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ABSTRACT The complete nucleotide sequence of the
chloroplast genome (150,613 bp) from the unicellular green
alga Chlorella vulgaris C-27 has been determined. The genome
contains no large inverted repeat and has one copy of rRNA
gene cluster consisting of 16S, 23S, and 5S rRNA genes. It
contains 31 tRNA genes, of which the tRNA*"(GAG) gene has
not been found in land plant chloroplast DNAs analyzed so
far. Sixty-nine protein genes and eight ORFs conserved with
those found in land plant chloroplasts have also been found.
The most striking is the existence of two adjacent genes
homologous to bacterial genes involved in cell division, minD
and minE, which are arranged in the same order in Escherichia
coli. This finding suggests that the mechanism of chloroplast
division is similar to bacterial division. Other than minD and
minE homologues, genes encoding ribosomal proteins LS, L12,
L19, and S9 (rpl5, rpl12, rpll19, and rps9); a chlorophyll
biosynthesis Mg chelating subunit (chll); and elongation
factor EF-Tu (fuf4), which have not been reported from land
plant chloroplast DNAs, are present in this genome. However,
many of the new chloroplast genes recently found in red and
brown algae have not been found in C. vulgaris. Furthermore,
this algal species possesses two long ORFs related to ycf1 and
ycf2 that are exclusively found in land plants. These observa-
tions suggest that C. vulgaris is closer to land plants than to
red and brown algae.

Structure and expression of the chloroplast genome have been
studied in a number of plants. Gene content and the sequence
of many genes in chloroplast DNA are relatively conserved
among land plants and the Euglenophyta Euglena gracilis
(1-3). However, recent analyses of the entire chloroplast
genome from nongreen algae (4, 5) and the cyanelle genome
of Cyanophora paradoxa (6) have revealed that this is not
always the case. For example, the chloroplast genome of the
red alga Porphyra purpurea contains over 70 new genes not
found in land plant and Euglena chloroplasts (4, 7). It is
generally believed that land plants evolved from green algae
(8) and that during this evolution, extensive rearrangements
occurred within the chloroplast genomes. To understand the
process of chloroplast genome evolution, information on re-
peated sequences, intergenic regions, and pseudogenes in
chloroplast DNA is extremely helpful. Therefore, entire nu-
cleotide sequences of green algal chloroplast genomes have
been awaited.
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The unicellular green alga Chlorella vulgaris C-27 is the
organism for which the synchronous culture was first devel-
oped (9), and this synchronous system has long been used for
studies of the cell cycle from physiological and biochemical
aspects (10). In addition, the Chlorella cell contains a single
large chloroplast. Thus, analysis of the Chlorella chloroplast
DNA provides a unique opportunity to investigate not only the
evolution but also the cell cycle-dependent expression of
chloroplast genes. Though interesting, information on chloro-
plast DNA from the genus Chlorella was fragmentary. With the
aim of fulfilling the gap in our understanding of this green alga,
we undertook the sequencing of the chloroplast genome of C.
vulgaris. Here we report the complete nucleotide sequence of
the Chlorella chloroplast genome and its entire gene organi-
zation. The most notable feature of the genome is the existence
of two genes homologous to bacterial genes (minD and minE)
related to cell division. This observation suggests the conser-
vation of division mechanisms during evolution of chloroplasts
from their ancestral prokaryotes.

MATERIALS AND METHODS

Chlorella vulgaris C-27 (formerly designated Chlorella ellip-
soidea C-27 Tamiya’s strain) was grown in M-4NA medium (9).
Chloroplast DNA was prepared from chloroplast-rich frac-
tions (11) and purified by CsCl equilibrium centrifugation (12).
Chloroplast DNA was partially digested with either Bg/II or
EcoRI and cloned into the Charomid 9-28 vector as described
(13). A PstI fragment (10.5 kb) containing rbcL (11) was used
as a probe for initial screening of Charomid clones containing
the chloroplast DNA region. Nineteen overlapping Charomid
clones covering the total chloroplast genome were selected by
linking with restriction and hybridization analyses. Subfrag-
ments from these inserts were cloned into Bluescript SK/KS,
and DNA sequences were determined by the dideoxynucle-
otide chain-termination method manually and by using auto-
mated DNA sequencers. DNA sequences were analyzed using
the GENETYX program (Software Development Co., Tokyo) on
personal computers and an HP 9000-845 computer (Hewlett—
Packard).

