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Abstract

The complete nucleotide sequence of the chloroplast genome of Arabidopsis thaliana has been deter-
mined. The genome as a circular DNA composed of 154,478 bp containing a pair of inverted repeats of
26,264 bp, which are separated by small and large single copy regions of 17,780 bp and 84,170 bp, respec-
tively. A total of 87 potential protein-coding genes including 8 genes duplicated in the inverted repeat
regions, 4 ribosomal RNA genes and 37 tRNA genes (30 gene species) representing 20 amino acid species
were assigned to the genome on the basis of similarity to the chloroplast genes previously reported for other
species. The translated amino acid sequences from respective potential protein-coding genes showed 63.9%
to 100% sequence similarity to those of the corresponding genes in the chloroplast genome of Nicotiana
tabacum, indicating the occurrence of significant diversity in the chloroplast genes between two dicot plants.

The sequence data and gene information are available on the World Wide Web database KAOS (Kazusa
Arabidopsis data Opening Site) at http://www kazusa.or.jp/arabi/.
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1. Introduction

The complete sequences of the chloroplast genomes
were first reported for tobacco' and liverwort? in 1986.
Since then, the chloroplast genome sequences of a num-
ber of land plants and algae have been determined.’ 4
The complete genome structure of a cyanobacterium
Synechocystis sp. PCC6803, the most primitive plant-
type photosynthetic organism, has also been reported.’®
The accumulation of such data has made it possible
to study the evolutional relationship among the chloro-
plast genomes and their ancestors. One notion derived
from such study is that there was a massive transfer
of genes from ancestral organelles to nuclei.!® Compari-
son of nuclear and chloroplast genomes at the sequence
level should provide invaluable information for under-
standing of the origin and function of the chloroplast in
cells. In this respect, Arabidopsis thaliana, an excellent
model organism for the analysis of the complex biolog-
ical processes in plants,!” is the most appropriate ma-
terial because entire genome sequencing of this plant is
in progress'®1% by international efforts in which we are
involved.?® Here we determined the complete sequence of
the chloroplast genome of this plant and compared with
the those of other chloroplasts reported to date. Struc-
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tural similarity with the genome of a cyanobacterium
Synecohcysitis sp. strain PCCB803 was also investigated.

2. Materials and Methods

2.1. DNA sources

The Mitsui Pl library of Arabidopsis thaliana
Columbia, which has been used for sequencing of the
chromosomal genome, was adopted for screening of the
chloroplast DNA, as the library had been prepared
from the whole cellular DNA.2! P1 clones harboring the
chloroplast genome sequences were isolated by screening
the library with the following probes derived from the
tobacco chloroplast:! pTB30 (psaB), pTS8 (petB), pPac-
nD {ndhD), and psbA-F (psbA), which were provided by
Dr. M. Sugiura of Nagoya University.

2.2, DNA sequencing

The nucleotide sequence of each P1 insert was deter-
mined according to the bridging shotgun method de-
scribed previously.?® Briefly, the purified P1 DNA was
subject to sonication followed by size-fractionation on
agarose gel electrophoresis. Fractions of approximately
1.0 kb and 2.5 kb were respectively cloned into M13mp18
and to construct the libraries of element and bridge
clones. Clones were propagated on microtiter dishes, and
the supernatants were used for preparation of sequence
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Figure 1. Structure of the A. thaliana chloroplast genome and the
positions of sequenced P1 clones. The outer circle shows the
overall structure of the chloroplast genome consisting of a large
single-copy region (LSC), a small single-copy region (SSC) and
inverted repeat regions (IRA and IRB) represented by thick
lines. The positions of the genetic markers which were used for
clone selection are indicated outside of the circle, and the re-
gions covered by selected P1 clones, MAB17, MAH2, and MCI3
are indicated by inner arcs. The sequence information was ob-
tained from the regions represented by thick lines on the clones.
The initial order of the four regions deduced from the sequence
data was LSC-IRA-SSC-IRB by counterclockwise as shown in
this map, but the SSC sequence between IRA and IRB was
inverted to conform to the indication of reported chloroplast
sequences and used for the further analyses.

templates. For sequencing the element clones, single-
stranded DNAs were prepared from 100 ul each of phage
supernatants according to standard procedures and used
directly as templates. Inserts of the bridge clones were
amplified by PCR in the reaction mixture of 20 ul con-
taining 2 ul of the phage supernatant, 50 mM KCI,
10 mM Tris-HC1 (pH 9.0), 0.1% Triton X100, 1.5 mM
MgCls, 50 uM each of dNTPs, 2 units of Taq polymerase
(TaKaRa, Japan), and 100 nM each of the following sets
of primers:

KFw (5-GGGTTTTCCCAGTCACGAC-3')

KRyv (5-TTATGCTTCCGGCTCGTATGTTGTG-3')
PCR amplification was performed through 30 cycles of
the temperature shift consisting of 96°C for 10 sec and
70°C for 60 sec, followed by the final extension at 70°C
for 7 min in a PJ9600 thermal cycler. The products were
subjected to purification by polyethylene glycol and used
for the sequencing reaction.

