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Abstract
Botryococcus braunii is widely studied due to its high hydrocarbon content. In this study, B.
braunii Abt02 was subjected to several analyses, including cytological observation, hydrocarbon composition
analysis by gas chromatography mass spectrometry (GC-MS), phylogenetic identiﬁcation using known
races (A, B and L) of B. braunii strains based on their 18S rDNA sequences, and qPCR-based investigation
of transcript accumulation levels of hydrocarbon biosynthesis-related enzymes (DXS, MCS, DLS, SQS)
during diﬀerent growth phases (lag phase, log phase, early stationary growth phase, late stationary growth
phase) under nitrogen-replete and nitrogen-depleted growth conditions, respectively. Based on cytological
observation and on the 18S rDNA phylogenetic analysis, strain Abt02 was assigned to race B. Analysis of
the strain’s chemical composition showed that the B. braunii Abt02 contained high levels of hydrocarbons,
which accounted for 43.75% of the cell’s dry weight. Of these hydrocarbons, squalene and its derivatives
accounted for up to 87.54%. In addition, all four enzymes investigated were expressed at higher levels
during the log growth phase under nitrogen depleted conditions than under nitrogen replete conditions.
Keyword: Botryococcus braunii; cytological observation; phylogenetic analysis; hydrocarbon components;
qPCR

1 INTRODUCTION
Botryococcus braunii, belonging to Chlorophyta,
Trebouxiophyceae, Trebouxiales, Botryococcaeae,
Botryococcus, is a colonial, slow-growing fresh water
microalga, which is widely distributed in tropical,
subtropical and temperate zones (Wake and Hillen,
1981; Banerjee et al., 2002; Senousy et al., 2004).
Studies have shown that, under appropriate culture
conditions, as much as 86% of its dry weight may be
composed of hydrocarbons (Brown et al., 1969).
Therefore, B. braunii’s capacity for hydrocarbon
synthesis ability make it useful for industrial
applications.
Under normal growth conditions, B. braunii
colonies are composed of tens to hundreds of cells,
with intercellular bonds formed through cross linking
of
extracellular
hydrocarbon
lipids
and

polysaccharides (Chiang et al., 2004; Metzger and
Largeau, 2005; Tanoi et al., 2011). Under an optical
microscope, cells appear pear-shaped and form
colonies of various sizes, in which large algal colonies
are formed through the aggregation of small algal
colonies and have the appearance of a cluster of
grapes (Metzger et al., 1990). On the basis of the
chemical structures of their metabolic hydrocarbon
products, the strains of B. braunii can be classiﬁed
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into diﬀerent races A, B, S and L (Metzger et al.,
1990). Furthermore, studies have shown that these
races have diﬀerent morphological and physiological
characteristics. For example, the average individual
length of cells from races A and B is approximately
13 μm, with a width of approximately 8 μm, whereas
the cells from race L measure about 9 μm×5 μm
(Metzger et al., 1988). Another diﬀerence between
the algal races is their color after entering the
stationary growth phase. Races B and L change from
green to orange and orange-brown, respectively,
whereas race A changes from green to yellow due to
the accumulation of ketones and carotenoids (Metzger
and Casadevall, 1989). However, because the
appearance of the algae is also inﬂuenced by culture
conditions, it is diﬃcult to accurately distinguish
races based solely on visual characteristics. In 2012,
Kawachi et al. used 31 B. braunii strains from known
races to construct a phylogenetic tree based on 18S
rDNA sequences. Their results showed that the tested
strains of B. braunii could be divided into three main
clusters which matched their races well, indicating
that there is a relationship between the genetic lineage
and hydrocarbon production in B. braunii (Kawachi
et al., 2012). Thus, race can be determined by analysis
of B. braunii 18S rDNA sequences.
According to metabolite analyses, race A mainly
produces unbranched straight-chain n-dienes and
trienes with an odd number of carbons, ranging from
C22–C33 and shorter n-alkenes (Metzger et al., 1990).
These hydrocarbons are synthesized by an extension
process followed by a decarboxylation step in the
fatty acid synthesis pathway. Race B produces mainly
triterpenoids, including branched isoprenoids with
carbon numbers of C30–C37 (referred to as
Botryococcene) and squalenes with C31–C34 (Hillen
et al., 1982). Race L produces mainly C40–C78
lycopadiene with a benzene ring or a heterocyclic
chemical group on the side chain. The synthesis of
lycopadiene is hypothesized to occur via the tail-totail combination of two phytyl groups (Wake and
Hillen, 1980). Among these races, A and B have
higher hydrocarbon content, and thus higher potential
for industrial application, than race L.
Both botryococcenes and methylsqualenes are
synthesized by the mevalonate-independent pathway
from isopentenyl pyrophosphate (IPP) and
dimethylallyl pyrophosphate (DMAPP), which are
produced by the mevalonate and methylerythritol
4-phosphate (MEP) pathways, respectively (Liao et
al., 2006). Synthesis of IPP and DMAPP is followed
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by triterpene synthesis. Previous studies have
demonstrated that the MEP pathway is the major
route for oil biosynthesis in race B (Sato et al., 2003;
Ioki et al., 2012). The enzyme 2-C-methyl-Derythritol 4-phosphate cytidylyltransferase (MCS)
participates in the synthesis of IPP and DMAPP
precursor. The ﬁrst step of the MEP pathway is
catalyzed by 1-deoxy-D-xylulose 5-phosphate
synthase (DXS), and B. braunii is known to possess
three isoforms of this enzyme (Matsushima et al.,
2012). Dimethylallyltranstransferase (DLS) and
squalene synthase (SQS) catalyze the subsequent
triterpene synthesis. Ioki et al believed that the
reactions catalyzed by these enzymes were ratelimiting steps in oil biosynthesis by race B (Ioki et al.,
2012). Many studies have conﬁrmed that both the
lipid and hydrocarbon contents of B.braunii increase
under nitrogen deﬁcient growth conditions (Singh
and Kumar, 1992; Choi et al., 2011; Fang et al., 2015).
Therefore, real-time PCR quantiﬁcation was
performed to determine the expression levels of the
four hydrocarbons biosynthesis-related genes at
diﬀerent culture times under nitrogen replete and
nitrogen depleted conditions. Determining the
expression of these enzyme genes is useful for
understanding the hydrocarbon synthesis pathway in
B. braunii Abt02.

