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Abstract Botryococcus braunii is a green unicellular
microalga with a unique potential to produce large quantities
of hydrocarbons similar to fossil fuel. Up to now, B. braunii is
the most studied species of the Botryococcus genus. The
taxonomic affiliation of eight different strains of the genus
Botryococcus collected from freshwaters of Transylvania was
investigated based on their morphological characteristics and
molecular profile using small subunit (SSU) ribosomal RNA
(rRNA) genes and internal transcribed spacer 2 (ITS2)
sequence-structure analysis. The phylogenetic inference using
ITS2 sequence-structure molecular marker, an approach ad-
dressed for the first time in the issue of Botryococcus genus
phylogeny, generated similar results with the 18S rRNA gene
based analysis. In both phylogenetic trees we constructed, the
sequences of our strains formed an independent cluster within
the B-race clade. Based on the phylogenetic data and the
presence of long mucilaginous processes which emerged from
the periphery of the colonies, we established the affiliation of

our strains to Botryococcus terribilis species. Detailed analy-
ses regarding the growth performances, ultrastructural charac-
teristics, and hydrocarbon and fatty acid profiles were also
included in our study. The micrographs obtained in scanning
electron, transmission electron, and light microscopies
showed a high degree of similarity to other strains affiliated
to the B chemical race. Also, gas chromatography–mass spec-
trometry assay showed for the first time the ability of
B. terribilis strains to synthesize C30–C32 botryococcenes,
which are known to be specific to the B-type Botryococcus
strains.
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Introduction

The genus Botryococcus includes green colonial microalgae
which are widespread from temperate to tropical freshwater
bodies. The feasibility of biofuel production using
Botryococcus strains (Moldowan and Seifert 1980; Audino
et al. 2002; Summons et al. 2002; Ghasemi et al. 2012) is
based on their unique potential to synthesize large quantities
of hydrocarbons (Largeau et al. 1980a, b; Wake and Hillen
1980, 1981; Hillen et al. 1982; Metzger et al. 1985a). The
ability of Botryococcus genus to produce different types of
hydrocarbons was intensively studied, and four chemical
races were defined: (i) the A race, fatty-acid-derived n--
alkadiene and triene hydrocarbons (Largeau et al. 1980a;
Casadevall et al. 1984, 1985; Metzger et al. 1985a, b, 1986,
1993; Metzger and Largeau 2005); (ii) the B race, triterpenoid
(squalenes and botryococcenes) hydrocarbons (Ben-Amotz
et al. 1985; Wolf et al. 1985; Metzger et al. 1987; Okada
et al. 1995; Dayananda et al. 2006); (iii) the L strains, a single
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tetraterpenoid hydrocarbon named lycopadiene (Metzger and
Casadevall 1987); and more recently (iv) the S race, epoxy-n-
alkane and saturated n-alkane chains with 18 and 20 carbon
atoms (Kawachi et al. 2012). Except for the chemical classi-
fication, the taxonomy of the genus Botryococcus is still
unclear. Although most of the studies assigned the investigat-
ed strains to Botryococcus braunii species (Watanabe and
Tanabe 2013), some authors emphasized the morphological
heterogeneity (Komárek and Marvan 1992) and the phyloge-
netic divergence of Botryococcus genus (Kawachi et al.
2012). The last group of authors established the relationship
between the above mentioned four chemical races and their
phylogenetic profile based on 31 new Botryococcus isolates.

Using 47 Botryococcus populations collected from differ-
ent biotopes all over the world, Komárek and Marvan (1992)
described 13 morphotypes (including the known species
B. braunii (Kützing 1849) Botryococcus protuberans
(Komárková 1991), and Botryococcus canadensis (Hindák
1991)), and they defined six new species: Botryococcus
comperei, Botryococcus australis, Botryococcus fernandoi,
Botryococcus neglectus , Botryococcus pila , and
Botryococcus terribilis. Plain et al. (1993) contested the mor-
phological features as reliable criteria to distinguish among
Botryococcus species due to the inherent morphological
changes within a clonal strain. Thus, the plasticity of morpho-
logical characters remains a crucial aspect in solving the
taxonomic issue of the genus.

According to Komárek and Marvan (1992), the distinctive
morphological feature of B. terribilis colonies is the presence
of “short or long, simple or irregularly branched gelatinous
processes” emerging from the periphery of the colonies. This
species was signaled in Cuba (Komárek and Marvan 1992;
Comas 1996), Brazil (Nogueira and Oliveira 2009; Rodrigues
et al. 2010; de Queiroz Mendes et al. 2012; Nascimento et al.
2013), Spain (Fanés Treviño et al. 2009), Sweden, Austria,
Chad, and Czech Republic (Komárek and Marvan 1992). In a
recent study, de Queiroz Mendes et al. (2012) outlined the
morphological and ultrastructural characters of a newly iso-
lated strain of B. terribilis (FW-15) which agree in general
aspects with the original description of Komárek and Marvan
(1992) and with other strains belonging to B. braunii species
(Wolf and Cox 1981; Berkaloff et al. 1984; Largeau et al.
1980b; Casadevall et al. 1985; Metzger and Largeau 2005;
Weiss et al. 2012).

In the present study, we aimed to establish the taxonomic
affiliation of eight Botryococcus strains isolated from
Transylvania (Romania), based on morphological characters
supported by molecular data. To increase the resolution of the
phylogenetic analysis, both the small subunit ribosomal RNA
(rRNA) gene sequences and the internal transcribed spacer 2
(ITS2) sequence structures were used in the study. The ultra-
structural and biochemical characteristics of the investigated
strains were also included in our analysis.

