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Abstract

To understand genetic information carried in a unicellular green alga, Chlamydomonas reinhardtii,
normalized and size-selected cDNA libraries were constructed from cells at photoautotrophic growth, and a
total of 11,571 5'-end sequence tags were established. These sequences were grouped into 3433 independent
EST species. Similarity search against the public non-redundant protein database indicated that 817
groups showed significant similarity to registered sequences, of which 140 were of previously identified C.
reinhardtii genes, but the remaining 2616 species were novel sequences. The coverage of full-length protein
coding regions was estimated to be over 60%. These cDNA clones and EST sequence information will
provide a powerful source for the future genome-wide functional analysis of uncharacterized genes.
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1. Introduction

Chlamydomonas reinhardtii, a single-celled green alga,
is a haploid organism that is easily grown and main-
tained in laboratories. It has served as an important
model organism for the study of the flagellar assembly,1'2

cell wall biogenesis,3 gametogenesis,4 phototaxis,5 and
mating processes.6 Early7'8 and recent studies using
mutants9'10 also revealed the utility of this organism as
a model system to perform genome-wide studies of pho-
tosynthetic function.11 An advantage of using C. rein-
hardtii is that electroporation provides a high frequency
of transformation,12 but systematic marker accumulation
and mapping have not been reported.

Although sequencing whole genomes and cDNA are the
primary focus of genome analysis in higher eukaryotes,
overall information of genes expressed in an organism is
obtained by developing cDNA sequencing methods that
are more cost effective. In addition, information on the
cell types and the environmental conditions affecting ex-
pression as well as expression levels can be obtained by
systematic sequencing of cDNAs.

With this in mind, we aimed at sequencing cDNA
clones from C. reinhardtii cells grown under different
conditions. As the first part of this project, EST data
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acquisition from cDNA libraries made from cells at pho-
toautotrophic growth was carried out. In order to obtain
gene species in the form containing full coding regions as
efficiently, two types of cDNA libraries, normalized and
size-selected libraries, were used. In this paper, details
of the cDNA library construction and EST data analysis
are reported.

2. Materials and Methods

2.1. Strain and culture conditions of cells
C. reinhardtii Dangeard C-9 (mt~) strain used was

obtained from the IAM culture collection at the Uni-
versity of Tokyo and is maintained in the laboratory of
H. Fukuzawa at Kyoto University. Cells were photoau-
totrophically grown in a HSM minimal liquid medium13

under continuous illumination of 100 fiE-m~2s~1 from
cool-white fluorescent tubes at 28° C with constant bub-
bling of ordinary air containing 0.04% (v/v) CO2. When
the cultures reached a density of lxlO6 cells-ml"1, cells
were harvested by centrifugation at 2000 xg for 10 min
at 4°C, washed once with the HSM media, resuspended
in TE-buffer (10 mM Tris-HCl, 1 mM EDTA, pH 7.5),
and immediately frozen in liquid nitrogen.

2.2. Preparation of polyadenylated RNA
Total RNA was extracted by the guanidium thio-

cyanate/CsCl ultracentrifuge method.14 Next, 3.9 g of
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frozen C. reinhardtii cells were ground to powder in liq-
uid nitrogen and treated with 25 ml of 4 M guanidium
thiocyanate buffer [4 M guanidium thiocyanate, 0.1 M
Tris -HC1 (pH 7.5), 10 mM EDTA, 0.5% Sarkosyl, 0.1%
/3-mercaptoethanol]. After four extractions with 25 ml of
phenol/chloroform (pH 8.0), the sample was loaded into
four tubes (13PET tube, Hitachi Koki, Japan) contain-
ing 3.5 ml of 5.7 M CsCl cushion (5.7 M CsCl, 0.1 M
EDTA) and ultracentrifuged at 32,000 rpm for 22 hr at
20°C using himac CP 65/? (Hitachi Koki, Japan). The
yield of total RNA was 720 fig. Poly(A)+ RNA was puri-
fied using Oligotex-dT30 Super (Nippon Roche, Japan).

2.3. Construction of cDNA libraries
Synthesis of cDNA was performed using 6.8 fig of

Poly(A)+ RNA as a template by cDNA Synthesis kit
(Stratagene, USA) following the manufacturer's instruc-
tions except for the first strand synthesis step, in which
Superscript II reverse transcriptase (Life Technologies,
USA) was used. Poly(A)+ RNA was primed with an
oligo(dT)i8 primer carrying an Xhol site, and the first
strand synthesis reaction was performed at 52°C. After
the second strand systhesis, the termini of cDNAs were
converted to blunt-end and EcoRI adaptors were ligated
to both ends. Then the Xhol sites at the 3' ends of
cDNAs were generated by digestion with Xhol. 5-Methyl
dCTP instead of dCTP was used for synthesis of the first
strand to make the inner portions of cDNAs resistant to
Xhol digestion.

