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We report the genome size and the GC content,
and perform a phylogenetic analysis on Botryococcus
braunii Kiitz., a green, colony-forming, hydrocarbon-
rich alga that is an attractive source for biopetro-
leum. While the chemistry of the hydrocarbons
produced by the B race of B. braunii has been
studied for many years, there is a deficiency of infor-
mation concerning the molecular biology of this
alga. In addition, there has been some discrepancy
as to the phylogenetic placement of the Berkeley (or
Showa) strain of the B race. To clarify its classifica-
tion, we isolated the Berkeley strain nuclear SSU
(18S) rRNA gene and B-actin cDNA and used these
sequences for phylogenetic analysis to determine
that the Berkeley strain belongs to the Trebouxio-
phyceae class. This finding is in agreement with
other B races of B. braunii, indicating the Berkeley
strain is a true B race of B. braunii. To better under-
stand molecular aspects of B. braunii, we obtained
the Berkeley strain genome size as a first step in
genome sequencing. Using flow cytometry, we deter-
mined the B. braunii Berkeley genome size to be
166.2 + 2.2 Mb. We also estimated the GC content
of the Berkeley strain as 54.4 + 1.2% for expressed
gene sequences.
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B. braunii is a green, colonial microalga with
unique liquid-hydrocarbon biosynthetic capabilities
that have made this organism a promising source of
renewable hydrocarbon fuels. The cells of a B. brau-
nit colony are held together by an extracellular
matrix composed of a polymer core of aldehydes
derived from very long-chain fatty acids (Maxwell
et al. 1968, Knights et al. 1970). Although some B.
braunii liquid hydrocarbons can be found intracellu-
larly, most liquid hydrocarbons are retained within
the colony extracellular matrix.

Three distinct races of B. braunii (A, B, and L)
are classified by the type of hydrocarbons occurring
in the extracellular matrix. The A race accumulates
the fatty acid-derived alkadienes and alkatrienes,
while the L race accumulates the tetraterpene lyco-
padiene. The focus of this study, the B race, accu-
mulates the triterpenoid hydrocarbons known as
botryococcenes (Banerjee et al. 2002, Metzger and
Largeau 2005).

B. braunii possesses many characteristics that
make it attractive as a biofuel feedstock source.
B. braunii has been observed forming massive, dense
freshwater blooms, and it is suggested that B. brau-
nii oils have contributed to oil deposits throughout
the world (Traverse 1955, Gelpi et al. 1968, Wake
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and Hillen 1980, 1981). Large quantities of botryo-
coccene derivatives, originating from the B race, are
found in current petroleum deposits (Moldowan
and Seifert 1980). In addition, botryococcenes can
be processed by the same methods used on petro-
leum (caustic hydrolysis) to yield petroleum equiva-
lent products including gasoline, diesel, and
kerosene (jet fuel) (Hillen etal. 1982, Kitazato
et al. 1989). Finally, the B. braunii B-race strains typ-
ically accumulate hydrocarbons to 30%-40% of
their dry weight and are capable of obtaining
hydrocarbon contents up to 86% dry weight (Brown
et al. 1969).

Some disagreement exists about the phylogenetic
placement of the Berkeley strain of B. braunii. Cell
morphology was the original standard used to estab-
lish B. braunii taxonomy (Komarek and Marvan
1992). Subsequent studies have been based on
molecular phylogenetics using nuclear SSU (18S)
rRNA genes (Sawayama et al. 1995, Senousy et al.
2004). The first molecular phylogenetic studies
placed the Berkeley strain of B. braunii race B within
the class Chlorophyceae (Sawayama etal. 1995).
However, a follow-up study using the 18S rRNA
gene sequences from one B race (Ayamé strain),
two A races (CCAP 807/1 and Titicaca strains), and
one L race (Songkla Nakarin strain) of B. braunii
placed these races in the class Trebouxiophyceae
(Senousy et al. 2004). This study by Senousy et al.
(2004) included the original Berkeley strain 18S
rRNA gene sequence from Sawayama et al. (1995)
and left the Berkeley strain in the Chlorophyceae
(Senousy et al. 2004). This placement of the Berke-
ley strain in the Chlorophyceae is possibly an arti-
fact, since the original 18S rRNA gene isolated
(Sawayama et al. 1995) was likely amplified from a
contaminating alga belonging to the Chlorophyceae
(Senousy et al. 2004).

