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Abstract
Manipulation of the nutrient concentration is an inexpensive and efficient method for increasing lipid and TAG accumulation in
algal cells. However, high volumetric production requires finding a proper balance between the decrease of biomass production
and the increase in the total lipid content. We isolated a strain of green microalga Bracteacoccus bullatus and increased its lipid
content from 17 to 59% of biomass dry weight by manipulating of nitrogen and phosphorus content in the medium. The 10-fold
reduction of the nitrogen and phosphorus concentration in the medium was the most efficient method of the lipid induction
compared to nutrient deplete and high nutrient conditions. The oleic (48–64%mass of total fatty acids) and linoleic (14–24%mass
of total fatty acids) acids dominated in the fatty acid profile, thus making this strain a suitable candidate for biodiesel production.
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Introduction

Microalgae have attracted attention as a promising source of
lipids for biofuel production and human and animal nutrition
(Bona et al. 2014; Fields et al. 2014; Maltsev et al. 2017a).
Green microalgae can be successfully used for biodiesel pro-
duction because of the fast growth rate at photoautotrophic
conditions, high content of saturated and monounsaturated
fatty acids, and ability to produce a large amount of
triacylglycerides (TAGs) (Goncalves et al. 2016).

The fatty acid (FA) composition of lipids as well as a lipid
content of microalgae can vary in a wide range depending on a
multitude of factors (Khozin-Goldberg and Cohen 2006; Hu
et al. 2008; Breuer et al. 2012; Guschina and Harwood 2013).
The most common factors used for enhancing of lipid produc-
tion are light stress and nutrient limitation. Nitrogen limitation
is generally considered as the most effective method trigger-
ing the accumulation of lipids and fatty acids (Li et al. 2008;
Lv et al. 2010; Li et al. 2011; Breuer et al. 2012; Bona et al.
2014; Fields et al. 2014). However, the highest biomass pro-
ductivity and the high lipid content are usually obtained at
different culturing conditions. Nitrogen limitation increases
the lipid content but strongly reduces the growth rate. High
lipid volumetric productivity is the outcome of these two fac-
tors and requires a balance between biomass production and
lipid content (Griffiths and Harrison 2009; Lv et al. 2010).

Searching for new strains of algae with fast biomass accu-
mulation rate, higher content of TAGs, and the optimal pro-
portions of saturated and unsaturated fatty acids compared to
the already known strains is one of the main directions of
increasing efficiency of biodiesel production from algae bio-
mass. The species of algae inhabiting biotopes with harsh
environmental conditions can be very promising for this pur-
pose. They are adapted to fluctuations of environmental con-
ditions through the restructuring of physiological processes

* Zorigto Namsaraev
zorigto@gmail.com

1 LLC BSolixant^, 119991 Moscow, Russia
2 NRC BKurchatov Institute^, 123182 Moscow, Russia
3 Papanin Institute for Biology of Inland Waters RAS,

152742 Borok, Russia
4 Bohdan Khmelnytskyi Melitopоl State Pedagogical University,

Melitopol 72312, Ukraine
5 Timiryazev Institute of Plant Physiology RAS,

127276 Moscow, Russia
6 Gubkin Russian State University of Oil and Gas,

119991 Moscow, Russia

Journal of Applied Phycology (2018) 30:2237–2246
https://doi.org/10.1007/s10811-018-1471-9

http://crossmark.crossref.org/dialog/?doi=10.1007/s10811-018-1471-9&domain=pdf
http://orcid.org/0000-0002-9701-5721
mailto:zorigto@gmail.com


and changes in biochemical composition. Bracteacoccus
Tereg (Chlorophyceae, Sphaeropleales) is a common terrestri-
al alga that occurs in a wide range of soil types and different
climatic conditions (Fučíková et al. 2012; Scherbina et al.
2014; Maltseva et al. 2017; Maltsev et al. 2017b), often ex-
treme, like Antarctica (Broady 1984), also in heavily polluted
soils (Patova and Dorokhova 2008).