2.8. DNA sequencing and data assembly

The sequencing reaction was performed using the cy-
cle sequencing kits (Dye-primer Cycle Sequencing kit
and Dye-terminator Cycle Sequencing kit of Perkin
Elmer Applied Biosystems, USA) and reaction robots
{Catalyst 800 of Applied Biosystems, USA), according
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to the protocol recommended by manufacturers. The
DNA sequencers used were type 373XL and 377XL of
Perkin Elmer Applied Biosystems. The single-pass se-
quence data from one end of element clones and both
ends of bridge clones were accumulated and assem-
bled using Phred-Phrap programs (Phil Green, Univ. of
Washington, Seattle, USA) and the auto-assembler soft-
ware of Applied Biosystems, USA.

2.4. Computer-assisted data analysis

The nucleotide sequences were translated in six frames
using the universal codon table, and each frame was
subjected to similarity search against the non-redundant
protein database, owl (release 29), using the BLASTP
program.?? Positions of each local alignment, which
showed similarity with scores of 70 or more to known
protein sequences, were extracted and aligned along the
query sequences. If internal gaps occurred, the align-
ments below the score of 70 were re-searched to fill in the
gaps.

Structural RNA genes were identified by similarity
search against the structural RNA data set from Gen-
Bank with the BLASTN program,?? and defined as the
regions with the local alignments showing 80% or more
identity to the query sequences along 50 bp or more nu-
cleotides. For assignment of tRNA genes, the tRNAscan-
SE program??® was applied for prediction.

3. Results and Discussion

3.1.  Querall structure of A. thaliana chloroplast genome

The sequence of the chloroplast genome of Arabidop-
sis thaliana sp. Columbia could be constructed by as-
sembling the sequences of three partially overlapping
Pl clones. The complete genome finally deduced was
154,478 bp in size. The sequences of nucleotide positions
38,670-120,256, 120,257-154,478/1-29,018 and 29,019-
38,679 were respectively obtained from clones MAB17,
MAH2 and MCI3, as shown in Fig. 1. The genome
consisted of a pair of inverted duplications of 26,264 bp
(IRA and IRB) which are separated by long and short
single copy regions of 84,170 bp (LSC) and 17,780 bp
(SSC). This overall structure of the A. thaliana chloro-
plast genome is typical for land plant chloroplasts.?4:2%
Although the order of the four regions originally con-
structed from MAB17 and MAH2 was LSC-IRA-SSC-
IRB counterclockwise as shown in Fig. 1, we inverted the
direction of the SSC sequence between IRA and IRB to
conform to the indication of previously reported chloro-
plast sequences, and the sequence of the structural iso-
form, LSC-IRB-SSC-IRA, was used for further analy-
ses. The overall A+T content was 63.7%, which is sim-
ilar to those of tobacco (62.2%), rice (61.1%) and maize
(61.5%). The A+T content of the LSC and SSC regions
were 66.0% and 70.7%, respectively, whereas that of the
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Figure 2. Gene organization of the A. thaliana chloroplast genome. The circular genome of the A. thaliana chloroplast was opened
at the junction at IRA and LSC and is represented by a linear map starting from this junction point. The potential protein coding
regions are indicated by boxes on both sides of the middle horizontal lines. The genes on the upper side are transcribed from left
to right, and the lower side, from right to left. The putative genes of which the function could be deduced by similarity search are
indicated by the gene names. The genes classified into 9 groups according to the biological function are shown by different color
codes. The intron-containing genes are indicated by asterisks, and the position and the length of the intron is shown by the dotted
horizontal line. The positions of ribosomal and tRNA genes are also shown in the map. The nucleotide sequence of the A. thaliana
chloroplast genome appears under the accession number AP000423 in the DDBJ/GenBank/EMBL DNA databases.

IR-regions is 57.7% due to the presence of an rRNA gene
cluster.