Materials and methods

Strain cultures and growth assay

Eight Botryococcus strains were investigated in this study
(see the list in Online Resource 1): AICB 413, AICB 414,
AICB 416, AICB 418, AICB 440, AICB 442, AICB 870,
and AICB 872. Botryococcus isolates are deposited in the
Algae and Cyanobacteria Culture Collection of the
Institute of Biological Research (AICB), Cluj-Napoca,
Romania (Drago et al. 1997). The strains were grown
on BG-11 medium (Allen and Stanier 1968; Watanabe
et al. 2000), in continuous irradiance of approximately
150 μmol photons m−2 s−1, 25±2 °C, in aerated flasks
(500 mL). Optical density (OD) measurements at 600 nm
were taken every 2 days. In late exponential growth phase
(approximately 30 days), the biomass was harvested and
aliquoted for subsequent morphological, biochemical, and
molecular analyses. Aliquots of 50 mL were filtered and
washed two times with distilled water to assess the dry
weight. The samples were dried (70 °C) to constant
weight (at least 24 h). The growth process was character-
ized by the doubling time and the chlorophylls to carot-
enoids ratio relative to the dry weight. The doubling time
was calculated following the formula of Guillard (1973).
The assimilatory pigments were quantified based on
Arnon (1949), Goodwin (1976), and Britton et al. (1995)
protocols.

Light and electron microscopy

Light microscopy was performed using an Olympus
BX-41 microscope equipped with a photo camera. For
scanning electron microscopy (SEM), algal samples
were concentrated by centrifugation and washed two
times with 0.1 M sodium phosphate buffer (pH 6.8),
followed by a final wash with distilled water. The cells
were fixed in 4 % glutaraldehyde in sodium phosphate
buffer (4 °C) overnight and then fixed on copper
holders, covered by a 7-nm silver or gold layer. The
images were taken with a Jeol JSM5510lLV electron
microscope. For transmission electron microscopy
(TEM), fresh colonies were collected by centrifugation,
fixed in 4 % glutaraldehyde for 1 h, and rinsed four
times with 0.1 M sodium phosphate buffer (pH 6.8).
Subsequently, the biomass was resuspended in 2 %
OsO4 in phosphate buffer, for 1 h. The fixed material
was dehydrated through a graded ethanol series and
treatment with propylene oxide. The samples were em-
bedded in a mix of propylene oxide and Epon 812
resin. A TEM Jeol JEM1010 microscope was used to
observe the thin sections.
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Hydrocarbon (HC) and fatty acid (FA) analyses—gas
chromatography–mass spectrometry (GC-MS)

Chloroform, methanol, and water extraction mix 1:1:0.5 (v/v/v)
was used to extract HC and FA from wet biomass (Bligh and
Dyer 1959; Sutherland and Wilkinson 1971). Each chloroform
sample was used to establish both HC and FA contents.
Methanol and acetyl chloride were used to convert FA to
methyl esters (FAMEs) (Christie 1993). An aqueous solution
of sodium chloride (36 %) was added to FAME samples,
subsequently followed by extraction in n-hexane. The HC
chloroform extracts were concentrated and dissolved in n-hex-
ane also. Both types of n-hexane samples were inspected using
an Agilent Technologies 6890 N gas chromatograph coupled
with an Agilent Technologies 5973 N mass spectrometer. The
samples were analyzed on HP-1 (0.25 mm×30 m) and HP-5
(0.32 mm×50 m) columns, using a flame ionization detector
(FID). Chromatographic conditions were as follows: nitrogen
as carrier gas for FID and helium for the mass spectrometer;
flow rate 1–2 mLmin−1; sample input temperature 280 °C, rate
of temperature increase to 280 °C, 10 °C min−1; and transfer
line temperature 280 °C. HC and FA were identified by mass
spectra of the samples, at 70 eV, based on their retention time.
The HC values were converted into percentages relative to dry
weight. Relative content of FA was calculated based on the
normalization method. By this method, the areas of all peaks in
the chromatograms were summed, and the content of each fatty
acid was expressed as percentage of the summed areas (Poole
2003).

DNA extraction, PCR amplification, and DNA sequencing

Wizard SV Genomic DNA Purification System
(Promega, USA) was used to isolate genomic DNA,
according to the manufacturer’s instructions. The poly-
merase chain reaction (PCR) and DNA sequencing of
small subunit (SSU) rRNA genes were carried out with
the primers used by Sawayama et al. (1995) and
Senousy et al. (2004). In addition, we designed a pair
of primers (CV5 and 28S CD1RBbB) to amplify and
sequence the ITS1-5.8S-ITS2 DNA region: 5′-CCGATT
GGGTGTGCTGGTGAAGC-3′ (forward) and 5′-TTCA
GCGGGTGCTCTTACCT-3′ (reverse). Fast PCR 6.4
software (Kalendar et al. 2011) was used to design
and test the primers. The PCR mix contained 1.25 units
of DreamTaq DNA Polymerase (Fermentas, Canada) in
the manufacturer’s buffer, 1.5 mM MgCl2, 0.2 mM
dNTP, and 0.4 μM primer in a final volume of
50 μL. The tubes were incubated using a TGradient
thermal cycler (Biometra, Germany) with an initial de-
naturation at 95 °C for 5 min followed by 32 cycles of
95 °C for 45 s, 56 °C for 55 s, 72 °C for 2 min, and a
final incubation at 72 °C for 10 min. Electrophoresis

was performed in 1 %w/v agarose gel (stained with
1 μg mL−1 ethidium bromide), and photographs were
taken with the BioDoc-it Imaging System (UPV,
Analytik Jena AG, Germany). Direct sequencing was
carried out subsequent to PCR product purification
(Wizard SV Gel and the PCR Clean-Up System,
Promega, USA) following the manufacturer’s instruc-
tions. The samples were processed with the ABI Prism
BigDye Sequencing Kit (Applied Biosystems, USA) and
transferred in an ABI Prism 3130 genetic analyzer,
according to the protocol. The sequences were submit-
ted to GenBank (Benson et al. 2008), accession num-
bers JF261251, JF261252, JF261254, JF261256,
JF261258, and KJ541889-KJ541891.