There is not much information about lipid metabolism of
Bracteacoccus, but it has been shown that representatives of
the genus Bracteacoccus contain up to 63% of lipids of bio-
mass dry weight (Ratha et al. 2012; Minyuk et al. 2015). The
aim of this paper was to study the influence of nitrogen and
phosphorus limitation on the growth, lipid (total and TAGs),
and fatty acid content of the recently described species
Bracteacoccus bullatus Fuciková, Fletchner & L.A. Lewis.
This paper also presents the results of the optimization of the
growth conditions for high lipid production and high biomass
content by a green microalga B. bullatus.

Materials and methods

Isolation and cultivation

The strain Bracteacoccus bullatus MZ-Ch11 was isolated
from the soil of the Robinia forest located in the steppe zone
of Ukraine (48° 45′ 24″ N, 35° 27′ 40″ E), Dnipropetrovsk
region. Monoclonal cultures were established by
micropipetting of single cells under an inverted microscope.
The culture was isolated and grown on the modified WC
medium (Guillard and Lorenzen 1972) with a 10-fold amount
of nitrate and phosphate (WC*10). The WC*10 medium
contained (in g L−1) 0.85 NaNO3, 0.114 K2HPO4·3H2O,
0.0126 NaHCO3, 0.0368 CaCl2·2H2O, 0.0212 Na2SiO3·
9H2O, 0.5 g Tris free base, 0.037 MgSO4·7H2O; trace ele-
ments (in mg L−1) (4.36 Na2EDTA; 3.15 FeCl3·6H2O; 0.01
CuSO4·5H2O; 0.022 ZnSO4·7H2O; 0.01 CoCl2·6H2O; 0.18
MnCl2·4H2O; 0.006 Na2MoO4·2H2O; 1.0 H3BO3); and vita-
mins (0.1 mg L−1 thiamine, 0.0005 mg L−1 biotin).
Microalgae were cultured in laboratory incubator shaker
Multitron (Infors HT) at 24 °C, constant shaking at 150 rpm
and 5% CO2 in the air supply. Light intensity was 160 μmol
photons m−2 s−1 with 16/8-h light/dark photoperiod. The cul-
ture was deposited in the BOROK WDCM602 collection of
the Papanin Institute for Biology of Inland Waters of the
Russian Academy of Sciences. Nitrate and phosphate concen-
trations were measured by nitrate UV screening method and
Permachem PhosVer 3 Phosphate Reagent using UV-Vis
spectrophotometer DR 6000 (HACH-Lange). To obtain dry
mass data, the biomass was harvested at the 14th day of cul-
tivation, centrifuged (2900×g, 15 min), and lyophilized. Dry
weight was recorded, and biomass was stored in a freezer at −
70 °C until extraction.

Five types of cultivation conditions were used for analysis
of induction of lipid synthesis: WC*10 medium (control),
standard WC medium with a single amount of nitrogen and
phosphorus (WC*1), WC*10 without nitrogen (−N), WC*10
without phosphorus (−P), and WC*10 without nitrogen and
phosphorus simultaneously (−N−P). All experiments were
conducted in three independent culture replicates.
Figures show the mean values and standard errors.

Molecular analysis

Total DNA of monoclonal cultures was extracted using
InstaGene Matrix according to the manufacturer’s protocol.
Fragment (641 bp) of partial 18S ribosomal RNA gene, inter-
nal transcribed spacer 1 (ITS1), 5.8S ribosomal RNA gene,
and internal transcribed spacer 2 (ITS2) was amplified using
primers ITS1 (TCCGTAGGTGAACCTGCGG) and ITS4
(TCCTCCGCTTATTGATATGC) from White et al. (1990).
Amplification of the fragment 18S rRNA-ITS1-5.8S rRNA-
ITS2 was carried out using the pre-made mix ScreenMix
(Evrogen, Russia) for the polymerase chain reaction (PCR).
The conditions of amplification were an initial denaturation of
5 min at 95 °C, followed by 35 cycles at 94 °C for denatur-
ation (30 s), 60 °C for annealing (30 s) and 72 °C for extension
(60 s), and a final extension of 5 min at 72 °C. Purification of
DNA fragments was performed using ExoSAP-IT kit
(Affymetrix, USA). Sequencing was performed using a
Genetic Analyzer 3500 sequencer (Applied Biosystems).
The obtained sequences were edited manually and assembled
using BioEdit v7.1.3, Ridom TraceEdit (ver. 1.1.0), and
Mega6 (Tamura et al. 2013). Newly determined sequence
and sequences of 21 other representatives of green algae from
GenBank were included in the alignments (taxa and accession
numbers are given in the tree, Fig. 1). Two species of non-

Fig. 1 Bright-field micrograph of Bracteacoccus bullatusMZ-Ch11 cells
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Bracteacoccus species (Neochloris aquatic Starr and
Scenedesmus obliquus (Turpin) Kützing) were chosen as the
outgroup (Fig. 1).