The shifts of the border positions between the two in-
verted repeat regions (IRA and IRB) and two single copy
regions (LSC and SSC) have been observed among var-
ious chloroplast species.?® 2 To evaluate the difference
of the IR lengths in the chloroplast genomes between A.
thaliana (26,264 bp) and tobacco (25,339 bp), the ex-
act IR border positions were compared with respect to
the adjacent genes between two species. Whereas a very
small shift (2 bp) was observed for the junction of IRA
and LSC, larger shifts were present at other three junc-
tions. The same tendency was seen in the positions of the
IR border between rice and maize chloroplast genome.”
In A. thaliana, the junction between LSC and IRB is lo-

cated within the 7ps19 gene, and the junction between
IRB and SSC is within the ndhF gene. In tobacco, these
two genes are located in the single copy regions.

3.2.  Structural features of the putative protein-coding
genes

The potential protein-coding regions were deduced as
described in Materials and Methods, and the positions
of a total of 87 genes including 79 unique gene species
and 8 duplicated genes in the inverted repeat regions
were localized on the map (Fig. 2). The predicted amino
acid sequences of the A. thaliana chloroplast genes were
then compared to those in the completely sequenced plas-
tid and cyanobacterial genomes (Table 1). All of them
showed the highest identity to those of tobacco, although
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Table 1. List of the potential protein-coding genes assigned in the A. thaliana chloroplast genome and identity with the orthologous
genes. The translated amino acid sequences of 79 assigned genes were compared with those of the corresponding genes in the
genomes of Nicotiana tabacum, Zea mays, Oryza sativa, Marchantia polymorpha, Pinus thunbergii, Epifagus virginiana, Euglena
gracilis, Cyanophora paradozra, Odontella sinensis, Porphyra purpurea, and Synechocystis sp. PCC6803.