Remarkably, of the estimated 200,000 algae spe-
cies worldwide (Chapman 2005), only six species
have had their genomes fully sequenced and anno-
tated (Matsuzaki et al. 2004, Misumi et al. 2008). As
a group, algae may be the only photosynthetic
organisms capable of producing enough biofuel to
meet transportation fuel demands (Chisti 2007,
2008a,b). However, algae are currently not able to
meet oil production needs primarily due to a lack
of a molecular-level understanding of algal cellular
processes, which would allow genetic manipulation
for increased oil production, growth rates, and/or
photosynthetic capabilities (Chisti 2007). Genome
sequencing of additional algal species will lay the
foundation to better understand their molecular
biology. As a beginning step in obtaining the
B. braunii genome sequence, we have determined
the genome size and GC content estimate of the
Berkeley strain of B. braunii race B. We have also
confirmed the phylogenetic placement of the Berke-
ley strain in the class Trebouxiophyceae with the
other B. braunii.

MATERIALS AND METHODS

Culturing of algae. A pure culture of B. braunii Berkeley
(Showa) B race (Nonomura 1988) was obtained through a
combination of culture dilution with sterilized media and
isolation of individual colonies under a microscope, which
were transferred to fresh, sterile media for growth. Cultures
were grown in modified Chu 13 media (Grung et al. 1989)
using 13 W compact fluorescent 65 K lighting at a distance of
7.62 cm, which produced a light intensity of 280 pmol pho-
tons - m™2 - s, Lighting was a cycle of 12:12 light:dark (L:D)
at 22.5°C. The cultures were continuously aerated with filter-
sterilized, enriched air containing 2.5% COo. Fifty milliliters of
culture was used to inoculate 750 mL of subsequent subcul-
tures every 4 weeks. The remaining culture volume was
harvested by vacuum filtration using 35 uM nylon mesh
(Aquatic Ecosystems Inc., Apopka, FL, USA). The accumulated
colonies were rinsed with sterilized dHsO, frozen in liquid
nitrogen, and stored at —80°C for future analysis.

rDNA amplification. To reproduce the experiments carried
out by Sawayama et al. (1995), the B. braunii Berkeley 18S
rRNA gene was amplified by reverse transcription-PCR (RT-
PCR) using total RNA. An algal sample from a pure Berkeley
culture was ground in a mortar and pestle chilled with liquid
nitrogen, and total RNA isolated by the SDS/LiCl method
(Lopez-Gomez and Gomez-Lim 1992, Okada et al. 2000). First-
strand cDNA was synthesized from total RNA using Superscript
II (Invitrogen, Carlsbad, CA, USA) and random hexamers. The
first-strand cDNA 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 1,5TACCTGGTTGATCC-
TGCCAGTAG and 5-CCAATCCCTAGTCGGCATCGT; and
primer combination 2, 5-~AGATACCGTCGTAGTCTCAACCA
and 5-ACCTTGTTACGACTTCTCCTTCCTC. PCR was carried
out with 1 unit of KOD plus DNA polymerase (Toyobo Co.,
Ltd., Osaka, Japan) in the supplied 1x PCR buffer, 1 mM
MgSOy, 0.2 mM dNTPs, 0.3 uM of each primer, and 1 uL of
first-strand cDNA in a final volume of 50 pL.. PCR cycles were as
follows: initial incubation at 94°C for 2 min followed by 30
cycles of 94°C for 155, 61°C (for primer combination 1) or
59°C (for primer combination 2) for 30 s, and 68°C for 2 min.
PCR products were isolated from agarose gels using MagEx-
tractor (Toyobo), blunt ligated into the EcoRV site of pBlue-
script I KS+ (Stratagene, La Jolla, CA, USA), transformed into
Escherichia coli X1-1 Blue MRF’ strain (Stratagene) according to
a standard CaCl, transformation procedure, and sequenced on
both strands by the dideoxy-terminator method using a
Thermo Sequenase Primer Cycle Sequencing kit (GE Health-
care, Piscataway, NJ, USA) in a Shimadzu DQ2000 DNA
sequencer (Shimadzu, Kyoto, Japan). The isolated B. braunii
Berkeley 18S rDNA sequence reported here was submitted to
GenBank, accession number FJ807044.

