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Abstract

To gain genetic insights into the biosynthesis of botryococcene oils in Botryococcus
braunii race B, a transcriptome dataset of the BOT-22 strain containing 27,427
non-redundant sequences assembled from 209,429 complementary DNA reads was
obtained via high-throughput 454 sequencing. Relatively reliable prediction of the gene
product was feasible for 725 non-redundant sequences based on homology to previously
characterized database sequences. Regarding the botryococcene oil biosynthesis, genes
putatively associated with the mevalonate-independent isoprenoid biosynthesis pathway
were retrieved, while no genes were found for the mevalonate pathway, suggesting that
botrococcenes are biosynthesized through the mevalonate-independent pathway in B.

1

braunii. All transcriptome sequences have been deposited in the
GenBank/EMBL/DDBJ database.
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1. Introduction

The photosynthetic alga Botryococcus braunii produces extraordinarily large
amounts of hydrocarbon oils. B. braunii strains are grouped into different races, namely,
race A, B, and L, depending on the types of liquid hydrocarbons they produce. The race
A strains produce alkadienes and alkatrienes, while the race B strains produce
triterpenoid hydrocarbons named botryococcenes and methylated squalenes. The race L
strains synthesize tetraterpenes referred to as lycopadienes (reviewed in Banerjee et al.,
2002; Metzger and Largeau, 2005).
Isopentenyl-diphosphate (IPP) is required for the race B hydrocarbon
biosynthesis. IPP is known to be biosynthesized through the mevalonate-independent
(MVI) pathway rather than the mevalonate (MVA) pathway in race B strains of B.
braunii (Sato et al., 2003). Subsequently, triterpenes are formed from IPP and its isomer
dimethylallyl-diphosphate (DMPP) through the triterpene synthesis pathway. Squalene
synthase-like enzymes catalyze the C30 botryococcene formation (Niehaus et al., 2011).
Then the C30 botryococcenes are often methylated using S-adenosyl methionine (SAM)
as a methylating agent (Wolf et al., 1985). The genes encoding enzymes associated with
the hydrocarbon oil biosynthesis are largely unknown with only few exceptions

2

including the squalene synthase gene (Okada et al., 2000; Niehaus et al., 2011).
In this study, expressed sequence tags (ESTs) of a representative race B strain
of B. braunii, BOT-22, was anlyzed. The BOT-22 strain was used because of its
excellence in both growth and oil productivity. This strain produces a
triterpenoid-derived C34H58 hydrocarbon (personal communication with Takako Tanoi,
Masanobu Kawachi, and Kunimitsu Kaya).

2. Materials and Methods

The original axenic culture of the BOT-22 strain of B. braunii was provided
from Dr. Masanobu Kawachi (National Institute for Environmental Studies). The cells
were grown as described in Ioki et al. (2011, this issue) with bubbling of filtered air.
Cells were harvested using a 5-μm filter and immediately frozen in liquid nitrogen.
The Genome Sequencer-FLX System (Roche diagnostics, Basel, Switzerland)
was used for the EST acquisition. Total RNA was extracted from cells harvested from a
250-ml culture using RNeasy Plant Mini Kit (Qiagen Inc., Chatsworth, CA, USA).
Contaminating DNA was eliminated using RNase-Free DNase Set (Qiagen Inc.).
Amplification of antisense RNA (aRNA) was performed as described by Vega-Arreguín
et al. (2009) using 2 μg of total RNA. Reverse transcription was performed using 10 μg
of aRNA and random 6mers. Then double-stranded cDNA was sytnthesized using
biotinylated oligo(dT) primers with the GS-FLX adaptor. The aRNA-derived cDNA
was fragmented by sonication and separated by electrophoresis on an agarose gel.
Fragments of 300 to 800 bp were excised out of the gel. Then, 3’-terminal fragments
were collected using streptavidin-coated magnetic beads (Dynal, Invitrogen, Carlsbad,
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CA). On the 5’-ends of these fragments, the other GS-FLX adaptors were conjugated.
sstDNA was collected using magnetic beads. The resulting cDNA library was
quantified by fluorometry (Quant-iT Ribogreen, Invitrogen), clonally amplified by
emulsion PCR and sequenced according to the standard procedures for 454 sequencing.
The cDNA reads were filtered, clustered, and assembled into non-redundant sequences
using the Paracel TranscriptAssemblerTM Version 2.6 software (Paracel, Pasadena, CA)
under the auspices of the Dragon Genomics Center, Takara Bio Co. Ltd, Japan.
The non-redundant sequences were annotated and classified into different
functional categories using the Kyoto Encyclopedia of Genes and Genomes (KEGG)
Automatic Annotation Server (KAAS) program (Moriya et al., 2007) based on the
BLASTX algorithm. The EST count for each hydrocarbon biosynthesis-related gene
was determined according to the enzyme nomenclature (accepted and alternative
names) of the BLASTX search hits from the nr database (ver. 2009.01.09) compiled by
National Center for Biotechnology Information (NCBI) using the EST Viewer software
(Dragon Genomics Center, Takara Bio Co. Ltd, Japan). All the BLASTX searches were
performed with cutoff bit score of 50, which corresponds to the e-value of
approximately 1 x 10-5.