Phylogenetic analysis of 18S rDNA and ITS2 fragments

Sixty SSU ribosomal DNA (rDNA) sequences from
GenBank, belonging to the genera Botryococcus, Chlorella,
Choricystis, Neochloris, and Dictyosphaerium were used in
the analysis. The homologous sequence of Ulva compressa
C184 was used as outgroup. The multiple alignments and
construction of the phylogenetic trees were carried out with
MEGA 6.06 (Tamura et al. 2013). Maximum likelihood
(ML), maximum parsimony (MP), and neighbor-joining
(NJ) algorithms were used to infer phylogeny. Bootstrap
values for the trees were calculated from 1,000 replicates
(NJ and MP) and 100 replicates (ML) respectively. TrN+G
(Tamura and Nei 1993) (variable base frequencies, equal
transversion rates, variable transition rates with the gamma
distribution) was the best fit evolutionary model for ML,
based on JModelTest 0.1.1 results validated with both
Akaike information criterion (AIC) and Bayesian informa-
tion criterion (BIC) (Guidon and Gascuel 2003; Posada
2003). Twenty ITS2 sequences including their secondary
structure were retrieved from the ITS2 Database (http://
its2.bioapps.biozentrum.uni-wuerzburg.de/) (we included
here all the Botryococcus ITS2 sequences present at the
time in this database) (Schultz et al. 2006; Selig et al.
2008; Koetschan et al. 2010, 2012). They were affiliated
to B. braunii species (13 sequences) and to other genera of
the phylum Chlorophyta (seven sequences). The
homologous sequence of Ulva rigida UrigVM was chosen
as outgroup. The multiple sequence-structure alignment was
calculated with 4SALE (Seibel et al. 2006, 2008). A profile
neighbor-joining (PNJ) tree was calculated by ProfDistS
(Müller et al. 2004; Friedrich et al. 2005; Rahmann et al.
2006; Wolf et al. 2008) using general time reversible (GTR)
substitution model (Lanave et al. 1984). The tree was edited
with TreeView (Page 1996). A second multiple sequence
alignment was performed with MEGA 6.06 using the same
ITS2 sequences. The GTR substitution model was used to
construct the ML tree based on 100 replicates.
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Results

Morphology and ultrastructure

The morphological features of the AICB strains agreed in
general aspects with the descriptions of other B. terribilis
strains (Komárek and Marvan 1992; Fanés Treviño et al.
2010; de Queiroz Mendes et al. 2012). Thus, the colonies of
AICB strains exhibited typical features which resemble the
botryoid organization characterized by pyriform-shaped cells
(Fig. 1), embedded in a hydrocarbon-rich matrix (Fig. 2).
Irregularly, large colonies, from 35 to 454 μm (but the major-
ity not exceeding 100 μm), appeared rather tight and held
together by refringent hydrocarbon string-like connections
(Fig. 2d, f, g, h). A fibrillar sheath spans into the growth
medium and surrounds the entire algal colony (Fig. 3a).
Long and sometimes branched mucilaginous processes
(Fig. 1) which are known to be specific to the species
B. terribilis (Komárek and Marvan 1992) were seen at the
periphery of the colonies. The structures (when present) that
linked the subcolonies showed different patterns: (i) long,
fine, thread-like structures (Fig. 2e); (ii) shorter and sheet-
like strands (Fig. 2h); (iii) very short and numerous formations
(Fig. 2f, g); and (iv) irregularly shaped, rather thick connec-
tions (Fig. 2d). Each cell was protected by a cup-shaped
envelope which covered almost its entire surface. In most of
the investigated strains, the cells were completely hidden
within the hydrocarbon matrix or slightly emerged from it
(Fig. 2b, c), as in the case of other B. terribilis strains de-
scribed by Komárek and Marvan (1992), Fanés Treviño et al.
(2010), and de Queiroz Mendes et al. (2012).

The electron micrographs of the matrix revealed the pres-
ence of superimposed cell walls (trilaminar structure, TLS)
immersed in liquid hydrocarbons (Figs. 2c and 3b, c, e). As
previously observed (Wolf and Cox 1981; Berkaloff et al.
1984), the sandwich aspect of the cell walls was characterized
by a visible electron lucent material, associated with electron
dense fragments on one or both sides. Concentric TLSs which

alternated with liquid hydrocarbons were present around both
solitary and dividing cells (Fig. 3b). An electron dense thick
cell wall (CW) was observed in direct contact with the plasma
membrane. Its outer side was covered by a thin layer (T) of the
above mentioned electron-lucent material (Fig. 3e, g, h). In
addition, at the cell apex, the T layer was coated by an electron
dense layer (G) ended by well-developed anastomosing fibrils
(F) which spanned into the growth medium (Fig. 3e, f). The
aspect of the G and F layers was very much alike the descrip-
tion of the granular and the fibrillar layers of the retaining wall
(RW) made by Weiss et al. (2012) in the case of Showa
(Berkeley) strain (hereafter, we will use the same terminolo-
gy). Figure 3e, f, and h show that the RW extended along the
external face of the matrix and occasionally falls within cre-
ating hydrocarbon folds. When cells are adjacent, the RW
formed zipper-like structures as described by Weiss et al.
(2012) (Fig. 3d). Round to oval liquid hydrocarbon droplets
were seen outside the plasma membrane and the associated
CW−T structure, contributing to the lateral extension of the
matrix. Interestingly, in some micrographs, liquid hydrocar-
bon drops occurred between two successive cell walls (Fig. 3
g, h). Lipid droplets were never present in the apical region of
the cells which occasionally displayed an electron dense ma-
terial, the so-called “cap” (Wolf and Cox 1981). When pres-
ent, the cap was always located between two consecutive CW
−T layers. The outer CW−RWassociation projected its fibrils
outside the colony (Fig. 3f, g, h). The occurrence of the cap
was observed, especially in the cells where lipid droplets
accumulated in the lateral parts, filling the space between the
two adjacent CW−T cell walls (Fig. 3g, h).