Cloning of f-actin ¢cDNA. The B. braunii Berkeley B-actin
c¢DNA was isolated using standard PCR techniques as described
above with 1 uL. of a 1:100 dilution of a B. braunii Berkeley
cDNA library (Okada et al. 2000) as a template, degenerate
primers based on plant actin sequences, and Taq polymerase
(Toyobo). Degenerate primer sequences were as follows:
forward primer, 5-ATGACGCARATHATGTTYGAR; reverse
primer, 5-CCACATYTGYTGRAANGT. PCR cycles were as
follows: initial incubation at 94°C for 4 min followed by 30
cycles of 94°C for 30 s, 43°C for 30 s, and 72°C for 1 min, and
one final cycle of 72°C for 7 min. The generated 699 bp PCR
product was gel purified, blunt-end cloned, and sequenced as
described above for the 18S rRNA gene. The resulting B. braunii
Berkeley B-actin sequence was submitted to GenBank, acces-
sion number GU049780.

Phylogenetic analysis. The 18S rRNA gene sequences used
for phylogenetic analysis were those produced here plus 58
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obtained from GenBank based on accession numbers given in
Senousy et al. (2004). The final 18S rRNA alignment used by
Senousy et al. (2004) for phylogenetic analysis was obtained
from TreeBASE (http://treebase.org/treebase/); a new align-
ment including the newly isolated B. braunii Berkeley 185 rRNA
cDNA sequence (accession FJ807044) was produced using
MEGA 4.1 (Tamura et al. 2007). The B-actin gene sequences
used for phylogenetic analysis are that produced here plus
the following sequences obtained from GenBank: AB080314.1
(Trebouxia erici), AB046453.1 (Nannochloris sp. SAG 251-2),
AB046457.1 (Parachlorella  kessleri), AB046451.1 (Marvania
coccoides), AB292587.1 (Marvania geminate), 3107918 (Nannochl-
oris  bacillaris), AB080313.1  (Chlorella  vulgaris, actin-2),
AB080312.1 (Chlorella vulgaris, actin-1), AB292588.1 (Lobosphaer-
opsis lobophora), ABO80311.1 (Chlorella sorokiniana), AB053215.1
(Pseudochlorella sp. CCAP 211/1A), 915193 (Chlamydomonas
reinhardtii), 14719361 (Dunaliella salina), 170648 (Volvox carteri),
34581635 (Chlamydomonas moewusii), AF061018.1 (Scherffelia
dubia), and 50355608 (Ulva pertusa). Organism synonyms reflect
current species taxonomies as identified by DNA Data Bank of
Japan (DDBJ)/European Molecular Biology Laboratory
(EMBL)/GenBank accession number at the time of publishing.

Trees were constructed using MEGA 4.1 (Tamura et al.
2007), MrBayes (Hall 2001, Huelsenbeck and Ronquist 2001),
and PhyMI 3.0 (Guindon and Gascuel 2003). Trees were drawn
with MEGA 4.1 (Tamura et al. 2007) and TreeView (Page
1996). Data analysis methods included distance (neighbor
joining [NJ] and minimum evolution [ME]), maximum parsi-
mony (MP), and likelihood (maximum likelihood [ML] and
Bayesian inference [BI]). For rRNA phylogeny, sequences of
Nephroselmis olivacea and Pseudoscourfieldia marina remained the
rooted outgroup (Senousy et al. 2004), and for B-actin phylog-
eny, sequences of Scherffelia dubia and Ulva pertusa provided the
rooted outgroup. All bootstrap analyses were carried out with
500 replications each. All methods were applied with the
default model of their respective programs, with the exception
of ML, which was tested using both the HKY85 and generalized
time-reversible (GTR) substitution models. The B-actin phylog-
eny was additionally assessed using translated amino acid
sequences and nucleotide sequences excluding codon third
positions. All remaining parameters were the same or equiva-
lent to those found in Senousy et al. (2004). The B. braunii
Berkeley rRNA and -actin alignments have been submitted to
TreeBASE (study accession no.: S2526; matrix accession no.:
M4827, M4828).