RESULTS AND DISCUSSION

Overall Genome Organization. The circular chloroplast
DNA of Chlorella vulgaris C-27 is 150,613 bp long, and its gene
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map is shown in Fig. 1. The sequence is numbered counter-
clockwise from the 5'-protruding end (A) of the EcoRI-
cleavage site in ycf10. Overall GC content of the chloroplast
DNA is 31.6%, which is closer to those of Odontella (31.8%;
ref. 5), cyanelle (30.4%; ref. 6), and Porphyra (33%; ref. 4) than
to angiosperms (38-39%; refs. 14-16). C. vulgaris chloroplast
DNA contains no large inverted repeat, commonly found in
many chloroplast DNAs (1), and hence possesses one copy of
rRNA gene cluster. This situation is different from that of C.
ellipsoidea C-87, in which TRNA genes are located in the
inverted repeat of 22.5 kbp and are split into two operons:
operon 1, rrnl6-trnl, and operon 2, trnA-rrn23-rrn5 (17, 18).
In spite of lacking the inverted repeat and other significant
repeated sequences, the genome size (151 kbp) of C. vulgaris
chloroplasts is similar to that of angiosperm chloroplasts (1,
14-16), indicating that this genome has 20-30 kbp additional
unique sequences with respect to those of angiosperms.
Identified genes and conserved ORFs (ycfs) are listed in
Table 1. So far, 103 gene species and 8 ycfs, among which only
two tRNA genes are duplicated, have been identified. The
Chlorella genome has 10 genes not found in land plant
chloroplasts, whereas it lacks all 11 ndh genes found in
photosynthetic land plants except black pine (19). Therefore,
the number of known genes is similar to that of land plants
(14-16, 19, 20) and also of Euglena (21). Many new genes not
found in land plant chloroplasts have been reported in red and
brown algal chloroplasts and cyanelles (4—6). A limited num-
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ber of such genes are present in the Chlorella genome (see
Table 1).

Unlike Euglena chloroplast DNA, which has at least 155
introns (22), C. vulgaris possesses only three split genes, each
containing a single group I intron (see below). Only one intron
is present in the cyanelle genome (in #rnL-UAA; ref. 6),
whereas no introns have been found in Porphyra (4) and
Odontella (5) chloroplast genomes. Therefore, intron contents
are highly diverse in algal species, although they are conserved
in land plants (=20 introns; ref. 2).

Extensive rearrangements of the Chlorella chloroplast ge-
nome are evident relative to tobacco as well as to Euglena.
However, several clusters are highly conserved in the entirely
sequenced genomes (rrn and rpl23 operons, rps2-atpIHFA,
atpBE, rpoBC1Cs, psaAB, psbBTNH, petBD, psbEFLJ, psbDC,
and rps12/7). Therefore, the genome shuffling occurred mostly
as blocks, which might have been necessary for genome
function.

Genes Potentially Involved in Chloroplast Division. The
most notable feature of the Chlorella chloroplast genome is the
existence of genes related to those for Escherichia coli cell
division. As shown in Fig. 2, the amino acid sequences deduced
from ORF282 and the following ORF127 shows 39% and 22%
identities with the predicted products from E. coli minD and
minE genes, respectively (23). The E. coli minicell locus
consists of three genes, minC (231 codons), minD (269
codons), and minE (88 codons), in this order, whose coordi-
nate expression is required for the placement of a division

Chlorella vulgaris C-27

Chloroplast DNA
150,613 bp

FiG. 1. Gene map of the C. vulgaris C-27 chloroplast genome. Genes shown on the inside of the circle are transcribed clockwise, and genes on
the outside are transcribed counterclockwise. ORFs of =60 codons are included. Asterisks denote split genes. Nucleotide positions are numbered