2 MATERIAL AND METHOD
2.1 Strain and culture manipulation
The experimental strain B. braunii Abt02 was
isolated from Fuxian Lake, Yunnan Province, China.
The strain was cultured in BG-11 medium at 24±1°C
and with a light-dark cycle of 12 h:12 h, with a light
intensity of 50 μmol/(m2·s). The nitrogen-depleted
treatment was carried out by culturing algae in BG-11
medium without nitrogen. The OD680 of cultured B.
braunii Abt02 (3 mL) was measured every ﬁve days
and the values used to generate growth curves.
Simultaneously, B. braunii Abt02 biomass generated
under both growth conditions was determined by
centrifuging and drying 200 mL of culture every ﬁve
days.
2.2 Microscopic analysis
The cell morphologies, cell sizes (length, width,
and aspect ratio), and colony status of algae in the
various solutions were determined at diﬀerent growth
stages using an Olympus microscope (BX53,
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Olympus Co. Tokyo, Japan). Nile red (AAT-22190,
AAT Bioquest Inc. America) solution was added to
the B. braunii Abt02 suspension at a ﬁnal concentration
of 50 μg/mL for 5 min, after which the cells were
washed with the PES three times. Following this, a
ﬂuorescent microscope (Eclipse 80i, Niko Co. Tokyo,
Japan) was used to observe cells status and oil drops
in cultures of diﬀerent ages.
2.3 PCR ampliﬁcation
The genomic DNA of B. braunii Abt02 was
extracted using a DNA extraction kit (Tiangen,
Tiangen Biotech Co. Ltd., Beijing, China), and the
18S rDNA sequence was ampliﬁed using the following
primers (F: 5′-ACGCTTGTCTCAAAGATTA-3′; R:
5′-ACGGAAACCTTGTTACGA-3′) (Metzger et al.,
1990). PCR ampliﬁcation conditions were as follows:
a 94°C denaturation cycle for 10 min; 94°C
denaturation for 1 min, 55°C annealing for 45 s, 72°C
extension for 30 s repeated for 30 cycles; and a ﬁnal
extension cycle at 72°C for 5 min. The PCR product
was sequenced by the Sanger method and the 18S
gene of B. braunii Abt02 was deposited in GenBank
(MH378414).
2.4 DNA sequence-based phylogenetic analysis
The resulting sequences were spliced and analyzed
using SeqMan software, and a phylogenetic tree
constucted using reference sequences from known
races of B. braunii Abt02 and two outgroup strains
belonging to Choricystis sp. (accession numbers
AY195970 and AY197629). Multiple sequence
alignment was performed using ClustalX 1.83 (Larkin
et al., 2007). The maximum likelihood (ML)-based
phylogenetic tree was constructed using a General
Time Reversible model in Mega 6 (Tamura et al.,
2013). For ML method, bootstrap support for each
node was calculated using 1 000 replicates
2.5 Hydrocarbon content and composition analysis
2.5.1 Gravimetric analysis of cell dry weight
Algae at diﬀerent growth stages were collected for
cellular dry weight measurements. Firstly, 200 mL of
B. braunii Abt02 of each sample was harvested into
50 mL centrifugal tubes. Tubes were centrifuged at
room temperature at 12 000 r/min for 5 min and the
supernatant was discare. The pellets were washed
thrice with PES, after which the pellets were freezedried.
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2.5.2 GC-MS analysis of hydrocarbons
For hydrocarbon contents analysis, freeze-dried B.
braunii Abt02 was homogenized with a mortar and
pestle and then incubated in n-hexane (H1013C,
Spectrum, America) for 15 min. Following this, the
extractions were centrifuged at 5 000 r/min for
10 min. The extraction process was repeated twice.
Then, the supernatants were pooled together and
evaporated under a stream of nitrogen until dry. The
resultant crude algal hydrocarbons were dissolved in
an appropriate amount of n-hexane, and 1 μL of this
solution was subjected to gas chromatography mass
spectrometry
(GC-MS)
analysis
(Agilent
7980A-5975C, Agilent Co, America). The column
used for the analysis was the HP-5MS
(30 m×250 μm×0.25 mm), the chromatographic
carrier gas was helium, the inlet temperature was
300°C, the split ratio was 20:1, the initial temperature
was 150°C for 1 min, and rose to 300°C at a rate of
15°C per min. The scan range was 50.0 to 500.0 m/z,
the ion source temperature was 230°C, and the MS
quadrupole temperature was 150°C.
2.6 qRT-PCR analysis
Real-time PCR was carried out to examine
transcript accumulation levels for hydrocarbon
biosynthesis-related enzymes (DXS, MCS, DLS,
SQS). Three biological replicates were performed for
each treatment at diﬀerent culture times (lag phase,
log phase, early stationary growth phase, late
stationary growth phase) under nitrogen-replete and
nitrogen-depleted growth conditions, respectively.
The expression levels of tubulin and actin were used
as the standard for normalization. For each gene, the
primers were optimized based on the melting curve of
the PCR product as well as the PCR ampliﬁcation
eﬃciencies calculated using a cDNA dilution series.
The cDNA was synthesized from total RNA (1 000 ng/
reaction) with an oligo (dT) primer using a First
Strand cDNA Synthesis Kit. The real-time PCR
reactions were performed using LightCycler480®
SYBR Green I Master Mix (4707516001, Roche
Applied Science, America). The 2-ΔΔCt method was
used to calculate relative gene expression values.