Flow cytometry for genome size estimation. Genome size was
estimated using a procedure modified from Johnston et al.
(2004, 2005, 2007). Fifty milligrams of frozen B. braunii cells
was resuspended in 500 pL of Galbraith buffer. This solution
was treated with 1 mg of lyticase (Sigma, St. Louis, MO, USA) at
room temperature with occasional gentle mixing for 20 min.
The mixture was then spread across a glass slide, and the
aggregated cells thoroughly chopped through with a new razor
blade. The liquid was collected from the glass slide and was
then passed through a 50 um filter and diluted with Galbraith
buffer (Galbraith et al. 1983) to 1 mL. The sample was then
combined with the head from a female wildtype strain of
Drosophila virilis, which served as a standard (2C = 333.3 Mb;
Gregory and Johnston 2008). Clean, isolated nuclei from the
algae and standard were released by grinding the chopped
algae plus the D. virilis head in Galbraith buffer using 15
strokes of the A pestle in a Kontes 2 mL Dounce homogenizer.
A D. virilis-only control was similarly prepared. The mixture
was passed through a 50 pm filter, stained with 50 ppm
propidium iodide (PI; Sigma), incubated for 30 min at 4°C
in the dark, and run on a Beckman/Coulter Elete flow
cytometer (Beckman/Coulter, Brea, CA, USA) with the laser
emitting 25 mW of exciting light at 488 nm. Red fluorescence
from PI (intercalated into the DNA of the 2C and 4C nuclei of

D. wvirilis and sample) was detected using a high bandpass filter
(615 nm). DNA content was determined by multiplying the
ratio of the mean peak fluorescence of the 2C sample by that of
the standard times 333.3 Mb. Nine Berkeley genome size
estimations were carried out over a 3-week period, and a 1C
average and standard error calculated based on the produced
genome sizes.

GC-content analysis. A B. braunii cDNA library was previously
created using a ZAP-cDNA Synthesis Kit (Stratagene; Okada
et al. 2000). The library was plated, 15 random clones isolated,
the contained cDNA sequenced using BigDye Terminator cycle
sequencing (Applied Biosystems, Foster City, CA, USA), and
gene identity determined using BLAST (Altschul et al. 1990)
against the GenBank database. The 15 sequences showed high
similarity with known or putative genes of green algae, most
notably Chlamydomonas reinhardtii. These 15 genes were ana-
lyzed using the DNA sequence analysis program Seqool
(http://www.biossc.de/seqool/index.html), and the bases
were summed (>25 kb total) to obtain a percent GC content
and standard error for the overall GC content.

RESULTS AND DISCUSSION

Phylogenetic placement of B. braunii Berkeley. Based
on the DNA sequences of rRNAs (rDNA sequence),
previous studies have shown that the Berkeley strain
of the B race of B. braunii is phylogenetically distinct
from the other B. braunii (Sawayama et al. 1995, Sen-
ousy et al. 2004). However, it had been suggested
that the 18S rDNA sequence used for this analysis
was isolated from an alga other than B. brauni
Berkeley that was a contaminant in the culture (Sen-
ousy et al. 2004). Thus, we generated a monoculture
of the Berkeley strain of B. braunii and used RT-PCR
to isolate an 18S rDNA sequence from B. braunii
Berkeley. DNA alignments indicate that the newly
isolated Berkeley 18S rDNA sequence (accession
FJ807044) is distinct from the original Berkeley 18S
rDNA sequence (accession X78276; Sawayama et al.
1995; Fig. S1 in the supplementary material). This
result supports the suggestion that the original
Berkeley 18S rDNA sequence was from a contaminat-
ing algae species, probably from the Dunaliella clade
in the Chlamydomonadales (Sawayama et al. 1995).