Gene expression
Transcription

Nicotiaria tabacam Zoa mays Ocyza rative Maci bmorpha | Puarthaobergii | Epifagus veginiane Bugitns gracilis | Cyanopbhora paradoxa| Odontelta rineewis { Parphyrs Syomchooyrtis 1 PCCSS03
PoA 79.60% 68.00% 67.10% 53.30% 62.50% 3850% 3650% | 3750% 38.10% ansts
poB 92.00% 79.10% 79.60% 68.60% 71.40% 46.80% 45.70% 4740% C _ 4810% 47.20% aner
rpoCl 91.10% 79.10% 79.30% §1.70% 67.20% 43.50% 5150% 4309 | s200% 52.20% 265
1poC2 74.60% 69.50% 61.20% 44.90% 66.70% 29.00% 41.50% 600% | 3690% 39.80% sy
Tr fati
[ Nicotisps tabacam Zemmays Orvzs satvn Marchanéin polymorpbn | Pious thanbeesii | Epifagas visgininna Eoghs lir__dcy doca| Cdontella rivensis | Po prrperes | Sypechiocystis_sp. PCOSR03
[ @2 96.90% 68.00% 87.40% 63.20% 66.90% 81.70% 51.10% 52.60% 56.40% 46.90% 42.60% g
mil4 90.20% 79.70% 83.70% 80.30% 78.70% 55.00% 65.70% 61.50% 67.20% 66.40% P
pll§ 90.30% 85.60% 85.60% 79.90% 78.40% 79.90% 66.50%, 70.90% 64.40% 68.90% 70.40% insos
120 82.90% 68.10% £8.10% 59.10% £6.10% 72.60% 33.90% 48.70% 50.00% 45.30% 51.40% 067
mi22 72.30% S1.70% 55.90% 56.40% 63.60% 46.00% 51.80% 50.50% 52.70% 51.40% A1)
pl23 95.70% 87.80% 85.90% 58.20% 59.30% 11.40% 35.30% 47.60% 37.60% 38.00% st
pi32 84.60% 64.90% 64.90% 66.00% 68.10% 45.70% 52.20% 54.30% 44.70% i3
1pI33 86.40% 74.20% 74.20% 71.20% 71.20% 78.80% 58.50% 56.90% 50.80% 57.10% w138
pl36 100.00% 9190% | 91.90% 86.50% 75.70% 91.90% £4.90% 78.40% 64.90% 70.30% 76.30% 10006
| mps2 89.40% 700% | 71.90% 72.30% 71.70% 80.70% 40.40% 48.90% 46.60% 50.90% 50.00% sinzéo
ps3 27.60% 6170% 63.20% 62.40% 62.70% 71.80% 34.30% £2.50% 41.50% 42.40% 42.50% e
psd 89.10% 79.10% 80.10% 73.10% 63.70% 70.90% 48.50% 58.20% 51.00% 57.70% 57.60% a0w9
ps7. 97.40% 84.00% 83.30% 76.80% 83.90% 92.90% 40.60% 5350% 43.50% 58.70% 52.30% ano?
ps8 84.30% 75.70% 75.70% 60.40% 67.90% 7160% 39.950% 47.80% 44.00% 45.50% 52.60% aitg09
psil 88.40% 65.00% 65.70% 74.40% 78.30% 78.30% 42.50% 55.00% 50.40% 51.99% 54.30% sy
t_rpsi2 95.10% 85.40% 84.60% 89.40% 87.00% 92.20% 69.10% 80.50% 76.40% 76.40% 80.50% 41056
1psid 90.20% 79.70% §3.70% 80.30% 78.70% 44.60% 55.00% 69.70% 61.50% 67.20% 52.00% 0628
ps1S 86.40% 81.10% 14.40% 57.00% 59.10% 35.80% wlt74
\_ipsl6 78.50% 7590% | 58.60% 48.10% 40.50% 52.60% 49.40% 200087
ps18 $6.10% 67.30% | 67.30% 74.00% 77.10% 78.90% 5150% 55.20% 51.50% 52.20% 46.30% 1395
psi9 88.00% 64.90% 64.90% 78.30% 71.70% 75.80% 52.70% 66.30% 58.70% 60.90% 63.00% aieiz
Photosynthesis
Photosynthetic apparatus
! Nicotians tabecurt! Zea manys Otyzs sanve Murchantia polymorpha | Pincs drobersii | Epagos vagmiana Fagieas gracitis | Cyanophors. ra| Odontela rinansu | P parpuree | Synechocystis wp POCGBO3
i___petA 90.3% 81.5% 87.5% 78.8% 81.2% 62.1% 30.3% 60.4% 54.8% w1317
|_petB 98.6% 971.2% 99.1% 94.9% 94.0% 87.9% 92.1% 842% 89.3% 83.2% w032
peth 99.3% 98.8% 98.1% 94.4% 931% 53.8% 755% 78.1% 756% a4
petG $7.3% 97.3% 97.3% 838% 838% 64.7% 73.0% 59.5% 64.9% 70.3% 010
psad 58.0% 96.3% 95.5% 928% 916% 79.2% §2.0% 798% 82.3% 80.5% aettne
psaB 51.1% 96.2% 96.7% 92.5% 924% 824% 81.7% 782% 83.0% 29.8% sats3s
psaC 100.0% 938% | 95.1% 91.4% 96.3% 91.4% 88.9% 86.6% 90.1% 90.1% erl563
psal 96.8% 86.1% | B6.1% 71.0% 61.3% 59.4% 500% 63.3% 50.0% 0004
\__psal 955% 92.9% 88.6% 81.0% 68.2% 622% 60.5% 610% 51.4% 475% em 0008
! psbA 99.7% 98.3% 98.9% 57.2% 96.3% 866% 90.5% 899% 89.9% 85.1% MIB6T. er2IBL ab1ALL
psbB 98.6% 96.3% 95.5% 90.9% 90.7% 738% 79.4% 79.1% 78.7% 76.1% 0500,
psbC 98.5% 95.1% 96.4% 95.6% 95.3% 17% 85.0% 80.1% 83.1% 81.0% sBSL
psbD 98.9% 94.9% 98.0% 96.6% 96.6% 87.0% 87.0% 878% 87.0% 85.0% 410845, dr05T7
psbE. 100.0% 97.6% 97.6% 88.0% 94.0% 71.6% 76.3% 683% 68.3% 69.1% odast
psbF 97.4% 97.4% 97.4% 94.9% 94.9% 83.3% 70.6% 79.4% 76.5% 824% 008
psbH 932% 83.1% 904% 63.5% 303% 03% 6.7 £32% 645% 68.3% sy
[ psbl 100.0% 100.0% 97.2% 94.4% 88.0% 719% 80.6% TI8% 75.0% 72.2% 001
| pshl $7.5% 92.5% 90.0% 50.0% 87.5% 61.5% 70.0% 639% 66.1% 61.6% o008
T pstk 820% n% 689% 58.2% 1% 50.0% 66.1% 69.0% 705% £9.8% 005
psbL 91.3% 97.4% | 974% 94.7% 86.8% 789% 76.3% 86.8% 76.3% 750% w0007
i_psbM 100.0% 91% | 100.0% 87.9% 12.1% 710% 35.9% =003
psbN 100.0% 91.1% | 911% 85.0% 86.0% «“@.I% 628% 05% 65.1% 48.8% 0008
psbT 93.9% 939% | 939% 8T.5% 93.8% 80.0% 76.7% 719% 76.7% 51.7% mA0001
Photosynthetic metabolism
Nicoteane tabecary Zea moys Oryza sativa Marcoaotia polymorphe | Pinus thunbergs | Epifagas viegimana o Odootel ® POCS803
atpA 94.3% 85.4% B6.6% 88.1% 87.0% 174% 71.5% 1% %6.1% 72.1% anszs
atpB 92.8% 91.0% 91.8% 89.7% 88.7% 832% 80.8% 80.1% 824% 80.2 a3
apE 81.1% 74.8% 2.5% £5.1% 102% 203% 35.7% %9% 41.1% 42.0% 1330
atpF 88.0% 72.6% 74.3% 50.3% 63.6% 27.0% 304% 242% 24.0% 252% s
atpH 98.8% 97.5% 91.5% 975% 96.3% 82.7% 90.1% 875% 85.2% 81.3% setzols
ap] %4.0% 90.8% 91.2% 85.2% 85.6% 714% 61.1% 70.2% 67.5% all3z
ndhA 81.5% 80.4% 80.2% 70.1% 605% a1
ndhB 9%6.6% 95.1% 94.8% 70.6% ’ 53.8% s
ndhC 90.0% 85.0% 85.8% I% 65.0% A
ndhd 863% 78.6% 79.3% 695% 52.4% 40077, 411733, k0331, ski251
ndhE 911% 752% 76.2% 147% 58.0% wiosn?
ndhF 76.1% 69.3% 67.3% 54.7% 575% K026, alll732, ek 0844
ndhG 77.8% 75.0% 76.1%. 56.5% 41.8% si0s21
ndhH 91.6% 85.8% 85.5% 82.3% 69.3% L]
odhi 94.6% 83.0% 82.4% 78.1% 615% a2
ndh] 90.4% 82.1% 82.1% 74.7% 53.8% stz
ndhK 89.8% 83.7% 84.0% 71.6% 61.7% 1280
rbcl 4.1% 92.6% 93.7% 92.6% 93.0% | s59% 84.0% 58.7% 57.2% 81.0% 0009
Others
Nicotrana tabacoen Zeamayr Oryaa saava Marchants pobmorpha | Pinar thanbargy: | Epdagus virginisas T Fuglena gracilie | Cyavephors parmdaxa Porpiyrs p POCES03
accD 65.7% 413% 70.2% 62.3% 572% | 52.6% 51.1% K6
cipP 84.7% 68.0% 66.5% 74.0% 61.3% 84.2% 38.6% 49.7% SN0834 610 64 w0168, ab(542
matK 63.9% 53.2% 52.5% 33.9% 432% 4710%
yefl 81.1% 31.0% 394% 338% |
vef2 88.7% 52.1% 192% 26.4% s8%
vef3 100.0% 93.1% 92.1% 87.2% 264% 742% 574% 669% 63.5% Arce2)
yefd 88.0% 80.5% 80.0% 64.3% 71.2% : 358% 41.0% 38.3% 475% 45.9% Ao
yefS 65.9% 65.0% 65.3% $31% 52.6% 414% 416% 38.2% 40.8% sty
yeft 100.0% 96.6% 100.0% 862% 89.7% 79.3% £9.0% 69.0% 552% 0004
yef? 93.5% 83.9% 83.9% 67.7% 69.0% : 85% 81%
yef9 95.2% 83.9% %0.3% 83.9% 758% 48.3% 419% 314% 47.5% 39.3% izt
yef10 79.5% 62.0% 59.0% 49.4% 56.4% 20.4% 295% ariens, de15% I
orf76. 76.0% 53.4% 30.6%
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Lrol-GO7 - 4..76