3 RESULT
3.1 Morphological characteristics
The algal colony sizes of B. braunii Abt02 ranged
from 10–100 microns. Microscopic observation
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Fig.1 Morphological characters of B. braunii Abt02 under the microscope
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revealed that small algal colonies were petal-like or
fan-shaped, whereas the large algal colonies were
composed of several, mainly petal-like, smaller
colonies, surrounded by substantial quantities of
gelatinous substances. Individual cells of B. braunii
Abt02 were pear-shaped, and their size was on
average 9.61±3.03 μm in width, 14.27±1.09 μm in
length, and with an aspect ratio of 1.56±0.39. During
the exponential growth phase, B. braunii Abt02
colonies appeared green in color (Fig.1a), while at the
stationary phase their color turned brown due to the
carotenoid accumulation. When the osmotic pressure
was changed, oil droplets and other contents from
within the algal cells were released, and the cells
turned a lighter shade of green (Fig.1b–d). After Nile
red staining, peripheral orange ﬂuorescence from
aliphatic hydrocarbon components was observed,
while the intermediate crosslinked substances showed
golden yellow ﬂuorescence due to the presence of
pigments and polysaccharides (Fig.1e–q).
The biomass and growth curves of B. braunii
Abt02 were determined under nitrogen-depleted and
nitrogen-replete growth conditions. Our results
showed that the growth rate and biomass of Abt02
under nitrogen-depleted conditions were lower than
that under nitrogen-replete conditions. The lag phase
under nitrogen depletion lasted for approximately 5
days, but only 3 days under normal culture conditions.
After 5 days of cultivation, the growth rate and
biomass of algae grown under nitrogen-depleted
conditions were signiﬁcantly lower than in cultures
grown under nitrogen-replete conditions. For
example, after 15 days of growth the OD680 value of
cultures grown under nitrogen-depleted and nitrogen-
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Fig.2 Growth curve and biomass of B. braunii Abt02
under nitrogen deplete and nitrogen replete growth
conditions