The nucleotide sequences were aligned using Mafft v7
based on the E-INS-i model with default parameters (Katoh
and Toh 2010). Bayesian information criterion (BIC) imple-
mented in jModelTest 2.1.1 (Posada 2006) indicated that the
Kimura 2-parameter model of nucleotide substitution with
gamma (G) distributed rates across sites was the most appro-
priate evolutionary model for the 18S rRNA-ITS1-5.8S
rRNA-ITS2 alignment. Phylogenies of these sequences were
constructed based on this model using Bayesian inference (BI)
and maximum likelihood (ML) analysis. BI analysis was con-
ducted with MrBayes 3.2.5 (Ronquist and Huelsenbeck
2003). Three Bhot^ and one Bcold^ Markov chains were run
for 2 × 106 cycles in two repetitions with the selection of each
200th generated tree. The first 25% of the trees were
discarded; the phylogenetic tree and posterior probabilities
of its branching were obtained on the basis of the remaining
trees, having stable estimates of the parameter models of nu-
cleotide substitutions and likelihood. ML analysis was per-
formed using the program RAxML (Stamatakis et al. 2008).
The nonparametric bootstrap analysis with 1000 replicas was
used. The statistical support values were visualized in FigTree
v1.4.0 (http://tree.bio.ed.ac.uk/).

The ITS2 secondary structure was estimated using the
Mfold 2.3 web tool (Zuker 2003), the ITS2 database
(Koetschan et al. 2010), and sequences and structures from
Caisová et al. (2013). The secondary structures were viewed
and edited using the software PseudoViewer2.5 and 3 (Byun
and Han 2009).

Sequence from B. bullatusMZ-Ch11 obtained in this study
was deposited to GenBank under accession number
KY066480.

Determination of the total lipid content

Total lipid content was determined using method of Bligh and
Dyer (1959) with modifications. Freeze-dried biomass portion
of 200 mg collected at the 14 days of cultivation was mixed
with 3.2 mL of methanol and homogenized. After homogeni-
zation, 4 mL of chloroform and 4 mL of methanol were added
and mixed for 15 min. After mixing, 4 mL of chloroform and
4 mL of NaCl solution (0.3% w/v) were added. The upper
fraction containing methanol and NaCl solution was
discarded. Lower fraction containing chloroform and lipids
was evaporated, and lipid content was determined
gravimetrically.

Acylglyceride determination

Acylglycerides (TAGs, DAGs, MAGs) were extracted from
10 to 30mg of freeze-dried biomass with 700 μL ofmethanol-

dichloromethane (1:1) using Minilys homogenizer and glass
beads (Bertin Technologies). The extract was centrifuged and
the supernatant was collected. The extraction was repeated
three times and three extracts were combined. Prior to analysis
samples were filtered through a 0.22-μm PTFE filter.
Samples were analyzed by HPLC in a gradient mode. HPLC
analysis of the lipid extract was performed with Agilent 1260
Infinity series chromatograph with normal-phase column
(250 mm× 4.6 mm, 5 μm Agilent HPLC column ZORBAX
SIL) and evaporative light scattering detector (ELSD Agilent
4260). The temperature of the ELSD was kept at 50 °C, and
the flow rate of the nebulizing gas N2 at 10 L min−1. The
mobile phase was a mixture of a solvent A (a mixture of
hexane 98% v/v and methyl tert-butyl ether 2% v/v) and a
solvent B (a mixture of hexane 39.2% v/v, methyl tert-butyl
ether 0.8% v/v, isopropanol 52% v/v, and water 8% v/v) at a
gradient composition descending from 100% A to 100% B in
15 min and to 100% A in 25 min. The injection volumes of
10 μL and the flow rate of 1 mL min−1 were used in all
experiments. The column temperature was held constant at
40 °C. The total analysis time was 25 min. The column and
detector signal were calibrated with the mixture of standard
samples of TAG, DAG, and MAG (1-monostearoyl-rac-glyc-
erol C18:0, distearin C18:0, tristearin C18:0, all from Sigma-
Aldrich). Individual peaks were identified by comparing their
retention times with those of pure TAGs, DAGs, andMAGs in
standard mixtures. The acylglycerides were quantified by
peak area using calibration curve. Data acquisition was carried
out by OpenLAB CDS ChemStation Edition software for LC
and LC/MS Systems (Agilent Technologies). Statistical pro-
cessing of HPLC and GC/MS data was performed in
Microsoft Excel.