GCGGATG TA GCC  AAGTGGATT:
trnk-TU7 - 1717, .4761, 4311 . 4347
GGGTTGC T ACTC AACGGTA GAGT
traQ-UU7 - 6616. . 6687

A GTGGA TTGTGAA TTCAC CATC
A CTCGG CTTTTAA CCGAC TAGTT

TGGGGCG Th GCC  AAGOGGTAA  GGC A ACGGG TITIGGT CCCGC  TATTC

¢ras-GCU - 1786, . 7872

GGAGAGA TG GCT GAGTGGACTAA AGC G TTGGA TTGCTAA TCCAT TGTACGAGTTAATCGTACC
Lros-0r + 8646, . 8668, 9383, 9431

GCGGGTA Th GTTT AGTGGTAA AACC € TTAGC CTTCCAA GCTAA CGAT

LraR-C0 + 9590..9661
GCGTCCA TT GTCT AA GGAC A TAGGT CTTCTAA ACCTT TGGT
trnC-GCd + 27373, .27443

GGCGGCA TG GCC  GAGTGGTAA  GGC G GGGGA CTGCAAA TCCTT TTTC
trnb-GOC - 29801, . 29874
GGGATTG TA GTTC AATTGGTCA  GAGC A CCGCC CTGTCAL GGCGG  AMGCT