replete conditions were 0.53 and 0.17, respectively,
and the biomass of nitrogen-replete algae was 2.3
times that of algae grown without nitrogen.
Furthermore, under normal culture conditions the
average growth rate was 0.120 μ, but only 0.052 μ
under conditions of nitrogen depletion (Fig.2).
3.2 Phylogenetic analysis based on 18S rDNA
sequences
Analysis of sequencing results showed that the
1 747 bp 18S rDNA sequence of B. braunii Abt02 was
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Fig.3 Phylogenetic tree based on 18S rDNA sequences

highly similar to the reference sequences in the
database. In particular, it had 99% similarity to Bot301, a race B strain. The Abt02 18S rDNA sequence,
along with the database sequences of known B.
braunii strains andthe two out-group strains of
Choricystis sp. were used to construct a phylogenetic
tree (Fig.3). The results showed that: (1) the 32 B.
braunii samples used in this study could be divided
into three clades. Race A made up clade I, race S and
L were clustered into clade II and race B belongs to
clade III; (2) in clade III, 15 algal strains (including
Abt02) clustered into subclade I, while another 5
strains were clustered into subclade II.
3.3 Hydrocarbon content and composition analysis
The hydrocarbon content of B. braunii Abt02
could reach as high as 43.75%±5.79% of the culture’s
dry mass. GC-MS analysis of B. braunii Abt02
showed that, despite this, only a limited variety of
hydrocarbon compounds were present in this strain.

Upon comparison with the mass spectrum library,
these found to be four kinds of terpenes, with their
retention times related to the complexity of their
chemical structures and carbon atom number (Table
1). Following the order of appearance of their
respective peaks, the compound with a retention time
of 16.851 was a straight-chain two terpenoid
geranylgeraniol (C20H34O). The compound with a
retention time of 16.950 was squalene (C30H50),
which is the characteristic component of the race B
strain. The compounds with retention times of 17.158
and 17.317 were both hydroxylated squalene
(C30H50O), with identical chemical formulas, but
diﬀerent conformations of structure. The ﬁrst
hydroxylated squalene was a squalene derivative,
which comprised 77.49% of the total hydrocarbon
content of the Abt02 strain, while the second
hydroxylated squalene was a double bond
cyclohexanol, proposedly formed through the
cyclization of a straight-chain C30H50O.
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Table 1 Main hydrocarbon compounds of B. braunii Abt02 during logarithmic growth phase
Hydrocarbon compounds

Formula

Ratio (%)

16.851

Geranylgeraniol

C20H34O

3.30

16.950

2,6,10,14,18,22-Tetracosahexaene,2,6,10,15,19,23-hexamethyl-(a11-E)

C30H50

6.19

17.158

1,6,10,14,18,22-Tetracosahexaen-3-ol,2,6,10,15,19,23-hexamethyl-(all-E)

C30H50O

77.49

17.317

2,2,4-Trimethyl-3-(3,8,12,16-tetramethyl-heptadeca-3,7,11,15-tetraenyl)-cyclohexanol

C30H50O

10.05

70
60

Normal condition
Nitrogen dificiency

50
40
30
20
10
0

Lag phase

Log phase

Early steady
growth phase

Late steady
growth phase

Fig.4 Changer of crude hydrocarbon content of B. braunii
Abt02 under diﬀerent culture condition