counterclockwise from the arrow (position 1) in ycfI0.
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Table 1. Gene list of C. vulgaris C-27 chloroplast DNA
RNA genes
Ribosomal RNAs
23SrDNA* 16SrDNA 58rDNA
Transfer RNAs
trnA(UGC) trnC(GCA) trnD(GUC) trnE(UUC) trnF(GAA)
trnG(GCC) X2 trnG(UCC) trnH(GUG) trnl(CAU) trnl(GAU)
rnK(UUU) trnL(CAA) trnL(GAG)T trnL(UAA)* trnL(UAG)
trnfM(CAU) trnM(CAU) trnN(GUU) trnP(UGG) trnQ(UUG)
trnR(ACG) trnR(CCG) trnR(UCU) trnS(GGA) trnS(GCU)
trnS(UGA) trnT(GGU) trnT(UGU) trnV(UAC) X2 trnW(CCA)
trnY(GUA)
Protein genes
Photosynthesis
Photosystem I
psaA psaB psaC psal psaM
Photosystem 11
psbA psbB psbC psbD psbE
PpsbF psbH psbl psbJ psbK
psbL psbM psbN psbT
Cytochrome
petA petB petD petG petL
ATP synthase
atpA atpB atpEl atpF atpH
atpl
Chlorophyll biosynthesis
chiB chllt chlL* chIN
Rubisco
rbcL
Ribosomal proteins
Large subunits
rpl2 rplst rpl12t rpll4 rpll6
rpl19t rpl20 rpl23 rpl32 rpl36
Small subunits
rps2 rps3 rps4 rps7 rps8
rps9t rpsil rpsi2 rpsl4 rps18
rps19
Transcription/translation
RNA polymerase
rpoA rpoB rpoCl rpoC2
Translation factors
infA tufAt
Division
minDT (minE)t
Miscellaneous proteins
accD clpP cysA cysT I-Cvult
Conserved ORFs
(vefI) (vef2) yef3 yef4 yefs
yef9 yefl10 yefl2

Parentheses indicate genes/ORFs with limited homology. X2, Two copies.

*Genes containing introns.
TGenes not found in land plants.

septum at the mid-point of the rod-shaped cell (23). The MinC
and MinD proteins seem to act in concert to form a division
inhibitor capable of blocking nonspecific septation, and the
MinE protein gives topological specificity to the division
inhibitor so that septation is limited to the proper division site
at midcell (23). Overexpression of Chlorella MinD in E. coli
caused aberrant division of the cell (unpublished data),
strongly suggesting that the Chlorella minD is involved in
chloroplast division.

In the chloroplast genome of Porphyra and Odontella, a
sequence consisting of 628 or 622 codons (ycf25) homologous
to E. coli ftsH (644 codons; ref. 24) has been reported recently
(4, 5). The C-terminal half of the protein deduced from
ORF1720 in Chlorella shows partial homology with ftsH prod-
ucts of E. coli and ycf25 products of Porphyra and Odontella;
regions corresponding to the three sequences characteristic to

FtsH, the motifs A and B of a putative ATP-binding sequence
and the DPAL motif, are especially well conserved. ORF1720
is the largest ORF in Chlorella and can be classified, though of
limited homology, as ycf2 (land plant ORF2280; ref. 25), whose
deduced protein shows partial similarity with FtsH in E. coli
(26). A large number of cell division mutants in E. coli have
been identified; fts mutants (filamentation temperature sen-
sitive) fail to septate when grown at high temperatures (27).
Many Fts proteins are involved in septation, of which FtsZ
forms a ring-like structure at the leading edge of the septum
and appears to be the target of the MinC-MinD inhibitor. A
c¢DNA encoding the chloroplast-localized FtsZ homologue has
recently been identified in Arabidopsis (28). ORF with homol-
ogy to E. coli ftsW has been reported in the cyanelle genome
(6). Taken together, the existence of homologues of E. coli
genes involved in cell division implies that chloroplast division
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F1G. 2. Schematic representation of the similarity between Chlor-
ella ORF282/ORF127 and E. coli minD /minE. The gene arrangement
and a comparison of their deduced amino acid sequences are shown.
The hatched, shaded, and open areas represent identities of >50%),
30-50%, and <30%, respectively.

is similar in mechanism to that of bacterial cells. This hypoth-
esis is compatible with the cytological observations showing
that chloroplast division occurs at the mid-point of oval
plastids and is mediated by a ring-like structure, the plastid-
division ring (29).

Genes for Polypeptides of the Transcription-Translation
System. A total of 21 ribosomal protein genes have been
identified: 11 proteins of the 30S subunit and 10 proteins of the
50S subunit. Among them, rpl5, rpli12, rpl19, and rps9 are
absent in land plant chloroplasts (30, 31) but present in other
algal chloroplasts (refs. 4—6 and 21; rpl19 is absent in Euglena).
rps15, rps16, and rpl22, which are present in many land plants,
are missing in Chlorella.

The Chlorella genome contains both inf4 and fufA, the
former has so far been found in land plants, whereas the latter
has been found only in algae (3). In this respect, the Chlorella
chloroplast genome seems to be closer to land plants than the
other algae so far analyzed. It should be noted that the
initiation codon of infA4 is UUG, which has not been reported
in any chloroplast mRNA genes.