2rnF-GUd - 30323, . 30406

TG CCCG AGCGGTTAA  TGGG G ACGGA CTGTAAA TTCGT TGGCAATATGTCTAC
tlﬂ~m‘ 30466. . 30638
GCCCCCA TC GICT AGTGGTTCA  GGAC A TCTCT CTTTCAA GGAGG CAGC

tmm0 31369., 31440
GCCCTTT TA ACTC AGTGGTA GAGT A ACGCC ATGGTAA GGCGT AAGTC

tlz.f-anl - 35312..35403

GGAGAGA TG GCCG AGTGGTTGA  TGGC T CCGOT CTTGAAA ACCGG  TATAGTTCATAAAAATAACTATC

LraG-T + 36490 . 36660

GCGGATA TA GT  CGAMTGGTAAA AT T TCTCC TTGCCAA GGAGA AGAC
trofl-CAU - 36704..36777
CGCGGGG TA GAGC AGTTTGGTA  GCTC G CAAGG CTCATAA CCTTG AGGIC

trnS-Gad + 44827. . 44913

GGAGAGA TG GCC GAGTGGTTGAA GGC G TAACA TTGGAMC TGTTA TGTAGACTTTTGTTTACC

drnl-050 - 46213, , 46286

GCCCGCT Th GCTC AGAGGTTA AGC A TCGCA TTTGTAA TGCGA TGGTC

trnl-UAd + 46894, . 46928 17411 47490

GGGGATA TG GCG G AGA CGC T ACGGA CTTAAAA TCCGT TGACTTTTAAMTCGT
LrnF-GAd + 48176, . 48247

GCCGGGA TA GCTC AGTTGGTA GAGC A GAGGA CTGAAAA TCCTC GTGTC

ernV-JAC - 51199.,51233 51833..51871

AGGGCTA Th GCTC AGTTAGGTA  GAGC A CCTCG TTTACAC CGAGC AGGTC
srnlf~-CAU + 52056, .52128 .
ACCTACT TA ACTC AGTGGTTA GAGT A TTGCT TTCATAC GGCAG GAGTC
droW-cU4 - 66229..66302

ACGCTCT TA GTTC AGTTCGGTA  GAAC G TGGGT CTCCAAA ACCCA ATGIC
traf-035 - 66490. . 66663

AGGGATG TA GCGC AGCTIGGTA  GQGC G 'TTTGT TTTGGGT ACAAA ATGTC

GCGGG TTCAATT CCCGT CGTTCGC €
CCGGG TTCGAGT CCCGG GCAMCCC A
GGAGG TTCGAAT CCTTC CGTCCCA G
GAGGG TTCGAAT CCCTC TCTTICC €
GCGGG TTCGATT CCCGC TACCCGC T
ATAGG TTCAMT CCTAT TGGACGC A
CCCAG TTCAALT CCGGG TGCCGCC T
GCOGG TTCGMC CCCGT CAGTCCC 6
GCTGG TTCAAAT CCAGC TCGGCCC A
GGGGA TTCGACT TCCCC TGGGGGT A
ATCGG TTCAAAT CCGAT AAGGGGC T
GAGGG TTCGAAT CCCTC TCTCTCC T
GCGGG TTCGATT CCCGC TATCCGC €
ACGGG TTCAAAT CCTGT CTCCGCA A
GAGGG TTCGAAT CCCTC TCTTICC G
ATCGG TTCGATT CCGAT AGCCGGC T
GAGGG TTCAMST CCCTC TATCCCC A
ACCAG TTCAMT CTGGT TCTTGGC A
TACGG TTCGAGT CCGTA TAGCCCT A
ATTGG TTCAAAT CCAAT AGTAGGT A
GTAGG TTCAAAT CCTAC AGAGCGT G
ACGGG TTCAAAT CCTGT CATCCCT A

m

drnl-CAU A - 86312,.86386; B + 152264..162337

GCATCCA TG GCT GAATGOGTTAA AGC G CCCAA CTCATAA TTGGCG AATTC
trnl-CA& A - 94276..94366; B + 144293, .144373
GCCTTGG TG GTG AAATGGTAGA CAC G CGAGA CTCAAAA TCTCG TGCTAAAGAGCGT
trnV-GAC A + 100709..100780; B -~ 137940..137869