3.4 Hydrocarbon composition and gene expressions
under nitrogen-replete and nitrogen-depleted
conditions
As one of the basic elements of nucleic acids and
proteins, nitrogen plays a key role in controlling algal
growth and composition. Studies have found that
nitrogen deﬁciency can led to the decrease of the
biomass, while can accelerate the hydrocarbon
synthesis in B. braunii. By comparing the hydrocarbon
composition of algal cultures, we found that crude
hydrocarbon contents increased signiﬁcantly with
culture time (P<0.05) under both nitrogen-replete and
nitrogen-depleted conditions. When algae in lag to
stationary growth phases were compared the crude
hydrocarbon content increased, as a proportion of dry
culture mass, from 16.71% to 43.75% under nitrogenreplete conditions and from 18.05% to 56.89% under
conditions of nitrogen starvation. Statistical analysis
showed no signiﬁcant diﬀerence between the crude
hydrocarbon contents of cultures grown under the
diﬀerent treatment regimens during log phase
(P>0.05), but a signiﬁcant diﬀerence during lag phase
(P<0.05), and extreme diﬀerences during the
stationary growth phase (P<0.01) (Fig.4). Analysis of
peak areas showed a signiﬁcant increase in squalene
and its derivatives as culture time increased (P<0.05).
Furthermore, the amount of squalene and its
derivatives increased from 78.26% to 83.32% under
normal culture conditions and from 79.80% to 85.95%

Squalene and its derivatives content (%)

Hydrocarbon content / dry weight (%)

Retention time

95
90

Normal condition
Nitrogen dificiency

85
80
75
70
65
Lag phase

Log phase

Early steady
growth phase

Late steady
growth phase

Fig.5 Changer of Squalene and its derivatives content of B.
braunii Abt02 under diﬀerent culture condition

under conditions of nitrogen deﬁciency when algae in
the lag to late stationary growth phases were
compared. After equal culture periods, the amount of
squalene and its derivatives produced during nitrogendeﬁcient culture was signiﬁcantly higher than that
produced under normal culture conditions (P<0.05)
(Fig.5).
The above result showed that the level of
hydrocarbon accumulation under nitrogen-depleted
condition was higher than that under nitrogen-replete
condition. Therefore, the expression levels of the four
hydrocarbons biosynthesis-related genes were
determined during diﬀerent growth phases under
normal and nitrogen depleted conditions. The
expression proﬁles of hydrocarbon biosynthesisrelated genes were presented in Table 2. And the
results of the real-time PCR experiment (Fig.6)
showed that there was no apparent diﬀerence in the
expression levels of DXS and MCS between the
control and treated groups during the lag phase.
However, the expression levels of DLS and SQS in
the treated groups were slightly lower than those in
the control. It seems that there is an adaptive phase for
the biosynthesis of hydrocarbons. During the log
phase and early stationary phase, all four genes were
expressed at higher levels, especially SQS, which
expressed at 2.2-folds higher than that in control.
Then on the late stationary phase, the expression
levels of DXS and MCS increased while those of
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Table 2 Primers used for the real-time PCR experiments
Gene

Primer

Eﬃciency (%)

Annealing temperature (℃)

96

60

90

60

91

60

100

60

90

60

92

60

5′-CAAAAAGAAGGCGTCTCACCCAACTTG-3′

DXS

5′-CTTTCACAGCACGCTTGATCAGCTC-3′
5′-CAGATGCCATTCTTGGTGCGCTTG-3′

MCS

5′-GTTGATGGTTGAGGGATGTGCCTC-3′
5′-CAGAGCACTCCAACTTTCACTGCAC-3

DLS

5′-CCTTGAAGATGTCCTCTTCTGTTGTCG-3′
5′-GCCCGCCAGCTTCACAGAATAC-3′

SQS

5′-GCACGGGCCAATAAGTTGTCAGG-3′
5′-CTATCAAGACCAAACGCACCATCCAG-3′

α-tublin

5′-GCCCTCACCGACATACCAATGG-3′
5′-GCTGCTGGCATTGATGAGAC-3′

β-actin

5′-GGAGCGACAACTTTGACCTTC-3′

3

2.5

Lag phase

Log phase

Early steady growth phase

Late steady growth phase

2

1.5

1

0.5

0

DXS

MCS

DLS

SQS

Fig.6 The expression levels of the four hydrocarbons biosynthesis related genes in diﬀerent culture time under nitrogen
deﬁciency conditions

DLS and QSQ decreased but their absolute level
remained to be higher than the control. The elevated
expression levels of these four limiting-rate genes
under conditions of nitrogen deﬁciency is beneﬁcial
to the accumulation of hydrocarbons.