The size selection of cDNAs prior to vector ligation
was performed as follows. Synthesized cDNAs were re-
solved by 1% agarose gel electrophoresis, and fractions
ranging from 1 to 3 kb and over 3 kb were separately
recovered from the gel using QIAquick Gel Extraction
Kit (QIAGEN, Germany). The recovered fragments were
cloned into EcoKl-Xhol sites of pBluescript II SK- plas-
mid vector (Stratagene, USA) and transformed into Es-
cherichia coli XLl-Blue MRF' strain (Stratagene, USA)
by electroporation. The cDNA library containing over
3 kb fragments was named size-selected library. The li-
brary contained 2xlO4 independent clones.

Normalization was performed for the library contain-
ing 1-3 kb fragments as described by Bonaldo et al.15

At first, a single-stranded library was prepared from
5 fig of plasmid DNA by the combined action of gene
II endonuclease of phage Fl (Life Technologies, USA)
and exonuclease III (Life Technologies, USA). Then, self-
hybridization was performed with an excess of cDNA
inserts generated by PCR. For amplification of the in-
serts, about 5.0 ng of DNA template (single-stranded
plasmids) was mixed with 1 fi\ of 100 fiM T7 primer (5'-
TAATACGACTCACTATAGGG-3') and 1 fi\ of 100 fM.
SK primer (5'-GCTCTAGAACTAGTGGATC-3'), then
PCR was performed by Taq DNA polymerase (TaKaRa,
Japan) using a Perkin-Elmer 9600 Thermal Cycler: 7

min ramping up from room temperature to 94° C; 20 cy-
cles of 1 min at 94°C, 2 min at 55°C, 3 min at 72°C, and
a final extension for 7 min at 72°C. The PCR product
was ethanol-precipitated and dissolved in 1.5 fi\ of wa-
ter, and then mixed with 5 fi\ of single-stranded library
DNA (50 ng) in formamide, 0.5 jA (10 fig) of 5'-blocking
oligo nucleotide mixture with the following sequences: 5'-
GCTCTAGAACTAGTGGATCCCCCGGGCTGCAGG
AATTCG-3' and 5'-AATTCGGCACGAG-3', and 0.5 fi\
(10 fig) of 3'-blocking oligo nucleotide mixture with the
sequences of 5'-CTCGAGGGGGGGCCCGGTA-3' and
5'-GTACCCAATTCGCCCTATAGTGAGTCGTATTA-
3'. After heating at 80°C for 3 min, 1 fi\ of 10 x buffer
[1.2 M NaCl, 0.1 M Tris -HC1 (pH 8.0), 50 mM EDTA,
and 10% SDS] and 1.5 fi\ of water was added, and hy-
bridization was performed at 30°C for 24 hr. The re-
maining single-stranded circles were purified using hy-
droxyapatite chromatography and converted to double
strands using Klenow Fragment (TaKaRa, Japan). The
obtained double-stranded DNA was transformed into
host E. coli by electroporation. The normalized library
contained lxlO6 independent clones.

2-4- Template preparation and sequencing
Plasmid DNA was prepared by the alkaline lysis

method16 in a 96-well unit. The insert size of each
clone was measured by agarose gel electrophoresis after
digestion with Apal and Smal. Sequence reaction was
performed using a BigDye Terminator Cycle Sequenc-
ing Kit (PE Applied Biosystems, USA) and a DYE-
namic ET terminator kit (Amersham Pharmacia Biotech,
USA), and sequencing was done with an ABI PRISM 377
DNA Sequencer (PE Applied Biosystems, USA) and a
MegaBACE 1000 sequencing system (Amersham Phar-
macia Biotech, USA).

2.5. Sequence data analysis
The vector-derived sequence and ambiguous sequences

were removed from the collected EST sequences prior
to the computer-aided analyses. Each sequence was
translated into amino acid sequences in six frames using
the universal codon usage table. Then they were sub-
jected to similarity search against the non-redundant pro-
tein database, nr, provided by NCBI using the BLAST
algorithm.17 Grouping of the EST sequences was per-
formed as follows. The end sequences were compared
with a data set of itself using the BLASTN program.
Clones that showed over 95% identity for more than
100 bp were grouped together.

3. Results and Discussion

3.1. Features of the generated ESTs
A total of 11,571 clones, including 7310 clones from the

normalized library and 4261 clones from the size-selected
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Figure 1. Insert size distribution of cDNA clones from the nor-
malized (solid bars) and the size-selected libraries (gray bars).
Insert sizes were measured as described in materials and meth-
ods.

library, were sequenced from their 5' ends. The aver-
age length of the EST sequences was 474 bp. The GC
content of the ESTs was 63.3%, estimated from the se-
quences of 50 randomly selected ESTs. To identify the
number of independent species, the end sequences were
compared with a data set of itself using the BLASTN
program. Clones that showed over 95% identity for more
than 100 bp were grouped together. As a result, the 5'
end sequences were clustered into 3433 non-redundant
groups. However, the real number of independent gene
species would be less than 3433, as there is a possibil-
ity that different regions of a single gene generate non-
redundant ESTs, even though the ESTs were constituted
from normalized and size-selected libraries.