The pyriform cells, 5 to 12 μm in length, usually not
exceeding 9 μm, are more or less radially oriented with
length-to-width ratio of up to 2:1. The cup-shaped chloroplast
was placed adjacent to the plasma membrane (Fig. 3e, g).
Occasionally, starch granules were observed within the chlo-
roplast (Fig. 3c). The pyrenoid penetrated by chloroplast
lamellae was located at the bottom of the cell (Fig. 3b, g).
The nucleus was centrally located (Fig. 3d, g). Strands of

Fig. 1 Light microscopy of
B. terribilis AICB 413 and 440
strains. a The pyriform-shaped
cells are disposed radially. The
colonies of AICB 413 strain pre-
sented mucilaginous processes at
the periphery which are rather
thick at their base (indicated by
arrows); b AICB 440. Long, fine,
and sometimes branched (indi-
cated by arrows) mucilaginous
processes are shown in the AICB
440 strain. Bar=10 μm
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endoplasmic reticulum (ER) were seen adjacent to the chlo-
roplast, plasma membrane, and sometimes surrounding the
lipid bodies (LB) (Fig. 3c). More or less large lipid bodies
were observed within the cavity of the chloroplast body
(Fig. 3c, g). Golgi body was observed in close vicinity with
the cell apex (Fig. 3e). The cell-harbored mitochondria, vac-
uoles, and sometimes polyphosphate bodies (PB) were ob-
served (Fig. 3c, e, g).

Growth assay

The growth parameters are summarized in Table 1. According
to our experiments, AICB 413, 414, 416, 418, 442, 870, and
872 grew the most rapidly, while the rate of divisions was
lower in the case of the AICB 440 strain. The AICB 870
culture showed the lowest doubling time (2.10 days), whereas
the highest value was obtained for the AICB 440 strain which
doubled every 4.6 days (Table 1). According to the Chl/Car
ratio, in six of the eight inspected AICB strains, the value
varied from 1.33 (AICB 440) to 2.37 (AICB 416). A distinc-
tive pattern was noted though in the case of AICB 870 and 872
strains which showed higher values of this ratio (3:1), due to
the larger quantities of chlorophylls (data not shown).

Hydrocarbons

For each AICB strain, GC-MS analysis of hydrocarbons was
performed on two chloroform extracts, derived from different

cultures. The AICB strains synthesized four types of hydro-
carbons: C29 alkadienes (2Δ) and C30–C32 triterpenes (6Δ),
known as botryococcenes, although the C30 botryococcene
was not identified in the biomass of the AICB 416 and 870
strains (Table 2). The chromatograms revealed different
amounts of hydrocarbons ranging from 8.46 % (AICB 870)
to 25.74 % (AICB 413) of dry weight (Table 2). In all
chloroform extracts, C31 and C32 botryococcenes presented
as major fractions (Table 2). These compounds accounted for
at least 70 % of the hydrocarbons synthesized by the AICB
strains (Table 3).

Fatty acids

Twelve types of fatty acids classified as saturated (SFA) and
unsaturated (UFA) were identified in the chloroform extracts
resulting from processing the biomass of the AICB strains
(Table 4). The percentage of UFA (75.10 %) exceeded ap-
proximately three times the percentage of SFA (24.88 %)
(Table 4). This ratio characterized the fatty acid profile of each
strain with the exception of AICB 418 (two times higher) and
AICB 442 (four times higher) (Table 4). Some fatty acids were
not identified in the extracts of four investigated strains. These
are arachidic acid (in AICB 414, 418, and 872), arachidonic
acid (in AICB 870), lauric acid (in AICB 870 and 872), and
docosahexaenoic acid (DHA) (in AICB 870) (Table 4). In
addition, the first three fatty acids were scarcely present in
the rest of the AICB strains investigated. Myristic,

Fig. 2 Scanning electron microscopy of B. terribilis AICB strains. The
colonies contain tight subcolonies (a AICB 413) with cells completely (b
AICB 442) or partially embedded (c AICB 416) in the hydrocarbon
matrix, which consists of a succession of hydrocarbon folds indicated

by a white arrow (c). Different patterns of hydrocarbon connections
between subcolonies are shown (d AICB 440, e AICB 442, f AICB
416, g AICB 872, h AICB 413). Long mucilaginous processes emerge
from the periphery of the colonies (indicated by arrows in i AICB 442)
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palmitoleic, and stearic fatty acids were also identified as
small fractions in all the AICB strains (Table 4). Overall, the
C16 (palmitic) and C18 (oleic, linoleic, and linolenic) fatty
acids were found as major fractions in the fatty acid extracts
from all the AICB strains (Table 4). Our GC-MS results
outlined the presence of oleic acid (27.38 %) as the most
abundant fraction among fatty acids followed by linolenic
(16.69 %) and palmitic acids (16.15 %), closely accompanied
by linoleic acid (14.40 %). Although the specific order of
these major fractions was slightly different among the AICB
strains (Table 4), they were present as dominant relative
amounts in all AICB extracts.

Interestingly, ω-3 DHA and eicosapentaenoic acid (EPA)
were both present in significant relative amounts in all the
studied strains, except for the AICB 872 strain which
contained only EPA (20.18 %). The ω-3 fatty acids reached
values of up to 20 % of the total fatty acids, with highest
values in the AICB 872 and AICB 870 strains (Table 4).