4 DISCUSSION
Identiﬁcation and classiﬁcation of microalgae are a
sound basis for biological research, and hydrocarbon
content and composition are the key points of interest
in the study of B. braunii. The correlation between
algal strain phylogeny and its chemical composition
is also a current research focus. Currently,
morphological identiﬁcation, chemical composition
testing, and gene sequence analysis have been applied
in the classiﬁcation and identiﬁcation of B. braunii
(Wang et al., 2011). Liu et al studied the morphological
characteristics of three strains of B. braunii, ZJU3001,

ZJU3008, and ZJU3013, comparing the size and color
diﬀerences in cells and colonies, classifying them as
three strains (Liu, 2013). In the present study, the
B. braunii Abt02 strain was found to be a size of
(9.61±3.03) μm×(14.27±1.09) μm and was brown
during the stationary growth stage due to the
accumulation of carotenoids, which indicates that this
strain belongs to race B. However, due to the plasticity
of microalgal cells, cellular morphology can change
according to the environmental factors and the growth
period. Therefore, strain classiﬁcation based on
morphology alone is unreliable.
Numerous studies have shown that 18S rDNA
sequences are highly conserved and can be used for
evolutionary and classiﬁcation studies of strains from
the same genus or at higher levels of taxonomy (Huss
and Sogin, 1990). A phylogenetic analysis was
performed using 18S rRNA gene sequences from nine
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B. braunii strains (ﬁve from race A, three from race B,
and one from race L). They found that strains in each
race were clustered into single clades, with the
grouping revealing a close genetic relationship
between the B and L races, which indicated a
correlation between the evolutionary relationship of
the 18S rDNA in B. braunii and their hydrocarbon
production. This suggested the possibility of
classifying B. braunii strains based on their 18S
rDNA sequences (Schwender et al., 1996). Kawachi
et al. analyzed the relationships between the 18S
rDNA sequences from 31 strains of B. braunii, and
suggested clustering currently known B. braunii
strains into at least two “species”, the ﬁrst
correspondsing to race A and the second to races B +
L. In addition, they recognized that the classiﬁcation
could be based on biochemical characteristics, such
as the cellular hydrocarbon proﬁle (Kawachi et al.,
2012). Our results showed that strain Abt02 belongs
to race B.
The hydrocarbon content of B. braunii Abt02 can
reach up to 43.75% of cell dry weight during the log
phase, which is higher than the total hydrocarbon
content found in Maddingley (26.1%) and N-836
(13%) strains (Metzger et al., 1985), but lower than
that found in Darwin and Berkeley strains (in which
hydrocarbon content reached more than 50%)
(Talukdar et al., 2013). Analysis of the hydrocarbon
components of Abt02 by GC-MS showed that the
algae was enriched in squalene and its hydroxylated
derivatives, but not in botryococcenes. Squalene is an
isoprene terpene whose synthetic precursor is IPP or
DMAPP. Synthesis of IPP or DMAPP in plants takes
place through two pathways, namely the mevalonate
pathway (MVA) and 2-methyl-D-erythritol-4phosphate pathway (MEP). The MEP pathway is the
main pathway for the synthesis of botryococcene and
squalene, which was established using 13C-labeled
glucose (Schwender et al., 1996). The synthesized
IPP or DMAP enters the terpenoid synthesis process
and is then synthesized into farnesoid pyrophosphate
(FPP) through a series of reactions. Subsequently,
two molecules of FPP are condensed into precursor
squalene pyrophosphate (PSPP) through the
isopentenyl transfer reaction (Poulter, 1990). PSPP is
the common precursor of both squalene and
botryococcene (White et al., 1986, 1992). With
NADPH as a hydrogen donor, rearrangement of the
carboniumion and bond breaking at distinct locations
in the PSPP molecule result in the formation of the
squalene or botryococcene. Taking these common
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characteristics into account, it was proposed that the
synthesis of both botryococcene and squalene are
catalyzed by squalene synthase, whose structure can
be adapted for the necessary reactions to synthesize
the two products (Zhang and Poulter, 1995; Jarstfer et