To further support that our newly isolated
B. braunii Berkeley 18S rDNA sequence does indeed
originate from a B. braunii strain, we performed a
phylogenetic analysis similar to that of Senousy et al.
(2004) using NJ, ME, ML, BI, and MP methods. All
five methods gave nearly identical results overall
(data not shown). The phylogenetic tree based on
the ML method is shown in Figure 1 with bootstrap
values from ML, BI, and MP shown. This analysis
shows that the original Berkeley 18S rDNA sequence
(accession X78276) clusters within the Dunaliella
clade of the class Chlorophyceae as was reported
earlier (Fig. 1; Senousy et al. 2004). Our new Berke-
ley 18S rDNA sequence (accession FJ807044) was
placed in a cluster with the other B. braunii 18S
rDNA sequences forming a monophyletic group
within the class Trebouxiophyceae (Fig. 1). As
reported previously (Senousy et al. 2004), B. braunii
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F1c. 1. Maximum-likelihood (ML) phylogenetic tree of 18S rRNA sequences. Sequences are identified by their corresponding Gen-
Bank, DNA Data Bank of Japan (DD]B), or European Molecular Biology Laboratory (EMBL) accession numbers and organism name.
Branching credibility percentages from the ML method (left), Bayesian inference (middle), and bootstrap maximum parsimony (right)
are listed. Where differential branching from the ML method occurs, confidence values for the dissenting method are represented by a
dash. The focus of this study, Botryococcus braunii Berkeley (FJ807044 and X78276), is shown in bold. The scale bar is for 0.1 substitutions
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forms two lineages within this group—one contain-
ing the A race, and one containing the B and L
races (Fig. 1). This coincides with the nature of the
hydrocarbons produced by these races (Senousy
et al. 2004). The A race produces fatty acid—derived
hydrocarbons, while the B and L races produce iso-
prenoid-based hydrocarbons (Banerjee et al. 2002,
Metzger and Largeau 2005). Importantly, our new
B. braunii Berkeley 18S rDNA sequence forms a line-
age with the B race, Ayamé strain, separate from
that of the L race, Songkla Nakarin strain, which
was not given in the previous analysis (Fig. 1;
Senousy et al. 2004).

To further support our contention that we are
working with a monoculture, we isolated the B-actin
cDNA from our B. braunii Berkeley strain cultures
and used this sequence for phylogenetic analysis
using ML, BI, and MP. The phylogenetic tree based
on ML is shown in Figure 2 and indicates that the
B. braunii Berkeley sequence groups with other
algae from the Trebouxiophyceae confirming the
placement of B. braunii Berkeley based on our 18S
rDNA sequence. We were not able to speculate on
the relationship of the Berkeley strain with other

races of B. braunii as B-actin sequences from other
races and strains of B. braunii were not available.
Taken together, our phylogenetic analyses give
strong evidence that the Berkeley strain we have
used in our analysis is indeed a pure culture of
B. braunii B-race strain and belongs in the class
Trebouxiophyceae.

Genome size determination of B. braunii Berkeley. To
make algae a viable source of oil for production of
biofuels, more information is needed about the
molecular biology of these organisms to understand
basic cellular processes (Chisti 2007). Toward this
end, we used flow cytometry (Johnston et al. 2004,
2005, 2007) to estimate the genome size of B. braunii
Berkeley as a first step in determining the whole
genome sequence of the Berkeley strain. We observed
that B. braunii Berkeley has a genome size of
166.2 + 2.2 Mb (mean + SE; n = 7; Fig. 3). This trans-
lates to a 1C DNA content of 0.17 pg, based on 1 pg
of DNA = 980 Mb (Bennett et al. 2000).

The estimated B. braunii Berkeley genome size is
larger than any of the six completed and annotated
algal genomes: Chlamydomonas reinhardtii, 121.0 Mb;
Osterococcus tauri, 12.6 Mb; Osterococcus lucimarinus,

F16. 3. Flow cytometry analysis
of Botryococcus braunii Berkeley for
genome size determination. Dia-

grams show the number of nuclei
with differing levels of red fluores-
cence from propidium iodide

binding to DNA of (A) 2C nuclei
B of B. braunii Berkeley, and 2C and
4C nuclei of Drosophilia virilis; and
(B) 2C and 4C nuclei of D. virilis
only.
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13.2 Mb; Cyanidioschyzan merolae, 16.5 Mb; Thalassiosira
pseudonana, 31.3 Mb (Misumi etal. 2008); and
Phaeodactylum tricornutum, 26.5 Mb (Bowler et al.
2008). Of these, only C. reinhardtii and O. tauri are
green algae (Chlorophyta), and none of them is from
the Trebouxiophyceae. The B. braunii Berkeley
genome size is closer to the green algae Volvox carteri
(Chlorophyceae) genome (140 Mb), which has a
draft sequence completed (http://genome.jgi-psf.
org/Volcal /Volcal.home.html).

