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Abstract Botryococcus braunii (Chlorophyta, Botryococ-
caceae) is a colony-forming green microalga that produces
large amounts of liquid hydrocarbons, which can be
converted into transportation fuels. There are three different
races of B. braunii, A, B, and L, that are distinguished
based on the type of hydrocarbon each produces. Each race
also has many strains that are distinguished by the location
from which they were collected. While B. braunii has been
well studied for the chemistry of the hydrocarbon production,
very little is known about the molecular biology of B. braunii.
To begin to address this problem, we determined the genome
size of the A race, Yamanaka strain, and the L race, Songkla
Nakarin strain, of B. braunii. Flow cytometry analysis
indicates that the A race of B. braunii has a genome size
of 166.0±0.4 Mb, while the L race has a substantially larger

genome size at 211.3±1.7 Mb. We also used phylogenetic
analysis with the nuclear small subunit (18S) rRNA gene to
classify strains of the A and B races that have not yet been
compared evolutionarily to previously published B. braunii
phylogenetics. The analysis suggests that the evolutionary
relationship between B. braunii races is correlated with the
type of liquid hydrocarbon they produce.
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Introduction

Genome sizes of organisms have become an increasingly
important biological parameter with the onset of genome
sequencing projects. They are also beneficial to almost all
levels of biological sciences including evolution, ecology,
phylogenetics, and molecular biology (Bennett et al. 2000;
Bennett and Leitch 2005; Doležel and Bartos 2005). While
a large number of genome size estimates are now available
for photosynthetic organisms (∼6,000 reported genome
sizes, http://data.kew.org/cvalues/; Bennett and Leitch
2005), of the estimated 200,000 algae species (Chapman
2005), only about 300 algae have had genome sizes
determined (Kapraun 2005, 2007). Over half of these are
green algae. In recent years, interest has been renewed in
using green algae as source of biofuels for transportation
needs, and an improved understanding of algal molecular
biology will be required if green algae are to become a
viable source of biofuels (Chisti 2007, 2008). Determination
of genome sizes and phylogenetic relationships for more
green algae will help to lay the foundation for understanding
cellular processes of these organisms at the molecular level,
which is sorely lacking.
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Botryococcus braunii is a green colonial microalga with
the cells of the colony held together by an extracellular
matrix composed of a cross-linked aldehyde polymer core
(Maxwell et al. 1968; Knights et al. 1970; Metzger et al.
1993, 2008). Botryococcus braunii is well known for its
ability to produce large amounts of liquid hydrocarbons,
which are largely stored in the extracellular matrix. These
hydrocarbons can be processed into petroleum-equivalent
products for use in combustion engines (Banerjee et al. 2002).
These characteristics have made B. braunii attractive as a
potential source of renewable fuel.

Botryococcus braunii species are divided into three races
(A, B, and L), which are classified based on the chemical
nature of the liquid hydrocarbons produced. Alkadienes and
alkatrienes derived from fatty acids are produced in the A
race (Templier et al. 1984, 1991; Metzger et al. 1985a,
1986), the isoprenoid-derived triterpenes known as botryo-
coccenes are produced in the B race (Metzger et al. 1985a,
b, 1987, 1988), and the isoprenoid-derived tetraterpene
known as lycopadiene is produced in the L race (Metzger
and Casadevall 1987; Metzger et al. 1990). Interestingly, B.
braunii hydrocarbon oils from all three races have been
identified as major components of currently used petroleum
and coal deposits (Traverse 1955; Cane 1977; Moldowan
and Seifert 1980; Brassel et al. 1986; McKirdy et al. 1986;
Glikson et al. 1989; Mastalerz and Hower 1996; Stasiuk
1999; Testa et al. 2001; Audino et al. 2002; Summons et al.
2002; Adam et al. 2006).

In an effort to initiate a better molecular-level comprehen-
sion of B. braunii, we previously used a well-established
flow cytometry protocol (Johnston et al. 2004, 2005,
2007) to determine the genome size of the B race of B.
braunii, Berkeley strain (166.2±2.2 Mb; Weiss et al.
2010). Here, we have applied the same protocol to the A
race, Yamanaka strain, and the L race, Songkla Nakarin
strain, of B. braunii to determine their genome sizes. We
have also phylogenetically placed several new strains of
the B race and one A race using 18S rRNA gene
sequences.