Fatty acid composition analysis

For fatty acid composition determination, 600 μL of
nonadecanoic acid in hexane (375 ppm) used as the internal
standard, three glass beads, and 2 mL of HCl methanol solu-
tion (1.25M) were added to 5–10 mg of freeze-dried biomass.
The sample was vortexed for 1 min and incubated for 2 h at
96.0 ± 0.1 °C in a water bath with vortexing every 30 min for
15 s. After 2 h of incubation, the sample was cooled to a room
temperature and 1mL of saturated NaCl solution was added to
a mixture. After the phase separation, a 100 μL aliquot of the
organic phase was sampled, diluted ten times with hexane,
and analyzed by GC/MS system Thermo Scientific Trace
GC Ultra DSQ II with temperature programming (140 °C
for 5 min, heated to 280 °C at 10 °C min−1, isotherm 280 °C
for 15 min; sample injection volume of 1 μL with 1:20 split;
flow rate of helium > 99.9999% was 1.2 mL min−1; column
was HP-5MS 30 m × 0.25 mm× 0.25 μm). The column was
calibrated with fatty acid methyl ester standard samples
(47885 and 47040, Supelco, USA). The fatty acid methyl
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esters were quantified by total ion current (EI, 70 eV) in the
mass range 50–550 Da. Total fatty acid content was estimated
as the sum of all detected fatty acids corrected by sensitivity of
mass-selective detector according to Dodds et al. (2005).

Flow cytometry and fluorescent microscopy

Neutral lipids in cells were stained by Nile Red (stock solution
500 mg L−1 in DMSO, Sigma-Aldrich) at the concentration of
7.85 μM for 15 min (Chen et al. 2009). The image of Nile
Red-stained cells was captured by Nikon A1 confocal micro-
scope with argon laser excitation and spectral detection (ex.
BP 450/90 nm, em. LP 520 nm). The red color corresponds to
chloroplasts and polar lipids. Lipid droplets with nonpolar
lipids have a yellow color. The number of Nile Red-stained
cells was estimated using Guava EasyCyte flow cytometer at
the Yellow Channel (ex. 488 nm, em. 583/26 nm).

Data analysis

Results were obtained from three independent culture repli-
cates. All results are presented as means ± SE. The significant
differences between different groups were analyzed using a
one-way ANOVA analysis with Tukey’s post hoc test. A sig-
nificant difference between two groups was declared if
P < 0.05.

Results

Taxonomic affiliation of the strain

Braceteacoccus bullatus MZ-Ch11 is a unicellular coccoid
soil green microalga (Fig. 1). Vegetative cells are spherical,
rarely ovoid, and 7.0–22.7 μm in diameter. Cell wall is thin or
occasionally slightly thickening after the age of 6 months (up
to 1.5 μm). Asexual reproduction is by aplanospore. Sexual
reproduction is not observed.

According to the modern concept of taxonomy of
Chlorophyta, B. bullatus belongs to Bracteacoccaceae family
within Sphaeropleales (Fučíková et al. 2012). Phylogenetic
analysis (ML and BI methods) of the partial 18S rRNA-
ITS1-5.8S rRNA-ITS2 region showed that the strain
B. bullatus MZ-Ch11 was closely related to other B. bullatus
strains including the type strain SAG 2032 (Fig. 2). These
species form a single clade (B) with sufficient statistical sup-
port (ML 99; BI 100).

