 2014). The effects of N limitation on growth rate and
lipid content are species-specific. In V. stellata, the maximum
biomass concentration was observed using an initial nitrate
concentration of 6.0 mM and not using the highest initial
nitrate concentration, 18.0 mM. This suggests that high
nitrate concentrations inhibit the growth of V. stellata. The
optimal nitrate concentration for the growth of V. stellata
was between 6.0 and 9.0 mM. Similarly, Griffiths et al.
(2014a) found that the maximum growth rate of Chlorella
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vulgaris was achieved in cultures supplemented with 40 to
100 mg L™ nitrate and slightly decreased at higher nitrate
concentrations of up to 2000 mg L™'. The nitrate in the medi-
um was rapidly utilized by V. stellata and was almost depleted
in all treatments after 5 days, whereas growth continued and
biomass concentration gradually increased. The continuous
accumulation of biomass was at least partly dependent on
intracellular N sources (Pruvost et al. 2009). On the other
hand, the growth of Neochloris oleoabundans was immedi-
ately terminated after total nitrate consumption (Pruvost et al.
2009). The response of lipid accumulation to N stress in
V. stellata was relatively rapid and started on day 3. Lower
initial N concentration supply accelerated lipid accumulation.
The TL content reached 40 % DW on day 6 with a 3.6 mM
initial nitrate concentration supply, which was >14 % higher
than that observed in the 18.0 mM treatment group.

Under optimal growth conditions, microalgae synthesize
fatty acids principally for esterification into membrane lipids:
PLs for plasma membranes and various organelle membranes
and GLs for chloroplast membranes. However, when
microalgae are stressed by N-limiting conditions that continue
to permit carbon fixation, lipid biosynthesis patterns are al-
tered, usually resulting in the accumulation of NLs (Lopez
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et al. 2000; Piorreck et al. 1984). The NLs were mainly triac-
ylglycerols, which are a major energy reserve in lipid bodies
of cells and which also can be readily converted to biodiesel
(Guschina and Harwood 2009). Therefore, a high proportion
of NLs in microalgae could be used as a major selection cri-
terion for biofuel production (Griffiths and Harrison 2009).
V. stellata could accumulate high levels of NLs, reaching up
to 88 t0 93 % of TLs and 38 to 52 % of dry weight.

The fatty acid profiles of microalgae vary with species and
physiological state (Juneja et al. 2013). The fatty acid compo-
sition of V. stellata was similar to other Eustigmatophyceae.
C16:0, Cl16:1, C18:1, and C20:5 fatty acids were the major
constituents, accounting for >80 % of TFAs. N deprivation
enhanced the TFA content with a decrease in the proportion
of PUFAs, C20:4 and C20:5, and an increase in the percentage
of the monounsaturated fatty acids (MUFAs), C16:1 and
C18:1 (Hoffmann et al. 2010). Fatty acid composition signif-
icantly influences biodiesel quality, including cetane number,
cold filter plug point, viscosity, density, higher heating value,
iodine value, acid value, and saponification value (Olmstead
etal. 2013). The abundance of saturated and monounsaturated
fatty acids, especially those rich in decanoic and palmitoleic
acid, as well as a low level of PUFA would likely produce
biodiesel with better overall properties (Knothe 2013;
Olmstead et al. 2013). V. stellata possesses the appropriate
fatty acid profile for biodiesel production.

Lipid productivity is a suitable evaluation parameter for lipid
production. N deficiency usually increases lipid accumulation,
but at a slow growth rate, which generally leads to lower lipid
productivity (Brennan and Owende 2010). Therefore, maxi-
mum lipid productivity is often achieved by using an interme-
diate nitrogen concentration. Griffiths et al. (2014a) reported
that maximum lipid productivity of Chlorella vulgaris occurred
with a starting nitrate concentration ranging from 241 to
305 mg L~'. Maximum lipid productivity in Neochloris
oleoabundans is 133 mg mg L' day ' using 5 mM nitrate
concentration (Li et al. 2008). The maximum volumetric pro-
ductivity of TLs in V. stellata of 280 mg L' day ' was
achieved using a 6.0 mM initial nitrate concentration. As crude
lipid components cannot be totally converted to biodiesel,
therefore, NL productivity and fatty acid productivity are more
suitable criteria in determining the potential of the microalgae
for biodiesel production, especially when reports on a particular
species are limited. Because V. stellata could accumulate high
levels of NLs, comprising 88 to 93 % of the TLs, no significant
difference between lipid productivity and NL productivity was
observed. The maximum NL productivity was
254 mg L' day ', which was also obtained with a 6.0 mM
initial nitrate concentration. Fatty acid productivity was much
lower than lipid productivity, and the maximum fatty acid pro-
ductivity was 213 mg L' day '. The consumption of N
sources also directly affects the production cost of
microalgae-based biofuels. By considering the factors of cost

and the environment, the lipid yield based on nitrate utilization
has also been determined to be a key evaluation index for lipid
production (Griffiths et al. 2014b). V. stellata generated the
highest yield of TLs (14.7 g g ') using 3.6 mM nitrate, which
was much higher than the reported highest yield of lipid per
gram nitrate in Chlorella vulgaris (4.6 g g™'), in N-limited
batch cultures (Griffiths et al. 2014b).

Chlorophyll has been considered a N reservoir in several
previous studies, providing N when it is unavailable in the
environment (Pruvost et al. 2009). The degradation of chloro-
phyll and the increase in certain carotenoid pigments often
accompany lipid synthesis (Lien and Spencer 1983).
V. stellata accumulated (3-carotene following the growth
phase. While the content of (3-carotene decreased with lower
nitrate concentrations in V. stellata, this pattern was not ob-
served in Dunaliella salina (Ben-Amotz and Avron 1983).

V. stellata is an edaphic unicellular eustigmatophycean
microalga that undergoes cytological and ultrastructural chang-
es with culture age. It can accumulate large amounts of storage
lipids comprising high-quality fatty acids suitable for biodiesel
production, as well as extractable eicosapentaenoic acid and a
certain amount of (3-carotene for potential nutraceutical uses.
The initial nitrate supply significantly affects growth, lipid ac-
cumulation, fatty acid composition, and the pigment profile of
V. stellata. The highest lipid productivity was achieved with an
intermediate level of initial nitrate supply. However, a high
level of storage lipids and high yield of lipids based on
nitrate-nitrogen can be obtained with a low level of initial ni-
trate supply.
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