al., 1996). However, other studies suggested that the
synthesis of these two compounds may involve two
diﬀerent enzymes (Niehaus et al., 2011; Ioki et al.,
2012). Moreover, we found that Abt02 contained high
levels of diterpenoid substances, such as
geranylgeraniol, which has a wide range of
physiological activities. Previous studies have
reported that geranylgeraniol can arrest human
prostate cancer cells DU145 in the G1 phase of the
cell cycle and induce apoptosis, indicating that it has
potential as an anti-tumor agent (Fernandes et al.,
2013). Moreover, geranylgeraniol can be used to treat
a variety of conditions, such as ulcers, neurasthenia,
skin aging, thrombosis, atherosclerosis, and immune
deﬁciency. Geranylgeraniol is also a precursor for the
synthesis of other important compounds, such as
terpenes, carotenoids, steroids, cholesterol, and taxol.
Therefore, the Abt02 algal strain we have isolated in
this study may be used for the preparation of terpenes
for industrial purposes. According to the hydrocarbon
component analysis, the Abt02 strain contained
squalene and squalene derivatives, one of the
characteristics of race B strains. It is consistent with
the results of the molecular identiﬁcation.
What’s more, the researchers from all over the
world have conducted extensive research on the
conditions of growth and hydrocarbon production of
B. braunii. Studies about nitrogen limitation and
deﬁciency mainly include the change of physical
characteristics and lipid composition (White et al.,
1992; Zhang and Poulter, 1995; Schwender et al.,
1996). We studied the expression levels of four
hydrocarbons biosynthesis-related enzymes. They
were all expressed at elevated levels during log
growth under nitrogen deﬁcient conditions. In
particular, the increase in squalene synthase induced
under nitrogen-deﬁcient conditions can lead to an
increased production of squalene and its derivative.
By comparing the gene expressions levels of
hydrocarbon synthesis gene in races A and B, Ioki et
al speculated DXS and DLS may participate in
hydrocarbon limiting step in the synthesis pathway
(Ioki et al., 2012). We studied the DXS, MCS and
DLS expression levels under the condition of nitrogen
deﬁciency. During the lag phase, DXS, MCS and
DLS gene expression did not diﬀer signiﬁcantly from
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that of the control. However, as the culture moved
into the stationary phase, these genes were expressed
at signiﬁcantly higher levels than were seen in the
normal control. Thus, it can be seen that nitrogen
deﬁciency aﬀects the hydrocarbon synthesis during
the second growth phase, aﬀecting the MEP pathway,
which supported the DXS, MCS and DLS limiting
step in hydrocarbon synthesis. The synthesis of
hydrocarbon in B. braunii is a complex process, in
which a large number of enzymes take part. Therefore,
further research employing a variety of technologically
advanced methodologies is required to fully
understand the mechanisms underlying hydrocarbon
synthesis.

5 CONCLUSION
In this study, a B. braunii strain isolated from
Fuxian Lake, China, was systematically analyzed.
Microscopic observation revealed the individual cell
sizes of B. braunii Abt02 to be, on average, 9.61±
3.03 μm in width and 14.27±1.09 μm in length.
Fluorescent detection revealed a high quantity of
aliphatic hydrocarbon components within the cells.
Phylogenetic analysis based on 18S rDNA sequences
assigned B. braunii Abt02 to race B. GC-MS analysis
of B. braunii Abt02 showed that its hydrocarbon
content can reach up to 43.75%±5.79% of total culture
dry mass. Hydrocarbon composition analysis showed
that the crude hydrocarbon content of cultures
increased signiﬁcantly under nitrogen-depleted
conditions, especially during the lag and stationary
growth phases. The elevated expression levels of four
rate-limiting genes (DXS, MCS, DLS and SQS) under
conditions of nitrogen limitation were conducive for
accumulation of hydrocarbons. The results of study
will inevitably prove useful information for future
research on the industrial applicability of this strain.

6 DATA AVAILABILITY STATEMENT
The datasets generated and/or analyzed during this
the current are available from the corresponding
author on reasonable request.
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