The genes encoding subunits of E. coli-type RNA polymer-
ase, rpoA, rpoB, rpoCl, and rpoC2, are present. Chlorella rpoA
(278 codons) is shorter than those of E. coli (329 codons) and
of land plant chloroplasts (=340 codons; ref. 32) mainly
because of absence of the 3’-terminal portion (Fig. 3). As
compared with the « subunit of E. coli (33), the Chlorella «
subunit deduced from a DNA sequence possesses an extra
sequence of 41 aa in the middle, whereas it lacks a region
corresponding to the C-terminal domain of ~100 aa. The
C-terminal domain (or contact domain) is known to interact
with class I transcription factors (34) and to bind the upstream
element rich in AT located ahead of the “—35/—10" motif in
some promoters, such as rrnB P1 in E. coli (35). Lack of the
C-terminal domain-like region in the putative « subunit sug-
gests the absence of class I-like transcription factors in Chlor-
ella chloroplasts. rpoA is absent from the Euglena and Epifagus
genomes (21, 36), and the Chlamydomonas rpoA homologue
consists of only 131 codons (37). Therefore, the possibility that
rpoA in Chlorella does not produce a functional subunit of
RNA polymerase cannot be ruled out.

Genes for the Photosynthetic Apparatus. The Chlorella
chloroplast DNA contains at least 35 genes related to the
photosynthesis apparatus. Unlike Euglena, this alga contains
psal, psbM, petA, petD, and petL. Similar to the cyanelle and
Porphyra, the Chlorella contains all the four genes (chlB, chll,
chlL, and chiN), known as chloroplast genes, related to chlo-
rophyll biosynthesis. The chlL gene contains a 951-bp group I
intron, the first example of a split chlL gene (38). This intron
is able to efficiently self-splice in vitro in the presence of GTP.
The Chlorella chloroplast genome lacks all 11 ndh genes found
in most land plants (3) and their pseudogenes as found in black
pine (19). No ndh genes have been found in parasitic plants (36,
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FiG. 3. Structures of RNA polymerase o subunits deduced from
rpoA genes of E. coli (33, 34), maize chloroplasts (32), and Chlorella
chloroplasts. Functional domains of the E. coli o subunit are indicated
at the top. Numbers above the boxes represent numbers of amino acids
residues. The « subunits of maize and Chlorella have extra sequences
with respect to that of E. coli, and these are shown below with the
number of amino acid residues (aa). Corresponding regions (without
the extra sequences) between E. coli and maize and between E. coli and
Chlorella show 30% and 28% identities, respectively.

39) and in any analyzed chloroplast genomes from algae
including Chlamydomonas reinhardtii, in which chlororespira-
tion was reported to occur (40), and several possible ndh
products have been detected (41). Therefore, it has been
suggested that all the ndh genes have been transferred to the
nuclear genome in algae.

Genes Encoding Stable RNAs. The rRNA gene cluster is
arranged in the order rrnl6-trnl-trnA-rrn23-rrn5, among which
rrn23 possesses an intron of 815 bp. This intron is of the group
I type, inserted at the same site as the rrn23 intron (888 bp) of
Chlamydomonas reinhardtii chloroplasts, and contains an in-
ternal ORF (ORF161) whose predicted polypeptide (161 aa)
is similar to the I-Crel DNA endonuclease (163 aa) encoded
by the Chlamydomonas intron (42) and to the I-Ceul DNA
endonuclease (218 aa) encoded by the group I intron of
Chlamydomonas eugametos rrn23 (43). ORF161 is, therefore,
tentatively designated as I-Cvul. The Chlorella 23S pre-rRNA
is capable of self-splicing in vitro (44) as in the case of
Chlamydomonas pre-TRNA (45). The C. vulgaris rrn23 intron
is considerably different in sequence and site of insertion from
the intron (243 bp) found in rrn23 of C. ellipsoidea (46).