Phylogenetic placement of AICB strains based on SSU rDNA
and ITS2 sequences

In addition to the molecular approaches which used the 18S
rRNA genes (Plain et al. 1993; Sawayama et al. 1995;
Senousy et al. 2004; Weiss et al. 2010, 2011; Kawachi et al.
2012), we selected the ITS2 sequence as a second marker in
the phylogenetic analysis of the AICB strains. The ITS2
fragments have been used in other studies which aimed to
solve phylogeny issues at the genus or species level (Olsson
et al. 2009; Merget and Wolf 2010). Even though the ITS2
sequence is poorly conserved, its secondary structure presents
a high degree of conservation (Schultz et al. 2005). Thus, we
decided to use both the sequence and the secondary structure
in our approach. As shown in Figs. 4 and 5, all the B. terribilis
AICB sequences grouped within the cluster of strains affiliat-
ed to the B chemical race, being closely related to Showa and
Bot 24 sequences. Among the B. terribilis AICB strains,
AICB 870 and 872 formed a distinct cluster, supported by
bootstrap values of 64/89/63 (obtained by using NJ, MP, and

�Fig. 3 Ultrastructure of B. terribilis AICB 416 (a, e, f) and 442 (b, c, d,
g, h) strains. Fs fibrils, Lk mucilaginous connections, RW retaining wall,
TLSs trilaminar structures,HC hydrocarbons, Py pyrenoid,C chloroplast,
PG plastoglobules, LB lipid bodies, S starch, M mitochondria, SER
smooth endoplasmic reticulum, CW cell wall, CW1 old cell wall, CW2
new cell wall, T tubular layer, T1 old tubular layer, T2 new tubular layer,
CMb chloroplast envelope, Mb cell membrane, V vacuole, N nucleus, G
granular layer, G1 old granular layer, G2 new granular layer, Gg Golgi
body, PB polyphosphate body, CAP apical cap. a The fibrillar sheet
surrounding the colony and the mucilaginous connections are shown. b
The HC matrix which consists of successions of TLS and HC folds is
displayed. c The presence of LB, SER, and C filled with S granules was
observed. d The presence of a zipper-like structure (pointed out by
asterisk) between adjacent cells is shown. e Details regarding the pre-
sumptive formations of the cap in the apical part of cell (pointed out by
asterisks). fDetails of fibrillar layer and the aspect of the apical cap (CAP)
are shown. Ultrastructure of B. terribilis AICB 442 strain. g Details
regarding the apical cap (CAP), cell wall, and ultrastructural aspects are
shown. Putative remains of the old granular layer are shown by asterisk. h
Details of apical cap and cell walls. A possible place of old cell wall
rupture is pointed out by asterisk

Table 1 The doubling time and the chlorophyll-to-carotenoid ratio of
B. terribilis AICB strains

AICB strain Doubling time (days) Chl/Car ratio % of dry
weight (w/w)

413 2.77 2.06

414 3.15 1.47

416 2.91 2.37

418 3.47 1.99

440 4.62 1.33

442 2.77 1.83

870 2.10 2.98

872 2.39 3.41

Table 2 Total hydrocarbon level (as percent of dry weight) produced by
the B. terribilis AICB strains

Strain code Botryococcenes (6Δ) Alkadienes

6ΔC30 6ΔC31 6ΔC32 Total
(6Δ)

(2Δ)
2ΔC29

Total
HC

413 0.39 10.13 10.19 20.71 5.03 25.74

414 0.02 0.67 10.65 11.34 2.66 14.00

416 0.00 8.26 5.76 14.02 4.93 18.95

418 1.96 6.94 7.60 16.50 0.87 17.37

440 0.23 15.46 8.40 24.09 1.02 25.11

442 0.35 11.41 6.58 18.34 2.84 21.18

870 0.00 0.32 7.26 7.58 0.88 8.46

872 0.32 1.56 15.85 17.73 0.85 18.58

Table 3 Relative amounts of hydrocarbons (as percent of total) produced
by the B. terribilis AICB strains

Strain code Botryococcenes (6Δ) Total
(6Δ)

Alkadienes Total
HC

6ΔC30 6ΔC31 6ΔC32

(2Δ)
2Δ C292Δ

413 1.51 39.36 39.59 80.46 19.54 100

414 0.14 4.79 76.07 81.00 19.00 100

416 0.00 43.58 30.40 73.98 26.02 100

418 11.28 39.95 43.76 94.99 5.01 100

440 0.92 61.57 33.45 95.94 4.06 100

442 1.65 53.87 31.07 86.59 13.41 100

870 0.00 3.78 85.82 89.60 10.40 100

872 1.72 8.40 85.31 95.43 4.57 100
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ML methods) in the 18S rRNA gene analysis (data not
shown). This groupingwas also observed in the ITS2 analysis,
the cluster being supported by a maximal bootstrap value,
probably due to the low number of ITS2 sequences. To ease
the comparison between the SSU rDNA and the ITS2 analy-
ses, we used all Botryococcus sequences containing both the
18S gene and the ITS2 fragment, available at the time in the
public databases (GenBank accession numbers AJ581910,
AJ581911, GU951519, GU951520, and AJ581912). These
sequences were placed in the same clades in both phyloge-
netic trees (Figs. 4 and 5), giving credit to the ITS2 analysis
where the number of available Botryococcus ITS2 sequences
was low. The phylogenetic inference based on the SSU
rDNA and ITS2 sequences revealed the existence of five
(18S rDNA) and four (ITS2) distinct groups of taxa (Figs. 4
and 5). Three major clades (supported by significant boot-
strap values) were formed by Botryococcus sequences which
separated according to their chemical race (A, B, and S/L).
As stated by previous studies on SSU rDNA fragments
(Kawachi et al. 2012), our data pointed out that the B and
the S/L clades are more closely related to each other than to
the A clade. In addition, the B and L groups possess a
common isoprene origin of their terpenic hydrocarbons
(Baba and Shiraima 2013). The close phylogenetic relation-
ship between Botryococcus and Choricystis was certified by
the high bootstrap values obtained in the 18S rDNA ap-
proach (Fig. 4). Unfortunately, we could not extend this
conclusion to the ITS2 analysis, for the reason that no
ITS2 sequences belonging to Choricystis genus were yet
submitted in the ITS2 database. Although a low number of
Botryococcus ITS2 sequences was used in the analysis, this
outcome is sustained by the PNJ/ML tree.