Materials and methods

Details on the isolation of the Yamanaka strain of B.
braunii, A race, the Kawaguchi-1 and -2 and the Yayoi
strains, B race, have been previously reported (Okada et
al. 1995). The Songkla Nakarin strain of B. braunii, L
race (Metzger and Casadevall 1987; Metzger et al. 1990),
was obtained from the Algobank-Caen Microalgal Cul-
ture Collection, University of Caen Basse-Normandie,
France.

All algal cultures were illuminated using 13-W compact
fluorescent 65-K lighting at a distance of 7.62 cm, which

produced a light intensity of 280 μmol photons m−2 s−1.
Lighting was on a 12-h light/12-h dark cycle at 22.5°C. The
cultures were continuously aerated with filter-sterilized,
enriched air containing 2.5% CO2. Fifty mL of culture was
used to inoculate 750 mL of subsequent subcultures every
4 weeks. The cultures were grown in modified Chu 13
medium (Grung et al. 1989).

Algal protoplast production and nuclei isolation B.
braunii nuclei were isolated as previously described
(Weiss et al. 2010). Basically, 50 mg of frozen algal cells
was resuspended in 500 μL of cold Galbraith buffer
(Galbraith et al. 1983), and protoplasts were generated
using 1 mg of lyticase (Jazwinski 1990) (Sigma, USA).
The sample was then spread across a glass slide,
thoroughly chopped through with a new razor blade, and
incubated at room temperature for 30 min; the sample was
combined with the head from a female wild-type strain of
Drosophila virilis, which served as a standard (333.3 Mb)
(Gregory and Johnston 2008); nuclei were liberated using
a Kontes 2-mL Dounce tissue grinder; the mixture was
filtered with a 50-μm filter and stained with 50 ppm
propidium iodide (Sigma, USA) for 30 min at 4°C in the
dark.

Flow cytometry for genome size estimation Flow cytometry
on isolated nuclei was carried out using a Beckman
FACScan flow cytometer as previously described (Weiss
et al. 2010). To ensure that scoring included only intact
nuclei free from cytoplasmic tags, counting was activated
by red fluorescence, and only nuclei with low forward
and low side scatter were included in the analysis.
Samples were run to produce a total of at least 1,000
nuclei under each scored peak. DNA content was
determined from co-preparations of sample and standard
by multiplying the ratio of the mean peak fluorescence of
the diploid (2C) sample to the 2C mean fluorescent peak
of D. virilis times the genome size of the standard (1C=
333.3 Mb for D. virilis) (Gregory and Johnston 2008). A
total of three genome size estimations for each alga were
carried out over a 3-week period, and a 1C average and
standard error were calculated based on the produced
genome sizes.

rDNA amplification The B. braunii 18S rRNA genes were
amplified by polymerase chain reaction (PCR) from
genomic DNA that was extracted with Nucleon Phyto-
pure (GE Healthcare UK Ltd.) according to the manu-
facture’s protocol. The genomic DNA was then used as a
template to amplify the nuclear 18S rRNA gene by PCR
in two overlapping sections using the same combinations
of primers used by Sawayama et al. (1995); primer
combination 1, 5′-TACCTGGTTGATCCTGCCAGTAG
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and 5′-CCAATCCCTAGTCGGCATCGT, and primer
combination 2, 5′-AGATACCGTCGTAGTCTCAACCA
and 5′-ACCTTGTTACGACTTCTCCTTCCTC. PCR was
carried out with 1.25 units of Takara EX Taq polymerase
(Takara Bio Inc., Japan) in the supplied 1× PCR buffer,
0.4 mM dNTPs, 2 μM of each primer, and 1 μL (10 ng) of
genomic DNA in a final volume of 50 μL. PCR cycles
were as follows: one cycle with initial incubation at 98°C
for 10 s, annealing at 62°C for primer combination 1 or
59°C for primer combination 2 for 1 min, extension at 72°
C for 2 min, followed by 34 cycles of 94°C for 20 s, 62°C
(for primer combination 1) or 59°C (for primer combina-
tion 2) for 1 min, 72°C for 2 min, and a final incubation at
72°C for 5 min. PCR products were isolated from agarose
gels using MagExtractor (Toyobo Co. Ltd., Japan), blunt-
ligated into the EcoRV site of pBluescript II KS+
(Stratagene, USA), transformed into Escherichia coli
XL-1 Blue MRF’ strain (Stratagene) according to a
standard CaCl2 transformation procedure, and sequenced
on both strands by the dideoxy terminator method using a
Thermo Sequenase Primer Cycle Sequencing kit (GE
Healthcare, USA) in a Shimadzu DQ2000 DNA sequencer
(Shimadzu, Japan). The isolated B. braunii 18S rDNA
sequences reported here were deposited in GenBank: B
race strains Yayoi (accession HM245351), Kawaguchi 1
(accession HM245349), and Kawaguchi 2 (accession
HM245350) and A race strain Yamanaka (accession
HM245352).