3. Results and Discussion

The pyrosequencing generated 209,429 cDNA reads. Majority of the cDNA
reads were of 200 to 300 bases in length. The average length of reads was 202 bases
(Fig. 1a). The cDNA reads are available in the DDBJ Sequence Read Archive
(http://trace.ddbj.nig.ac.jp/dra/index_e.shtml) as DRR000584.
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By assembling the cDNA reads, 27,427 non-redundant sequences of up to over
2 kb in length were retrieved. The average length of non-redundant sequences was 267
bases (Fig. 1b). Majority of the non-redundant sequences consisted of a single cDNA
read, while some non-redundant sequences consisted of more than 2,000 cDNA reads
(Fig. 1c). For 725 non-redundant sequences, the gene functions were successfully
predicted based on homology to previously characterized genes of other organisms
(Table S1). More than 50% of the 725 non-redundant sequences were predicted to be
associated with metabolism, and many of the metabolic genes were predicted to be
associated with terpenoid biosynthesis and steroid biosynthesis, reflecting the
triterpene-producing nature of the BOT-22 strain (Table 1). The non-redundant
sequences can be found in the DDBJ database (http://www.ddbj.nig.ac.jp/index-e.html)
under accession numbers FX085123 through FX 112549.
The top 30 abundant ESTs were listed in Table 2. ESTs for genes associated
with the photosynthetic apparatus were abundant (FX085489 [614 reads] for the
light-harvesting complexII chlorophyll a/b binding protein 3 gene). A non-redundant
sequence putatively encoding a carbonic anhydrase, which is involved in CO2
concentrating mechanisms in most microalgae (Giordano et al., 2005), also consisted of
a large number of pyrosequencing reads (FX085368, 793 reads) (Table 2).
Search for genes encoding enzymes potentially associated with botryococcene
biosynthesis from CO2 retrieved 17 non-redundant sequences (Table 3). The accession
numbers of these non-redundant sequences are shown in Table S2. The BOT-22
transcriptome profile provided genetic evidence of the prevalence of botryococcene
biosynthesis through the MVI pathway rather than the MVA pathway.
D-glyceraldehyde 3-phosphate, a starting metabolite of the MVI pathway, is
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synthesized from 1, 3-bisphosphoglycerate by glyceraldehyde-3-phosphate
dehydrogenase (phosphorylating) [EC 1.2.1.12], glyceraldehyde-3-phosphate
dehydrogenase (NADP(+)) (phosphorylating) [EC 1.2.1.13], or
glyceraldehyde-3-phosphate dehydrogenase (NAD(P)(+)) (phosphorylating) [EC
1.2.1.59] (Martin and Cerff., 1986; Valverde et al., 1997; Rohmer, 1999). The BOT-22
transcriptome dataset contained a non-redundant sequence putatively encoding
glyceraldehyde-3-phosphate dehydrogenase (NADP(+)) (phosphorylating) (FX085420,
344 reads) (Table 3, Table S2). This seemed to function in the reductive pentose
phosphate cycle of photosynthesis because of its high similarity to the chloroplastic
glyceraldehyde-3-phosphate dehydrogenase (phosphorylating) (e-value was 4e-26)
(Table S2). In addition, ESTs were found for glyceraldehyde-3-phosphate
dehydrogenases (phosphorylating) (FX085422, 162 reads; FX085421, 3 reads), which
seemed to participate in glycolysis because of its similarity to cytosolic