The genome size is not inconsistent with our phy-
logenetic placement of B. braunii Berkeley. On aver-
age, Trebouxiophyceae genome sizes (20-1,040 Mb)
are larger than those of Chlorophyceae (9.8-
588 Mb; Kapraun 2007). The B. braunii Berkeley
genome size falls in the middle of each of these
ranges. It has been proposed that relationships
among algal genome sizes may be more related to
ontogeny and reproductive modes rather than phy-
logenetic correlations (Kapraun 2005). Unfortu-
nately, there is little to no information available on
developmental processes or sexual cycles of B. brau-
nii, which may be used to draw relationships among
other known algal genome sizes. However, evolu-
tionary relationships between very closely related
organisms may be inferred from differences in gen-
ome sizes. For example, it is well established that
there are genome size differences between species
of closely related organisms such as fruit flies
(Vieira et al. 2002, Bosco et al. 2007, Biemont 2008,
Gregory and Johnston 2008). There is also increas-
ing evidence that there are statistically significant
differences in genome sizes between different
strains of the same species (Cullis 2005, Bosco et al.
2007, Davison etal. 2007, Johnston etal. 2007,
Biemont 2008, Gregory and Johnston 2008). Thus,
the identification of the B. brauni: Berkeley genome
size lays the foundation for comparative genome
size analysis between races and strains of B. braunii.

Genome GC  content determination of B. braunii
Berkeley. We estimated the GC content of B. braunii
Berkeley using the coding sequences of 15 cDNAs
randomly isolated from a cDNA library produced
previously by us (Okada et al. 2000). The estimated
GC content of these genes was determined to be
54.4 + 1.2%. This estimate is likely to be slightly lower
when introns are included in the analysis from
genome sequencing since introns tend to be AT rich.
For example, the whole genome of the green algae
C. reinhardtii has a 64% GC content, while the
expressed gene GC content of C. reinhardtii is 68%
(Merchant et al. 2007).

Typical GC content for eukaryotic organisms is
generally in the range of 30%-40%, with an upper
limit for vertebrates and higher plants of 46%
(Vinogradov 1994, 1998, Barow and Meister 2002,
Meister and Barow 2007). Green algae tend to have
genome GC content higher than most eukaryotes
and rarely below 50%, but it can be as high as
71% (Monoraphidium minutum; Jarvis et al. 1992,

Leon-Banares et al. 2004). All of the fully sequenced
green algae genomes have a GC content of at least
58% (Misumi et al. 2008). Thus, the calculated GC
content value of 54 + 1.2% for B. braunii Berkeley is
within the predicted range for green algae.

Our data presented here show that, based on
genome size and GC content, the full sequence of
the B. braunii Berkeley genome is an obtainable goal,
especially since these parameters are within the range
of other sequenced algal genomes. The information
obtained from the Berkeley genome will aid in under-
standing the molecular mechanisms employed by
this organism for such processes as hydrocarbon
biosynthesis, the cell cycle, and photosynthesis.
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Figure S1. Alignment of 18S rDNA sequences
from the original B. braunii Berkeley report (Saway-
ama etal. 1995) and the B. braunii Berkeley
sequence reported here. Sequences were aligned
using ClustalW. Accession numbers: original
Berkeley sequence: X78276; Berkeley sequence
reported here: FJ807044.

This material is available as part of the online
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Supplemental Figure S1. Alignment of 18S rDNA sequences from the original B. braunii, Berkeley
report (Sawayama et al. 1995) and the B. braunii, Berkeley sequence reported here. Sequences
were aligned using ClustalW. Accession numbers: original Berkeley sequence: X78276; Berkeley
sequence reported here: FI807044.
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