Discussion

Morphology and ultrastructure

Although strains identified as B. braunii are currently used in
most studies, our results pointed out differences between the
aforementioned species and our AICB strains. The transitory
occurrence of simple or irregularly branched gelatinous pro-
cesses (Komárek and Marvan 1992) was obvious in all inves-
tigated AICB strains. This feature was used by the above
mentioned authors as one of the most important diagnostic
characters in identifying B. terribilis species. The presence of
these processes was also noticed in other strains of B. terribilis
(Fanés Treviño et al. 2010; de Queiroz Mendes et al. 2012).
Considering that similar mucilaginous processes were never
observed in the case ofB. braunii, we followed the description
of the B. terribilis strains made by Komárek and Marvan
(1992) and de Queiroz Mendes et al. (2012). The data obtain-
ed by these authors will be briefly reiterated along with
additional conclusions. Thus, the algal colonies of the AICB
strains were more or less irregularly, brownish or yellowish,
extending 100 μm in diameter, dimensions which fitted the
Brazilian strain (de Queiroz Mendes et al. 2012), but not the
strains analyzed by Komárek and Marvan (1992). The con-
nections between subcolonies of the AICB strains exhibited
more varied patterns (Fig. 2d–h) than the short string-like firm
gelatinous connections described by both groups of re-
searchers. Similar to the Brazilian strain (FW-15), each
AICB strain showed colonies with cells both completely
embedded in the matrix and with their apex protruding from
the envelope (Fig. 2b, c) (observation also made, with caution,
by Komárek and Marvan 1992). This characteristic could be

Table 4 Fatty acid composition of B. terribilis AICB strains

Fatty acid AICB 413 AICB 414 AICB 416 AICB 418 AICB 440 AICB 442 AICB 870 AICB 872 Average

Lauric (12:0) 1.03 1.64 1.85 3.66 0.88 0.82 n.d. n.d. 1.24

Myristic (14:0) 2.67 2.70 3.46 4.97 2.34 1.57 2.09 2.03 2.73

Palmitic (16:0) 16.61 14.03 15.87 22.12 15.36 12.55 18.66 14.02 16.15

Palmitoleic (14:1) 4.15 3.12 2.15 5.63 2.00 1.94 1.27 0.94 2.65

Stearic (18:0) 4.42 4.43 2.49 4.24 3.75 2.28 3.09 4.29 3.62

Oleic (18:1) 23.92 35.97 34.51 16.64 30.81 38.12 15.62 23.49 27.38

Linoleic (18:2) 14.33 17.29 12.17 5.55 9.75 3.78 11.27 25.10 12.40

Linolenic (18:3) 17.06 11.80 13.42 26.19 14.20 16.26 26.56 8.05 16.69

Arachidic (20:0) 1.38 n.d. 2.46 n.d. 1.67 2.37 1.26 n.d. 1.14

Arachidonic (20:4) 4.04 0.25 2.92 1.91 5.10 3.06 n.d. 1.61 2.36

EPA (20:5) 5.23 0.18 3.55 4.44 6.81 8.22 20.18 8.78 7.17

DHA (22:6) 5.17 8.60 6.56 4.67 7.35 9.01 n.d. 11.67 6.63

SFA 26.11 22.79 26.14 34.98 23.98 19.59 25.10 20.34 24.88

UFA 73.87 77.20 73.82 65.01 76.01 80.38 74.90 79.64 75.10

The results are given as percentage of total fatty acids

EPA eicosapentaenoic acid, DHA docosahexaenoic acid, SFA saturated fatty acids, UFA unsaturated fatty acids, n.d. undetectable
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considered as another important diagnostic character of
B. terribilis species, as the cells of B. braunii are “never
completely closed” in their cup-shaped mucilaginous sheaths
(Komárek and Marvan 1992).

For the first time, ultrastructural details of the B. terribilis
cell envelope revealed a high degree of similarity with other
Botryococcus strains (Wolf and Cox 1981; Berkaloff et al.
1984; Weiss et al. 2012). Even if there is a terminology issue

Fig. 4 Phylogenetic tree of the 18S rDNA sequences inferred by theMLmethod. Themain clades are supported by bootstrap values obtained in NJ,MP,
and ML methods (1,000, 1,000, and 100 replicates, respectively)
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in the studies mentioned above (different terms were used for
the same ultrastructural feature), we identified similar features
in B. terribilis AICB strains. Thus, the CW of our strains
corresponded to the description of Weiss et al. (2012), and it
was entirely covered by a thin lucent layer, named TLS by
Wolf and Cox (1981). AlthoughWeiss et al. (2012) did not use

the same terminology, they also identified a thin white tubular
layer resembling “toothpaste” at the base of what they de-
scribed as the “retaining wall” (RW). Furthermore, they men-
tioned that this structure remained attached to the CW, while
the G layer of the RW (which formed fibrils in the apical part
of the cell) detached to form the “drapes” and “zipper-like”

Fig. 5 Phylogenetic tree of the
ITS2 sequences-structures in-
ferred by PNJ, using 4SALE and
ProfDistS. The main clusters are
supported by bootstrap values
obtained with MEGA 6.06, using
ML method (100 replicates)
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formations between adjacent cells. These structures were also
identified in our strains, when cells were adjacent (Fig. 3d). In
addition, when cells were separated by folds of hydrocarbons,
our images were very similar to the descriptions of Wolf and
Cox (1981) and Berkaloff et al. (1984), who noticed TLSs
alternating with hydrocarbon layers.