AGGGATA TA ACTC

C TTGACGT GG

AGCGGTA GAGT G TCAC AAGTC
trnI-GAT A + 102801..102837, 103567, .103601; B ~ 135018 135082 136812..135848
AGTGET. Gi

GGGCTAT TA GCTC

CGCCC CTGATAA GGGCG  AGGTC
trnd-00C° A + 103665..103702, 104504..104638; B - 134111 134145 134947.. 134984
AGTTGGTA GAGC T CCGCT CTIGCAA GGCGG  ATGTC

GGGGATA TA GCTC

Lrnk-405 A + 108302, 108375 B - 130347..430274
GGGCTTG TA GCTC AGAGGATT. GAGC A CGTGG CTACGAA CCACG GTGTC

troN-GUU A - 109084, 109013 B + 129565..129636
AGTGGTA GAGC G GTCGG CTGTTAA

TCCTCAG TA GCTC

CIGAT TGGTC

GTAGG TTCAATT CCTAC TGGATGC A
GGAGG TTCGAGT CCTCT TCAAGGC A
ATCAG TTCGAGC CTGAT TATCCCT A
TCTGG TTCAAAT CCAGG ATGGCCC A
AGCGG TTCGAGT CCGCT TATCTCC A
GGGGG TTCGAAT CCCTC CTCGCCC A
GTAGG TTCGAAT CCTAC TTGGGGA G

5sC
trolL~UAG + 114270, .114349

GCCGCTA TG GTG AAATTGGTAGA CAC G CTGCT CTTAGGA AGCAG TGCTAGAGCAT

CTCGG TTCGAGT CCGAG TAGCGGC A
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Figure 3. Structure of the tRNA genes in the A. thaliana chloroplast genome. The nucleotide sequences, nucleotide positions in the
genome and the structural domains for the 37 tRNA genes are tabulated.

Table 2. The codon-anticodon recognition pattern and codon usage for the A. thaliana chloroplast genome. Numerals indicate the
frequency of usage of each codon in 22,978 codons in 79 species of potential protein coding genes.

UJU F 979 UCU S 495 UAU Y 704
trnF~GAA tmS-GGA trnY-GUA

UC F 415 UCC S 248 UAC Y 148

UUA L 872 tml-UAA UCA S 336 tmS-UGA UAA - 49

UUG L 440 trnl-CAA UcG S 163 UAG - 19

CUU L so4 CCU P 373 CAU H 394
CUC L 154 cce P o cAC H 128 tmH-GUG

cua L 320 TEVAG oea p g5 TMPUGE CAA Q 652
trnQ-UUG

CUG L 138 CCG P 117 CAG Q 170

AW | 1024 ACU T 481 AAU N 852
trnl-GAU tmT-GGU trnN-GUU

AUC | 341 ACC T 216 AAC N 257

AUA | ACA T AAA K

T oAl a1 7 emTuGU S mKuuy

AUG M 519 tIM-CAU T 115 AAG K 270

GUU V 483 GCU A 594 GAU D 704
trnV-GAC trnD-GUC

GUC V 152 GCC A 186 GAC D 166

GUA V 455 GcA A 34z TMAUGC GAA E 944
trnV-UAC trnE-UUC

GUG V 176 GCG A 132 GAG E 270

UGuU C 203

trnC-GCA
UGC C 68
UGA - 12

UGG W 400 trnW-CCA

CGU R 299

CGC A 103
tmR-ACG

CGA R 313

CGG R 100

AGU S 359
tms-ccu

AGC S 95

AGA R 0
380 ymRUCU

AGG R 127

GGU G 534
tmG-GCC

GGC G 149

GGA G 637
trmG-uce

GGG G 248

2102 ‘9T 1nbBny uo A1siBAIUN YAkse |\ e /610°S[eulno plojxo ydeasa.feup//:dny wolj papeojumoq


http://dnaresearch.oxfordjournals.org/

288 Sequencing of the Arabidopsis thaliana Chloroplast Genome [Vol. 6,

(a) (b)

rpoB
poCl*
poC2
ms1z2*
ms7

;& ]
18 4 388 28 38 38
3 5 %% 8 3 8
(c) e a b % o gs
i3 ¥R oz §tit i
BRP YRR ELRERRREREE ¥ OYEERR T R YRR
R g8 Z y8g8gygeggcses & 33825 5 &5 § 88§
T 5% 5 355 FYEFE 5 IAFI I 0§ R 9¥EI 5 O F Sa§
(d) (e) i (f)
¥ 3 i i §§1 8 i