The examination of the secondary structure of the ITS2 and
the identification of compensatory base changes (CBCs) and
hemi-CBCs (HCBCs) are used in the species-level taxonomy
of green algae (Coleman 2003). The typical secondary struc-
ture of ITS2 of the representatives of the genus Bracteacoccus
has four helixes and forked helix I (Fig. 3) (Keller et al. 2008;

Fučíková et al. 2012). We performed analysis of the ITS2
secondary structure of strain MZ-Ch11 and the type strain of
B. bullatus SAG 2032 and found no CBCs in the most con-
served regions of helixes 1, 2, and 3 (Fig. 3). These results
confirm the identification of the strain MZ-Ch11 as
B. bullatus.

Growth parameters of Bracteacoccus bullatus

The highest dry weight (2.4 g L−1) of B. bullatus was reached
on WC*10 medium with 10 mM nitrate and 0.5 mM phos-
phate after 14 days of cultivation (Table 1). In the phosphorus-
depleted conditions the dry weight was 2.3 g L−1. On the
WC*1 medium with reduced concentrations of nitrate and
phosphate (1.0 and 0.05 mM, respectively), the biomass dry
weight was lower and reached 2.1 g L−1. In the nitrogen-
depleted conditions (−N), the dry weight was 1.9 g L−1. At
the simultaneous nitrogen and phosphorus depletion (−N−P),
the dry weight was 1.7 g L−1 that is 29% below than WC*10.
The post hoc Tukey tests showed statistically significant
(P < 0.05) difference between nitrogen-depleted (−N and −N
−P) conditions and conditions with nitrogen (WC*10, WC*1,
and −P).

Total lipid content and acylglyceride accumulation

At the conditions with high nitrogen concentration (WC*10),
the total lipid content was lowest and reached 17% of dry
weight (Fig. 4, Table 1). The reduction of the nitrogen con-
centration led to increasing of total lipid content to 49–59% of
dry weight while phosphorus-depleted cells contained 30% of
lipids. Statistically significant (P < 0.05) differences were
found between concentrations of the total lipids at reduced
nitrogen concentrations (WC*1, −N, −N−P) from one side
and conditions with high nitrogen concentration (WC*10
and −P). The increasing of total lipids in phosphorus-
depleted cells (−P) comparing to WC*10 medium was statis-
tically insignificant (P = 0.45).

To assess the neutral lipid accumulation, the cells were
examined by flow cytometry after Nile Red staining. Nile
Red is a commonly used probe for neutral lipids that have a
good correlation with other methods of lipid analysis such as
gravimetric method (Chen et al. 2009). The number of Nile
Red-positive cells was higher in the samples with nutrient
deplete (58–66% of cells) comparing to nutrient replete con-
ditions (14% in WC*10 medium, P < 0.05) (Fig. 4).

The lowest TAG content and the highest DAG content
were observed in the cells grown in WC*10 medium (1.4
and 5.4% of dry weight, respectively). The cells that were
grown at reduced concentrations of nutrients (WC*1, −N,
−P, and −N−P) conditions contained much higher amount
of TAGs (8.3 to 10.9%) and lower amount of DAGs (2.7 to
3.7%) (Table 1). MAGs were not detected in the studied
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samples. The low TAG content in comparison with total
lipids may be caused by incomplete TAG extraction from
biomass and also by the accumulation of other lipids, es-
pecially in nutrient-rich media.

Fatty acid composition

The fatty acid profile of the strain MZ-Ch11 was domi-
nated by oleic acid (C18:1, from 48 to 64% mass of total
fatty acids at different growth conditions), linoleic acid
(C18:2, 14–24%), and palmitic acid (C16:0, 9–13%)
(Table 2). The composition of fatty acids differed accord-
ing to growth conditions. The fatty acid profile of
B. bullatus grown on WC*10 medium was dominated
by oleic acid (48%) followed by linoleic acid (24%) and
palmitic acid (13%). In the WC*1 medium with reduced
concentrations of nitrogen and phosphorus, the oleic acid
content increased up to 64%. The content of other fatty
acids (C16:0, 16:2, and 18:2) decreased with reduced con-
centrations of nitrogen and phosphorus starvation.
Estimated total fatty acid content correlated with total
lipids and varied from 13 to 63% of biomass dry weight
(see Table 1). However, this estimation may not be precise
because of the possible deviations of GC-MS sensitivity
from the values reported by Dodds et al. (2005), especial-
ly for the polyunsaturated fatty acids.