The absence of the cap in B. terribilis (Komárek and
Marvan 1992; de Queiroz Mendes et al. 2012) but its presence
in our B. terribilis strains certify that some previously made
conclusions regarding the variability of this character (Fanés
Treviño et al. 2010) may be considered valid. Furthermore,
Komárek andMarvan (1992) andWolf and Cox (1981) point-
ed out the presence of the mucilaginous cap in strains of
B. braunii, while Weiss et al. (2012) noticed no such feature
in the case of B. braunii Showa. We also noticed the presence/
absence of the cap in cells from the same colony. Based on our
findings, we propose here a possible three-step mechanism to
explain the transitory aspect of the cap. (1) In the first stage,
each cell possesses the cell wall (CW) and the retaining wall
(RW), which forms fibrils in the apical region. In the lateral
parts of the cells, the hydrocarbons are externalized (certain
amount of membrane and the CW which remains associated
with the basal tubular layer (T) of the RW) (Fig. 3g). Thus, the
granular layer (G) of the RW is pushed laterally, creating the
zipper-like formations between cells (Fig. 3d) (Weiss et al.
2012). (2) When a certain amount of hydrocarbon is external-
ized, the cell produces a new CW+RW. The new RWwill also
produce its fibrillar structures in the apical region pushing the
old CW+RW toward outside the colony (and thus creating the
cap structure) (Fig. 3e). At the same time, new hydrocarbon
molecules are released through the plasma membrane and the
new CW−T associated layers, pushing the G layer of the new
RW laterally. In this way, this newG layer becomes associated
with the old CW+T layers, creating a trilaminar structure
(TLS), which alternates with hydrocarbon folds (Fig. 3g).
This conclusion might be in agreement with both our
observations and those ofWolf and Cox (1981) which pointed
out the existence of a lucent material often associated on one
or both sides with electron dense material. (3) When hydro-
carbon droplets accumulate laterally, they create a pressure in
the apical region of the old CW+RW layers, creating a rupture
in the middle area (pointed out by asterisk in Fig. 3h). The two
resulting apical parts fall down on the laterally newly formed
hydrocarbon fold covered by the G layer of the new RW.
Thus, the content of the cap (which bears fibrils) is now
exposed to the growth medium. Such a possible mechanism
would explain the presence of regions that exude peripheral
fibrils where cells were parted by folds of hydrocarbons
(Fig. 3a). In addition, the chemistry of the cap which accumu-
lates “polysaccharide material” (Blackburn and Temperley
1936) seems to be similar to the results of Weiss et al.
(2012) who highlighted the arabinose and galactose content
of the fibrils.

The appearance of the organelles like mitochondria or the
starch and plastoglobules containing chloroplast which
showed a basal pyrenoid crossed by chloroplast lamellae
together with the presence of lipid bodies resembled the
descriptions of both B. terribilis FW-15 (de Queiroz Mendes
et al. 2012) and B. braunii (Wolf and Cox 1981; Berkaloff
et al. 1984; Weiss et al. 2012). In addition, the characteristics
of the central nucleus, the apical placement of the Golgi body,
and the occurrence of ER cisternae associated with the plasma
membrane, chloroplast, and nucleus were in agreement with
ultrastructural descriptions of B. braunii (Weiss et al. 2012).

Growth and chemical profile

The growth rates obtained for B. terribilisAICB strains (0.20–
0.3) (data not shown) were higher than those obtained for
B. terribilis IBL C115 (0.14) (Nascimento et al. 2013), but
similar to other data regarding B. braunii (Ben-Amotz et al.
1985; Li and Qin 2005; Dayananda et al. 2006; Rao et al.
2007; Yeesang and Cheirsilp 2011). Considering studies fo-
cused on growth optimization, we assume that the process
might be improved for the AICB 440 strain which possessed
the highest doubling time (4.62 days). A plausible explanation
was offered, though, for the slow growth rate issue of
Botryococcus strains (Melis 2013), which limits endeavors
aiming to improve the growth performance. According to
the author’s findings, the Showa strain possesses an inherent
diminished photosynthetic carbon flux toward sugars (40–
45 %) (compared to 80–85 % in plants and cyanobacteria),
leading to slower growth rates, while the rest of the carbon
flux is used in terpenoids (45 %) and fatty acid (10 %) syn-
thesis. Thus, due to the metabolic constraints, it would be
difficult to obtain strains which produce high amounts of
hydrocarbons and have growth rates similar to other
chlorophycean microalgae (e.g., a doubling time of 0.28 days
in Neochloris sp. according to Ben-Amotz et al. (1985)). The
ability of Botryococcus strains belonging to the B chemical
race to synthesize large amounts of terpenoids, as demonstrat-
ed in the case of the Showa strain (Melis 2013), is also related
to the botryococcene and carotenoid content (both having
isoprene origin). The Chl/Car ratios (around 2:1) obtained in
the inspected B. terribilis AICB strains followed similar pro-
files as described for the Showa (Eroglu and Melis 2010;
Eroglu et al. 2011) and Kawaguchi-1 (Eroglu et al. 2011) B-
race strains. Slight differences were noticed in the profiles of
AICB 870 and AICB 872, both strains having a larger content
of chlorophylls, similar to other green algae (e.g., 2.05 % of
DW in Chlamydomonas reinhardtii CC503) (Eroglu et al.
2011).