il il

sir0261

N

\
1 &, O

==
ndhD
sir0331
—

y

it
i

Figure 4. Structural comparison of gene clusters between the genomes of the A. thaliana chloroplast and the cyanobacterium Syne-
chocystis sp. PCC6803. The clusters of the functionally related genes in A. thaliana chloroplast genome (upper) were compared with
the corresponding regions in the cyanobacterial genome (lower). Genes are represented by open boxes on upper (transcribed from left
to right) or lower (transcribed from right to left) side of the middle horizontal lines for each genome. The gene clusters compared are:
(a) rpoB-rpoC1-rpoC2, (b) rps12-rps?, (c) rpl28-rpl2-rpsl1$rpl22-rpsS-rpll6-rpllf-rps&-rpl36-rpsil-rpoA, (d) atplatpH-atpF-atpA,
(e) ndhH-ndhA-ndhl-ndhG-ndhE-psaC-ndhD, and (f) psbB-psbT-psbN-psbH.
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the value varied from 64% to 100% depending on the gene fied genes into the following three functional categories:
species, indicating that significant diversity was gener- genes related to gene expression, photosynthetic appa-
ated between the two dicot plants. To obtain informa- ratus and photosynthetic metabolism. The genes classi-
tion on the relationship between gene function and di- fied into gene expression varied from 72% to 100% (aver-
vergence, comparison was made by dividing the identi- age identity: 87.9%), those classified into photosynthetic
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metabolism from 76% to 100% (average identity: 89.7%),
and those classified into photosynthetic apparatus from
82.0% to 100% (average identity: 97.0%). It is apparent
that those of the former two gene categories are more
divergent. Sequence conservation was also observed with
the genes in the cyanobacterial genome (25.2% to 90.1%:
average identity 59.6%) with the highest values in the
category of photosynthetic apparatus (47.5% to 90.1%:
average identity 70.4%).

3.8.  Structural features of putative RNA-coding genes

The A. thaliana chloroplast genome contained two
copies of ribosomal RNA gene clusters (16S - 23S - 4.5S -
5S) in the two inverted repeat regions (Fig. 2). Each clus-
ter was intervened by two tRNA genes, trnl and trnA,
in the 16S and 23S spacer. The sequence identities with
those of tabacco chloroplast were 98-100% in the coding
regions and 92% on avarage in the spacer regions.

A total of 37 tRNA genes (30 gene species) represent-
ing 20 amino acid species were identified in the genome
by similarity search and computer prediction. The nu-
cleotide sequences of the gene products and the posi-
tions are summarized in Fig. 3. Six of the 30 tRNA
gene species, trnK-UUU, trnG-UCC, trnL-UAA, trnV-
UAC, trnl-GAU, and trnA-UGC, contained intervened
sequences of 513-5,520 bp long at either the anticodon
stem, the anticodon loop, or D-stem.

On the basis of the structural information derived from
the entire protein and tRNA gene constituents of the
genome, the frequency of codon usage and the recogni-
tion patterns of the codons and the corresponding an-
ticodons were deduced (Table 2). No significant codon
usage bias was observed. Thirty tRNA species can suffi-
ciently recognize all the codons used in the genome except
for trnR-ACG, where only one species of trnR was found
for four kinds of the codons with different third letters.
One possible explanation is that only the first two letters
of the codons are recognized by tRNA. Alternatively, it
could be that the corresponding tRNAs are supplied from
the nuclear genome.

3.4. Genome structure in comparison with cyanobac-
terium

Seventy-four out of 79 genes in the A. thaliana chloro-
plast genome were commonly found in the Synechocystis
genome (Table 2). The structures of 13 clusters consist-
ing of two or more adjoining genes with related functions
in the chloroplast genome were compared with those of
the corresponding regions in the cyanobacterial genome.
The number and relative positions of the genes were con-
served in 7 small clusters: rpl35-rps18, atpB-atpE, ndhC-
psbG-ndhJ, psaA-psaB, psbD-psbC, psbE-psbF-psbL-psbJ,
and petB-petD. Deletion, addition, or rearrangement of
the genes in either genome were observed in 6 clusters:
rpoB-rpoCl-rpoC2, rpsl2-rps?, rpl23-rpl2-rps19-rpl22-
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rps&-rpll 6-rpll4-rps8&-rpl36-rps11-rpoA, atpl-atpH-atpF-
atpA, ndhH-ndhA-ndhI-ndhG-ndhE-psaC-ndhD, psbB-
psbT-psbN-psbH, as shown in Fig. 4. Limited conser-
vation of gene organization among the genomes of liv-
erwort chloroplast, Escherichia coli, and Synechococcus
has also been noted.3® These observations would not only
provide evidence supporting the endosymbiotic theory in
which ancestral photosynthetic prokaryotes of cyanobac-
teria are the origin of plant chloroplasts, but also suggest
that gene shuffling took place during the establishment
of the cyanobacterium species.
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