Discussion

The ideal conditions for lipid production by algae are high
biomass production and high lipid content. However, signifi-
cant lipid production in algal cells usually occurs under stress
conditions where biomass production is low. Oleaginous green
algae show an average total lipid content of 25.5% dry weight
at normal conditions, whereas at stressed conditions, the aver-
age content of total lipids increases to 45.7% dry weight (Hu
et al. 2008). Experiments performed with B. bullatus MZ-
Ch11 showed that nitrogen concentration in the medium
strongly influenced the biomass accumulation. Tukey’s honest
significance test showed a statistically significant decrease of
biomass dry weight in the nitrogen and nitrogen-phosphorus-
depleted conditions while phosphorus depletion or 10-fold re-
duction of nitrogen concentration did not decrease the biomass
dry weight comparing to WC*10 medium.

The decrease of nitrogen concentration also strongly influ-
enced the total lipid content. Tenfold reduced nitrogen, nitro-
gen-depleted, nitrogen and phosphorus-depleted conditions
caused a 3-fold increase of total lipids from 17 to 49–59%
of biomass dry weight. These values were higher than in the
other strains of oleaginous green algae like Desmodesmus sp.
WC08 (31.3% of biomass dry weight) (Zhang et al. 2014),
Scenedesmus obliquus SAG 276-3 after N-limitation (43% of
biomass dry weight) (Mandal and Mallick 2009), and compa-
rable with the other top-performing oleaginous strains such as

Fig. 2 Phylogenetic position of
Bracteacoccus bullatusMZ-Ch11
constructed from an alignment
with 21 sequences and 438
characters (18S rRNA-ITS1-5.8S
rRNA-ITS2). Values above
horizontal lines are bootstrap
support as RAxML analyses
(< 50 are not shown); values
below horizontal lines are
Bayesian posterior probabilities
(< 80 are not shown). Model of
nucleotide substitution—K2+G
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the eustigmatophyte alga Nannochloropsis oceanica (64.3%
of biomass dry weight) (Wan et al. 2013).

The highest total lipid content, estimated total fatty acid
content, and the highest biomass dry weight were observed
at 10-fold reduced nitrogen concentration that resulted in the
highest volumetric content of lipids in B. bullatus culture. It
shows that the complete removal of nitrogen from the medium
or alternatively high concentration of nitrogen (10 mM)

negatively influences the lipid production by B. bullatus and
optimal concentration of nitrogen in the medium should be
1 mM.

Contrary to biomass dry weight and total lipid content that
were mostly determined by nitrogen concentration, the pro-
duction of TAGs was stimulated by both nitrogen and phos-
phorus manipulation. The decrease of nutrient concentration
increased TAG content in B. bullatus biomass from 1.4% in

Fig. 3 ITS2 secondary structure of Bracteacoccus bullatus type strain (SAG 2032) (a) and Bracteacoccus bullatusMZ-Ch11 (b). The individual helixes
are labeled I–IV; 5′ and 3′ ends of the molecule are indicated
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WC*10 medium to 8.3–10.9% at nutrient-depleted condi-
tions. The number of Nile Red-positive cells also increased
from 14% of cells in WC*10 medium to 61–66% at nutrient-
depleted conditions. Nutrient limitation is widely used for
increasing of TAG content in algae. Nitrogen depletion can
induce TAG accumulation from 5% to more than 40% in
Chlorella vulgaris, Neochloris oleoabundans , and
Scenedesmus obliquus (Breuer et al. 2012). Phosphorus