glyceraldehyde-3-phosphate dehydrogenase (phosphorylating) (3e-47 and 3e-51,
respectively).
Five non-redundant sequences were found for 4 glycolitic enzymes:
phosphoglycerate kinase [2.7.2.3] (FX085563, 6 reads), phosphoglycerate mutase
[5.4.2.1] (FX085137, 6 reads), phosphopyruvate hydratase [4.2.1.11] (FX085138, 2
reads), and pyruvate kinase [2.7.1.40] (FX085139, 4 reads; FX085140, 1 read). These
transcripts seem to be associated with synthesis of pyruvate, which is the other starting
substrate of the MVI pathway (Table 3, Table S2).
For the MVI pathway, the BOT-22 EST dataset contained non-redundant
sequences putatively encoding 1-deoxy-D-xylulose-5-phosphate synthase [EC 2.2.1.7]
(FX085274, 2 reads; FX085276, 5 reads; FX085275, 1 read; FX085277, 1 read)
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catalyzing the formation of 1-deoxy-D-xylulose-5-phosphate from D-glyceraldehyde
3-phosphate and pyruvate in the first step in the MVI pathway and
(E)-4-hydroxy-3-methylbut-2-enyl-diphosphate synthase [EC 1.17.7.1] (FX085293, 3
reads) catalyzing the reaction in the midst of the MVI pathway. A non-redundant
sequence encoding a protein resembling squalene synthase [EC 2.5.1.21] (FX085141, 3
reads) was also found (Table 3, Table S2).
ESTs were found for 2 enzymes involved in the synthesis of acetyl-CoA, the
starting substrate for the MVA pathway, from pyruvate: pyruvate dehydrogenase
(acetyl-transferring) [EC 1.2.4.1] (FX085264, 4 reads; FX085136, 1 read; FX085135, 1
read) and dihydrolipoyllysine-residue acetyltransferase [EC 2.3.1.12] (FX085264, 4
reads) (Table 3, Table S2). However, no EST was found for enzymes in the MVA
pathway (Table 3). These transcripts suggest that a considerable amount of
photosynthetically fixed carbon is channeled through the reductive pentose phosphate
cycle eventually forming acetyl-CoA from D-glyceraldehyde 3P providing substrates for
fatty acid synthesis and the citric acid cycle. Absence of ESTs associated with the MVA
pathway is consistent with the results of biochemical experiments showing that the
MVA pathway has low or no activity in B. braunii (Sato et al., 2003). Retrieval of no
ESTs may indicate weak gene expression. Alternatively, the genes may not exist in B.
braunii. Many of the mevalonate pathway-related genes are missing in the sequenced
genomes of green algal species such as Chlamydomonas reinhadtii (Merchant et al.,
2007).

4. Conclusions
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De novo pyrosequencing and assembly was performed on the oil-rich
representative race B strain of B. braunii. The resulting transcriptome presented here
contains genes encoding enzymes associated with the race B hydrocarbon biosynthesis.
These transcripts strongly suggest the mevalonate-independent production of
hydrocarbons in race B. The novel EST dataset acquired in this research is available in
GenBank/EMBL/DDBJ database.
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Figure Captions
Figure 1

Features of the BOT-22 EST dataset generated by pyrosequencing. a,

Distribution of cDNA read lengths. b, Histogram for length distribution of
non-redundant sequences obtained after assembling of cDNA reads. c, Histogram
representation of distribution of EST counts.
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