Thirty-one different tRNA genes were identified based on
homology with those from other chloroplasts and prokaryotes.
Twenty-nine of them correspond to those identified in angio-
sperm chloroplasts (3). rnV(GAC), generally located in front
of rrn clusters in land plant chloroplasts, is absent, whereas two
additional tRNA genes, rnR(CCG) and #nL(GAG), are
present; these two genes have not been found in angiosperms
and land plants, respectively (3). No pseudo-tRNA genes have
been found so far. rnL(UAA) is the only tRNA gene con-
taining an intron (218 bp), which is of the group I type, like
those that have been reported in land plant chloroplasts (47).
No self-splicing of the pre-tRNAMY(UAA) in vitro has so far
been observed.
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F1G. 4. Structures of the 5’ part of rrnl6 and the entire rrnl6 in
Chlorella. Numbers above rrnl6 represent sizes of homologous regions
(bp) and those below indicate nucleotide positions from 5’ ends.
Sequence identities of regions I, II, and III are 94%, 92%, and 84%),
respectively.
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As mentioned earlier, #nG(GCC) and trnl(UAC) are
present in two copies each. Black pine chloroplasts have four
duplicated tRNA genes, and a substantial portion of the
flanking sequences are identical or near identical (48), whereas
identity is restricted to the coding regions with up to seven
flanking nucleotides in the two duplicated Chlorella tRNA
genes. These observations suggest that the duplication of
tRNA genes during evolution occurred by a different mech-
anism. Unlike tRNA genes from land plant chloroplasts, four
tRNA genes, trnl(GAU), trnA(UGC), trnG(UCC), and trnM,
encode the 3" CCA end. It is noteworthy that trnW(CCA)
directly follows #nP(UGG) with no intergenic spacer.

All 61 sense codons are used in the chloroplast DNA
sequences encoding proteins, and the codon usage is not
strikingly deviated from that in land plant chloroplasts (49). No
deduced tRNAs with anticodons complementary to codons
GUU/C (Val), CCU/C (Pro), and GCU/C (Ala) have been
found. However, the 31 tRNAs encoded in the Chlorella
genome are likely to be sufficient to decode all the protein
genes using the “two-out-of-three” and the “U:N wobble”
recognition mechanisms described for the tobacco chloroplast
translation system (14).

Miscellaneous Genes and ORFs. The matK gene present in
the long intron of #xnK in land plants (3, 50) is absent in the
Chlorella, as observed in all the other algae whose #rnK genes
are continuous genes. The Chlorella genome contains two
other genes, clpP and accD, which are present in land plants
(except no accD in monocots) but are absent in Euglena and
Odontella (also no accD in the cyanelle and no clpP in
Porphyra). Chlorella ORF236 and ORF266 show substantial
homology (34% and 42% amino acid identity) with E. coli
genes, cysA (365 codons) and cysT (277 codons), encoding
sulfate transport ATP-binding protein and permease protein,
respectively (51). We adopted here cysA/T for these ORFs.
Their homologous sequences have been reported in Marchan-
tia chloroplasts (mbpX and mbpY; ref. 20).

A sequence (155 bp) highly homologous to portions of rrn16
is present ~10 kbp downstream from the rrnl6 gene. This
sequence (¢rrnl6) consists of three discrete fragments of ~50
bp, as shown in Fig. 4. The process of ¢rrnl6 formation is
intriguing; it could have originated by complex rearrangement
within a limited rDNA region or by rejoining of pieces of
reverse transcription products.

The Chlorella genome has eight ycfs, including two large
ones related to ycf1 and ycf2, though homology is limited. The
ycfl and ycf2 homologues have not been found in Euglena,
Porphyra, Odontella, and the cyanelle, whereas they are present
in land plants except monocot plants. On the other hand,
additional ycf genes (ycfl16 through ycf47) conserved among
Porphyra, Odontella, and the cyanelle, or two of them (52) were
not found in Chlorella. These observations further suggest that
green algae are closer to land plants than nongreen algal
species.

No significant repeated sequences other than the two du-
plicated tRNA genes nor pseudogenes (or gene pieces) except
¢rrnl6 have been found in the Chlorella genome. Therefore,
the 20- to 30-kbp extra single-copy sequences unique to
Chlorella probably represent intergenic regions. However, it
cannot be ruled out that these sequences may contain addi-
tional genes encoding polypeptides. There are 16 ORFs of
more than 100 codons, 20 ORFs of 60-99 codons, and 60
OREFs of 40-59 codons. The chloroplast genome of the green
alga Nephroselmis olivacea has been completely sequenced and
found to contain many new ORFs, most of which, however,
have no homology with those in Chlorella (M. Turmel and C.
Lemieux, personal communication). Moreover, the detection
of new structural RNA genes, such as tscA in Chlamydomonas
(53), spr4 in tobacco (54), and rnpB in Porphyla (4) and
cyanelle (6), suggests that the intergenic sequence in Chlorella
may encode additional structure RNAs.
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