depletion increased TAG content from 6.5% under optimal
conditions to 39.3% in eustigmatophyte Monodus
subterraneus (Khozin-Goldberg and Cohen 2006). On the
other hand, the highest biomass dry weight and lipid content
of a green alga Rhopalosolen saccatus (Filarsky) Fott was
observed under the standard growth conditions, and phospho-
rus limitation did not significantly increase both biomass dry
weight and lipid content (Challagulla et al. 2015).
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Fig. 4 Characteristics of the Bracteacoccus bullatusMZ-Ch11 grown in
WC*10 and WC*1 medium, nitrogen-depleted conditions (−N),
phosphorus-depleted conditions (−P), and nitrogen and phosphorus-
depleted conditions (−N−P). a Biomass dry weight (g L−1). b Total lipid

content (% of biomass). c Total lipid content (g L−1). dTAG content (% of
biomass). e TAG content (g L−1). f Percentage of Nile Red-positive cells
(% of total cell number). Data are mean ± standard error from three
independent biological replicates

Table 1 Characteristics of the Bracteacoccus bullatusMZ-Ch11 grown
in WC*10 and WC*1 medium, nitrogen-depleted conditions (−N),
phosphorus-depleted conditions (−P), and nitrogen and phosphorus-

depleted conditions (−N−P); the data are reported as the mean ± standard
error from three independent biological replicates

WC*10 WC*1 −N −P −N−P

Biomass dry weight (g L−1) 2.4 ± 0.2 2.1 ± 0.2 1.9 ± 0.1 2.3 ± 0.2 1.7 ± 0.2

Total lipids (% of biomass) 17 ± 5 59 ± 9 56 ± 8 30 ± 6 49 ± 4

Total lipids (g L−1) 0.41 ± 0.09 1.21 ± 0.19 1.06 ± 0.11 0.68 ± 0.20 0.82 ± 0.12

Total fatty acids (% of biomass) 13.3 ± 1.0 59.0 ± 5.2 62.8 ± 4.9 33.8 ± 2.4 59.7 ± 7.2

TAGs (% of biomass) 1.45 ± 0.18 8.38 ± 0.65 10.10 ± 0.22 10.96 ± 0.25 8.73 ± 0.29

TAGs (mg L−1) 35 ± 3 176 ± 17 192 ± 10 252 ± 22 148 ± 17

DAGs (% of biomass) 5.43 ± 0.53 3.45 ± 0.10 2.76 ± 0.69 3.70 ± 0.29 3.12 ± 0.37

Cell number, mln. cells 21.4 ± 0.9 21.2 ± 1.1 11.0 ± 0.6 18.7 ± 0.7 16.6 ± 0.8

NR-positive cells (% of cell number) 14 ± 1 31 ± 4 66 ± 6 61 ± 1 58 ± 7
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TAG content per cell of B. bullatus MZ-Ch11 strain was
relatively high compared to other strains of microalgae. It
varied from 1.6 pg cell−1 in WC*10 medium to 17.4 pg
cell−1 under the nitrogen-deficient conditions. This is higher
than the data obtained forM. subterraneuswhich accumulated
0.1 fg cell−1 of TAGs under optimal conditions and 1.7 fg
cell−1 during phosphorus starvation (Khozin-Goldberg and
Cohen 2006). TAG concentration in MZ-Ch11 is comparable
with diatom Thalassiosira pseudonana Hasle & Heimdal
(12.4 pg cell−1) and dinoflagellate Heterocapsa sp. (47.8 pg
cell−1) (Mansour et al. 2005).

Volumetric concentration is one of the most important pa-
rameters for biotechnology. The highest biomass production
and the highest lipid content are often obtained at the different
culture conditions (Griffiths and Harrison 2009; Lv et al.
2010). ForB. bullatusMZ-Ch11, we found that the volumetric
TAG concentration under phosphorus depletion was higher
than under nitrogen depletion (250.9 and 190.8 mg L−1, re-
spectively). Tukey’s honest significance test also showed sta-
tistically significant difference between phosphorus and
nitrogen-depleted conditions (P < 0.05). Nitrogen starvation
reduced the biomass dry weight in medium much more than
the phosphorus starvation (1.9 and 2.3 g L−1, respectively)
although the increase of TAG content was comparable under
nitrogen or phosphorus starvation (10.1 and 10.9%, respec-
tively). It should be noted that discrepancies in total lipid
content, TAG content, and total fatty acid content measured
for strain MZ-Ch11 could be explained by various reasons.
For example, total lipids could be overestimated by gravimet-
ric methods, TAGs could be underestimated because of in-
complete extraction or degradation, and total fatty acid values
are estimated only indirectly. Nevertheless, well-correlated

data on total lipids and TAGs show that they both increase
with the change from WC*10 to WC*1 medium and remain
approximately the same under nitrogen and combined nitro-
gen and phosphorus starvation. Phosphorus starvation alone
decreases total lipids and total fatty acids, but slightly in-
creases TAG content. These observations may be explained
by possible decrease in polar lipids (particularly, phospho-
lipids) accumulation.