Phylogenetic analysis The 18S rRNA gene sequences
used for phylogenetic analysis were those produced here
plus 34 obtained from GenBank based on accession
numbers given in Senousy et al. (2004) and Weiss et al.
(2010). The final 18S rRNA alignment used by Senousy et
al. (2004) for phylogenetic analysis was obtained from
TreeBASE (http://www.trebase.org/treebase/); a new align-
ment including the newly isolated 18S rRNA sequences
described here was produced using MEGA 4.1 (Tamura et
al. 2007).

Trees were constructed using MEGA 4.1 (Tamura et al.
2007), MrBayes (Hall 2001; Huelsenbeck and Ronquist
2001), and PhyMl 3.0 (Guindon and Gascuel 2003) as
previously described (Weiss et al. 2010). Trees were drawn
with MEGA 4.1 (Tamura et al. 2007) and TreeView (Page
1996). Data analysis methods included distance (neighbor-
joining and minimum evolution), maximum parsimony,
and likelihood (maximum likelihood and Bayesian
inference). All bootstrap analyses were carried out with
at least 500 replications each. All remaining parameters
were the same or equivalent to those found in Weiss et
al. (2010). The B. braunii rRNA alignments have been
submitted to TreeBASE (http://www.treebase.org/treebase/),
study accession no. S10552.

Results and discussion

Genome size determination of B. braunii, A race Yamanaka
strain and L race Songkla Nakarin strain

Using the Berkeley strain of the B. braunii B race, we
previously determined that flow cytometry was suitable for
genome size determination on B. braunii (Weiss et al.
2010). We used this same flow cytometry method to
estimate the genome sizes for the A and L races of B.
braunii. We found that the Yamanaka strain of the A race
has a genome size of 166.0±0.4 Mb (mean ± SE; n=2;
Fig. 1b). This translates to a 1C DNA content of 0.17 pg,
based on 1 pg of DNA=978 Mb (Doležel et al. 2003). The

Fig. 1 Flow cytometry analysis of B. braunii A and L races for
genome size determination. Diagrams show the number of nuclei with
differing levels of red fluorescence from propidium iodide binding to
DNA of a 2C and 4C nuclei of D. virilis, b 2C nuclei of B. braunii, A
race, Yamanaka strain and 2C and 4C nuclei of D. virilis, and c 2C
nuclei of B. braunii, L race, Songkla Nakarin strain and 2C and 4C
nuclei of D. virilis
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Songkla Nakarin strain of the L race has a genome size of
211.3±1.7 Mb (mean ± SE; n=5: Fig. 1c), which is equal to
a 0.22 pg 1C DNA content.

This A race genome size is nearly identical to that of the
B race (166.2±2.2 Mb; Weiss et al. 2010). However, the L
race genome size is substantially larger than the B and A
races. The significance to this difference between the L race
and the B and A races in terms of how these races diverged
is not clear at this time. However, in many organisms such
as flax, Arabidopsis, head lice, and Drosophila, there are
significant differences in genome sizes between different
strains of the same species, and these differences can be
used to draw evolutionary relationships (Cullis 2005; Bosco
et al. 2007; Davison et al. 2007; Johnston et al. 2007;
Biemont 2008; Gregory and Johnston 2008). Unfortunately,
there is not enough information on B. braunii genome sizes
to allow such evolutionary comparisons. This will require a
wider sampling of genome sizes for the different strains
within each race of B. braunii. Since our genome size
analysis included only one representative from each race of
B. braunii, additional genome size determinations may also
indicate that other strains of the A and B race have genomes
of similar size to the L race. Therefore, the differences

between the races shown here should be considered with
caution before further analysis can be carried out.