3.2. Size distribution of clones
The insert size distribution of clones was analyzed for

both the normalized and size-selected libraries. As shown
in Fig. 1, most of the clones in the normalized library con-
tained inserts of less than 1.5 kb species. On the other
hand, clones with inserts of longer than 3 kb were rela-
tively abundant in the size-selected library, although the
content of clones with inserts less than 1 kb inserts was
also high. The high content of clones with shorter inserts
is likely to be due to contamination by the shorter frag-
ments at the size-selection step, because it was possible
to lower the content by running electrophoretic separa-
tion of fragments at a relatively low voltage (unpublished
observation).

Table 1. The result of similarity search against the pub-
lic non-redundant protein database. The numbers of EST
groups and clones that showed similarity to previously reported
C. reinhardtii genes and to known genes from other organisms
are indicated.

Similarity

Genes from C. reinhardtii
Genes from other organisms

No similarity
Total

Number of
Groups

140
677

2616
3433

Number of
Clones
1622
6116
3833

11571

3.3. Genes identified by database search
The EST sequences were compared with the pub-

lic non-redundant protein sequence database with the
BLASTX program, and P < 1.0e-14 was taken as the
level of significance. As shown in Table 1, 140 EST
groups among the 3433 groups showed similarity to pre-
viously identified C. reinhardtii genes and 677 groups to
genes from a wide variety of organisms. These 817 homol-
ogous groups were comprised from a total of 7738 clones.
The remaining 2616 novel groups were comprised from
3833 clones, suggesting the possibility that genes ex-
pressed at low levels are included in the novel groups.

Coverage of full-length protein-coding regions was ana-
lyzed using the alignment between the EST sequence and
the corresponding known protein sequence. By align-
ment of 100 randomly chosen clones from the normal-
ized library, 64% were shown to contain the N-terminus.
Clones with inserts of longer than 3 kb from the size-
selected library were also analyzed, and 62% were found
to contain the N-terminus. This result implies that genes
encoding large proteins are likely to be represented in the
size-selected library. The clone with the longest insert
(7.2 kb), which was shown to contain the full coding re-
gion, had similarity to a mouse transcriptional repressor

gene.
18

Genes whose functions could be predicted from the
similarity were classified into 16 categories based on
their biological roles.19 The number of EST groups
classified in each category are summarized in Ta-
ble 2. The search results including the names of pro-
teins encoded by the C. reinhardtii genes and other
organisms and all the EST clones with their acces-
sion numbers are provided through the Internet at
http://www.kazusa.or.jp/en/plant/chlamy/EST/.

Notable genes in these categories are as follows:

1. A homologue of the gene for Zea mays chroloplast
SecA20 protein was obtained. Because the pro-
tein translocation system across the internal thy-
lakoid membranes of chloroplasts is not completely
undertood,21 C. reinhardtii may be an appropriate
model system to analyze this process. This gene was
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Table 2. Classification of 817 genes matched with non-redundant
ESTs into 16 functional categories.

Functional categories

Translation
Photosynthesis and respiration
Energy metabolism
Transport and binding proteins
Amino acid biosynthesis
Regulatory functions
Transcription
Cellular processes
Biosynthesis of cofactors,
prosthetic groups, and carriers
Fatty acid, phospholipid and sterol
metabolism
Central intermediary metabolism
Cell envelope
Purines, pyrimidines, nucleosides,
and nucleotides
DNA replication, restriction,
modification, recombination, and repair
Other categories
Hypothetical

Number of
non-redundant

ESTs
179
85
65
52
48
46
40
35

z o

20
15

11

F,
\j

38
131
817

classified into the category of cellular processes.

2. The largest number of genes previously identified
in C. reinhardtii were included in the category of
photosynthesis and respiration. These include genes
for light harvesting complex I protein precursor,
oxygen-evolving enhancer protein 2,22 ribulose-1,5-
bisphosphate carboxylase/oxygenase activase, cy-
tochrome b6f 4.6 kDa subunit PetM,23 photo-
system I 20 kDa protein, chlorophyll a/b-
binding protein, ferredoxin,24 ubiquinol-cytochrome
c oxidoreductase,25 and apoplastocyanin (PC6-2)

precursor
26

3. Homologues of genes encoding key proteins for mor-
phogenesis in higher plants were obtained. These
include Arabidopsis NPH gene27 and APETALA2
gene.28 They were included in the class of regula-
tory functions.

4. As a characteristic of C. reinhardtii, chlamyopsin29

and flagellar radial spoke protein genes30 were ob-
tained.

Among the 3433 non-redundant ESTs, only 817 (23%)
showed similarity to known genes. One reason could
be that the number of sequences from algae species
registered in the public database is still small. Ac-
cording to information on the number of entries by
taxonomies provided by NCBI (http://www.ncbi.nlm.

nih.gov:80/Taxonomy/tax.html), 61,102 among the
63,622 entries for Viridiplantae (green plant) entries in
the non-redundant protein database are of higher plants,
and only 2414 are of green algae. For the prediction of
gene function, further experimental approaches are ob-
viously required. One promising approach would be the
examination of transcripsional characteristics by an array
monitoring system. Generation of a macro-array cover-
ing 3433 EST groups is in progress.

The EST sequences reported in this paper appear in
the GenBank/EMBL/DDBJ databases with accession
numbers AV386458-AV398028.
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