The quality of biodiesel fuel is determined by the fatty acid
composition. The saturated fatty acids increase the cetane
number and resistance of biodiesel to degradation while un-
saturated fatty acids enhance the cold flow of biodiesel (Talebi
et al. 2013). B. bullatusMZ-Ch11 fatty acids contain 48–64%
mass of oleic acid and 14–24%mass of linoleic acid (Table 2).
Plant oils used for biodiesel production often contain oleic and
linoleic acids as a major component. For example, rapeseed
oil contains up to 64% of oleic and 12–22% of linoleic acid,
soybean oil—21.8 and 54.9%, jatropha oil—34–45 and 29–
44% (Kumar et al. 2003). Therefore, fatty acid composition of
B. bullatus MZ-Ch11 is suitable for biodiesel production.

Conclusion

We studied lipid production by a new strain of green alga
Bracteacoccus bullatus MZ-Ch11 at different concentrations
of nitrogen and phosphorus. The highest volumetric produc-
tion of lipids was observed at 1 mM nitrogen and 0.05 mM
phosphorus concentration. The increase of nutrient concentra-
tion to 10 mM of nitrogen and 0.5 mM phosphorus resulted in
higher biomass dry weight but decreased lipid content.
Complete nitrogen depletion was less effective in terms of

Table 2 Fatty acid composition of the Bracteacoccus bullatusMZ-Ch11 at different growth conditions

FAME FAME (% mass of total fatty acids)

WC*10 WC*1 −N −P −N−P

C16:4 ND 1:32þ0:10
−0:09 1:31þ0:08

−0:08 2:44þ0:13
−0:12 1:51þ0:19

−0:17

C16:2 10:8þ1:5
−1:4 5:10þ0:27

−0:25 4:42þ0:32
−0:30 8:24þ0:77

−0:72 5:38þ0:40
−0:36

C16:1
ω9

4:51þ0:51
−0:46 4:69þ0:30

−0:28 4:82þ0:40
−0:37 5:68þ0:41

−0:38 5:33þ0:66
−0:59

C16:0 13:15þ0:94
−0:86 9:40þ0:61

−0:57 10:22þ0:58
−0:54 10:15þ0:67

−0:63 11:0þ1:5
−1:3

C18:3 ND ND 0:21þ0:05
−0:05 ND 0:27þ0:06

−0:06

C18:4 ND ND 0:17þ0:05
−0:04 ND 0:15þ0:05

−0:05

C18:2 23:7þ2:4
−22 13:9þ1:6

−1:5 15:41þ0:97
−0:90 17:3þ2:0

−1:9 15:6þ1:3
−1:1

C18:1
ω9

47:8þ4:2
−3:9 63:8þ4:3

−4:0 62:0þ4:5
−4:2 55:3þ3:2

−3:0 59:2þ7:4
−6:6

C18:0 ND 1:43þ0:07
−0:07 1:20þ0:11

−0:10 0:68þ0:07
−0:07 1:26þ0:14

−0:12

C20:1 ND 0:31þ0:07
−0:06 0:24þ0:05

−0:05 0:24þ0:04
−0:04 0:34þ0:05

−0:05

Values correspond to the percentages calculated from estimates of fatty acidmasses (mean ± sample standard deviation from three independent biological
replicates)

ND not detected
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volumetric lipid production and biomass dry weight. The
highest volumetric production of TAGs was obtained in the
phosphorus-depleted medium with 10 mM nitrogen and no
phosphorus. Considering that the highest production of bio-
mass, lipids, and TAGs occurs under different conditions, fur-
ther research is necessary in order to optimize the culture
growth conditions.
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