While genome sizes of green algae vary greatly (9.8–
1,040 Mb; Kapraun 2005, 2007), the size of the B. braunii
genomes shown here and in our previous studies (Weiss et
al. 2010) are larger than those of all sequenced algal
genomes. The closest genome sizes to B. braunii are that of
Chlamydomonas reinhardtii at 120 Mb (Merchant et al.
2007) and Volvox carteri at 138 Mb (Prochnik et al. 2010).
This makes it interesting to speculate about the reasons for
the increased B. braunii genome size in comparison to these
sequenced algal genomes. One possibility is gene number,
which ranges from ∼5,300 in the 16.5-Mb genome of
Cyanidioschyzon merolae (Matsuzaki et al. 2004) to
∼14,500 in the 120- and 138-Mb genomes of V. carteri
and C. reinhardtii, respectively. Thus, there appears to be a
general correlation between genome size and gene number,
and B. braunii may have a larger number of genes. Another
possibility for the increased genome size of B. braunii as
compared to other sequenced algae is a phenomenon we
have noticed when cloning genes from B. braunii; its genes
have a 3′ untranslated region (UTR) much larger than that
of genes from other organisms. For example, the 3′ UTR of

Fig. 2 Bayesian inference phylogenetic tree of 18S rRNA sequences.
Sequences are identified by their corresponding GenBank, DDJB, or
EMBL accession numbers and organism name. Branching credibility
percentages from the Bayesian inference (left), maximum likelihood
method (middle), and bootstrap maximum parsimony (right) are listed.
Where differential branching from the Bayesian inference method

occurs, confidence values for the dissenting method is represented by
a dash. The focuses of this study, B. braunii, B race strains Yayoi
(HM245351), Kawaguchi-1 (HM245349) and Kawaguchi-2
(HM245350), and A race strain Yamanaka (HM245352) are shown
in bold. The scale bar is for 0.1 substitutions per site
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squalene synthase from B. braunii is 1,009 bp (Okada et al.
2000) while the 3′ UTR of tobacco (Devarenne et al. 1998)
and Arabidopsis (Kribii et al. 1997) squalene synthase is
279 and 261 bp, respectively. In any case, full genome
sequencing will reveal the true nature of the content of the
B. braunii genome.

Phylogenetic placement of the B. braunii races

In order to widen the view of the phylogenetic relationships
between the different races and strains of B. braunii, we
have isolated the 18S rDNA sequences from three
additional strains of the B race (Yayoi, Kawaguchi-1, and
Kawaguchi-2; Okada et al. 1995) and one strain of the A
race (Yamanaka; Okada et al. 1995). Our current phyloge-
netic analysis followed that of Weiss et al. (2010). Initially,
the new B. braunii 18S rDNA sequences were analyzed in
comparison to the 24 chlorophycean and 26 trebouxiophy-
cean species in Weiss et al. (2010) and showed that these
new B. braunii sequences are placed in the class Treboux-
iophyceae (not shown). This is in agreement with previous
studies that show all races of B. braunii belong to
Trebouxiophyceae (Senousy et al. 2004; Weiss et al.
2010). Next, we focused the phylogenetic analysis on the
distribution of B. braunii within Trebouxiophyceae. The
phylogenetic tree based on the Bayesian inference method
is shown in Fig. 2 with bootstrap values from Bayesian
inference, maximum likelihood, and maximum parsimony
shown. Previous phylogenetic analysis has shown that B.
braunii forms a monophyletic group in Trebouxiophyceae
with two lineages: one containing the A race and one
containing the B and L races (Sawayama et al. 1995; Senousy
et al. 2004; Weiss et al. 2010). Including the new B. braunii
18S rDNA sequences strengthens this clustering by
showing that the Yamanaka strain of the A race clusters
with the Titicaca strain of the A race (Fig. 2). The
Kawaguchi strains of the B race cluster together, while
the Yayoi strain of the B race clusters with the Ayamé
strain of the B race (Fig. 2).

Interestingly, the B race and L race of B. braunii are
found within the same lineage of our phylogenetic analysis,
suggesting a close evolutionary relationship. It has been
suggested this relationship relates to the commonality of an
isoprenoid-based hydrocarbon produced by these races
(Senousy et al. 2004; Weiss et al. 2010). However, their
genome sizes are significantly different (Fig. 1b, c), which
questions this close phylogenetic relationship. It is also
questioned by the finding that the chemical composition of
the A and B race cell walls are very similar, while the L
race has a distinctly different cell wall chemical composi-
tion (Derenne et al. 1989; Behar et al. 1995). The B and L
race phylogenetic relationship can be clarified in the future
by obtaining 18S rDNA sequences from additional L race

strains for phylogenetic analysis as well as a wider analysis
of genome sizes for the different races and strains of
B. braunii.

These and our previous studies (Weiss et al. 2010) have
begun to lay the foundation for increasing our knowledge
about B. braunii molecular biology and determining the
evolutionary relationships between and among the B. braunii
races. More in-depth analysis of this kind will be invaluable
in moving B. braunii forward as a feasible alga for biofuel
production.
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