Unfortunately, there is little data regarding B. terribilis in
the scientific literature (Komárek and Marvan 1992; Fanés
Treviño 2009, 2010; Nogueira and Oliveira 2009; Rodrigues
et al. 2010; de Queiroz Mendes et al. 2012; Nascimento et al.
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2013), and until now, there are no experimental data to ascer-
tain the hydrocarbon profile in other strains of this species.
The hydrocarbon mixtures obtained for the AICB strains
corresponded to the main features assigned to the B chemical
race strains (significant quantities of botryococcenes accom-
panied by small fractions of alkadienes) (Metzger et al.
1985a). A difference was noted though regarding the preva-
lence of the C30–C32 botryococcenes in our hydrocarbon
extracts, while the dominant fractions in the Showa strain
were the C33 and C34 botryococcenes (Wolf et al. 1985). In
this matter, some authors suggested a variation in the process
of botryococcene methylation (and thus the chain elongation)
in relation to the growth conditions (Metzger et al. 1985a;
Okada et al. 2004). In addition, the occurrence of C32 as the
dominant fraction among the botryococcenes was established
in other strains belonging to the B chemical race (Okada et al.
1995). As for the amounts of hydrocarbons resulted from our
experiments, their values are comparable with those obtained
byOkada et al. (1995), who reported values ranging from 9.75
to 37.9 % of dry biomass for some B strains (Kawaguchi-1
and −2, Darwin, Berkeley, and Yayoi). In conclusion, the
presence of botryococcenes as major fractions in the hydro-
carbon extracts attested the affiliation of B. terribilis AICB
strains to the B chemical race.

Our experiments showed comparable results with other
studies which ascertained the presence of the four dominant
fatty acids (in the same ascending order) in the B. terribilis
IBL-C115 strain isolated from Brazil (Nascimento et al. 2013)
and in a tropical Botryococcus strain (Sahu et al. 2013). Our
results were also similar to the outcomes of previous studies,
where oleic, palmitic, and linoleic acids (Metzger et al. 1989)
or oleic, palmitic, and linolenic acids (Ben-Amotz et al. 1985)
accounted for the large majority of fatty acids. The last authors
also pointed out the variability of fatty acid amounts in relation
to the growth conditions. Since all AICB strains were cultured
in similar growth conditions and the biomass was harvested
and processed in the same way, we conclude that the inherent
variability of the AICB strains is directly responsible for the
small variations we obtained in the fatty acid dominant frac-
tions. In fact, this aspect was intensively explored by some
researchers (Dayananda et al. 2006), who noticed the influ-
ence of culture age, nitrogen source, and pH on the fatty acid
relative content in SAG 30.81 and LB 572 Botryococcus
strains (A chemical race). A beneficial aspect regarding the
future use of these strains as potential lipid sources is pointed
out by their ability to synthesize polyunsaturated fatty acids
(PUFAs—EPA and DHA). These two acids were identified in
significant percentages, 20.18 % for EPA (AICB 870) and
11.67% for DHA (AICB 872) (Table 4), when compared with
the best results (7.6 % for EPA) obtained by Ben-Amotz et al.
(1985) who studied the LB 572 strain. Even though our results
suggested the ability of B. terribilis strains to synthesize
significant amounts of PUFAs, we could not extend this

conclusion further to other studied strains. This remark is
based on two reasons: (i) the only B. terribilis strain studied
so far from this perspective (IBL-C115) produced neither EPA
nor DHA acid (Nascimento et al. 2013), and (ii) variations in
the relative amounts of fatty acids are known to occur when
growth parameters are modified (Dayananda et al. 2006).

Phylogenetic placement of the AICB strains based on SSU
rDNA and ITS2 fragments

Using the 18S rRNA genes, Weiss et al. (2010, 2011)
established the phylogenetic relationship between the three
chemical races and different strains of Botryococcus. Using
the same molecular marker, Kawachi et al. (2012) described
not only a fourth chemical race (S) but also subclades within
the B cluster, suggesting that “the genetic divergence of
Botryococcus genus is extremely high for it to be assigned
to just one species.” It most probably goes beyond the A, B,
and L classification, giving credit to the work of Komárek and
Marvan (1992), who noticed the variability of this genus
based on morphological criteria. Our phylogenetic analysis
based on 18S rRNA gene sequences revealed a single
subclade formed by the AICB strains in the race B clade,
together with Bot24 and Showa strains and a cluster separated
from other B-race sequences in the ITS2 sequence-structure
tree. Thus, all the AICB strains affiliated to B. terribilis based
on morphological grounds (the presence of mucilaginous
processes and the cells partially or completely embedded in
the matrix) formed a convincing clade in both phylogenetic
analyses we performed. Even if some authors contested the
stability of the morphological characters in designating new
species of Botryococcus (Plain et al. 1993), our findings lead
to the conclusion that the affiliation of the AICB strains to
B. terribilis based on morphological criteria reflects the phy-
logenetic reality. Interestingly, the 18S rRNA sequences of
two strains assigned to B. braunii (Showa and Bot24) were
placed in the same cluster with B. terribilisAICB strains. This
grouping might be due to the high level of phylogenetic
heterogeneity of the species B. braunii which leads to the
conclusion of Kawachi et al. (2012) that B. braunii should
be split into “at least two species.” Also, by using the ITS2
sequence-structure assay, we intended to strengthen the clus-
tering inferred by the 18S rRNA analysis. Unfortunately, the
number of ITS2 sequences available in the public database is
too low, and there is a need for more homologous sequences to
increase the resolution of the ITS2 phylogeny. The present
data suggest that the diversity of the genus Botryococcus is
still a provoking issue, and in order to widen the view of the
phylogenetic relationships among its strains, the 18S rRNA
approach have to be supported by additional molecular
markers (e.g., ITS1 and ITS2) corroborated by both morpho-
logical and biochemical observations.
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