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The genome of the ¯owering plant Arabidopsis thaliana has ®ve
chromosomes1,2. Here we report the sequence of the largest,
chromosome 1, in two contigs of around 14.2 and 14.6 megabases.
The contigs extend from the telomeres to the centromeric borders, regions rich in transposons, retrotransposons and repetitive
elements such as the 180-base-pair repeat. The chromosome
represents 25% of the genome and contains about 6,850 open
reading frames, 236 transfer RNAs (tRNAs) and 12 small nuclear
RNAs. There are two clusters of tRNA genes at different places on
the chromosome. One consists of 27 tRNAPro genes and the other
contains 27 tandem repeats of tRNATyr-tRNATyr-tRNASergenes.
Chromosome 1 contains about 300 gene families with clustered
duplications. There are also many repeat elements, representing
8% of the sequence.
Future insights into basic plant biology and the ability to
manipulate plants through genetic engineering for agronomic
improvement will depend on whether we can identify the genes
that control fundamental developmental and metabolic processes.
The identi®cation of these genes has until recently relied on
their mutant phenotypes, genetic map positions and positional
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cloning approaches. Sequencing the complete genomes of model
organisms3±5 has greatly facilitated the identi®cation of genes that
are important for both basic biological and disease-related
processes. Most plant species have relatively large genomes (.500
megabases (Mb)) with many repeated sequences. Complete genome
sequencing efforts in plants have therefore centred largely on
Arabidopsis thaliana6,7, which has a small genome (around
130 Mb) with low repetitive DNA content2,8,9. The Arabidopsis
Genome Initiative (AGI) was established in 1996 to sequence the
genome of Arabidopsis. Here we report the DNA sequence of
28.8 Mb of chromosome 1 of ecotype Columbia, fully annotated
into two contigsÐthe northern arm (approximately 14.2 Mb) and
the southern arm (approximately 14.6 Mb).
Chromosome 1 is metacentric and was originally estimated, using
the yeast arti®cial chromosome (YAC)-based physical map10, to
be 31-Mb long. Sequencing was initiated using bacterial arti®cial chromosomes (BACs) anchored to a physical map11. An
optimal tiling path for sequencing was determined using a
BAC end-sequencing strategy12. Three AGI groups, Genoscope
(http:// www.genoscope.cns.fr/externe/arabidopsis), The Institute
for Genomic Research (TIGR) (http://www.tigr.org/tdb/at/abe/
bac_end_ search.html) and the Stanford/University of Pennsylvania/
Plant Gene Expression Center (SPP) Consortium (http://genome.bio.
upenn.edu/physical-mapping/bacendlist/bacends.html) determined
the end sequences for almost all of the BACs in the TAMU13 and
Table 1 Features of chromosome 1
Feature

Value

.............................................................................................................................................................................

(a) The DNA molecule
Length
Top arm
Bottom arm

28,762,046 bp
14,172,442 bp
14,589,604 bp

Base composition (% GC)
Overall
Coding
Non-coding
Number of genes
Gene density
Average gene length
Average peptide length
Exons
Number
Total length
Average per gene
Average size
Introns
Number
Total length
Average size
Number of genes with ESTs
Number of ESTs* for chromosome 1 genes

35.8
43.8
31.8
6,848
4.1 kb per gene
2,145 bp
460 amino acids
35,768
9,396,363 bp (33%)
5.2
272 bp
28,951
4,807,531 bp (17%)
166
3,448 (50%)
,30,000 (27%)

.............................................................................................................................................................................

(b) The proteome
Classi®cation/function
Total proteins
With similarity to GenBank entries
Unknown
Hypothetical
With putative function

Number

Percentage (%)

6,848
4,793
1,590
1,935
3,323

100
70
23
28
49

With putative signal peptides
Secretory pathway
Chloroplast
Mitochondria

1,049
521
96

15
7.5
1.5

Classi®cation of proteins with putative function
Cellular metabolism
Transcription
Plant defence
Signalling
Growth and development
Protein fate
Intracellular transport
Ion transport
Protein synthesis
Total

995
498
354
327
302
292
247
194
113

30
15
11
10
9
9
7
6
3

3,322

100

.............................................................................................................................................................................
* Around 110,000 ESTs used for analysis (http://www.arabidopsis.org).
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Figure 1 Density of various features along chromosome 1. The analyses were performed
on the entire chromosome (28,762,046 bp) by joining the two arms at the centromeric
gap, shown as a discontinuity. The densities of the features were obtained by analysing
the sequence every 100 kb using a 10-kb sliding window. The analyses for retro- and
DNA-transposable elements were carried out every 10 kb.
NATURE | VOL 408 | 14 DECEMBER 2000 | www.nature.com

IGF14 libraries, corresponding to about 36,000 unique end
sequences from around 18,300 BAC clones (,14´ coverage;
10,200 TAMU and 8,100 IGF clones). We searched completed
BAC sequences against the end sequence database, and chose BAC
clones with a minimum of sequence overlap for further sequencing.
On average, we identi®ed homologous BAC end sequences every
®ve kilobases (kb) along the length of the query BAC sequence. We
sequenced one YAC and 369 BAC clones to produce the ®nished
unique sequence. Seventy-seven clones served as `seed' points. The
two contigs extend from the telomeres to the centromeric borders,
which are rich in transposons, retrotransposons and diverse repetitive elements15. We identi®ed the telomeric regions of the chromosome with the aid of previously isolated putative north (pAtT60)
and south (ATYpATT1) telomeric clones from the Landsberg
ecotype16 as described (see Methods in the Supplementary Information). The GC content of the chromosome is low, which made it
easier to sequence using the available chemistry (Table 1(a)). The
northern arm does not have any sequencing gaps. The southern arm
has three sequencing gaps at 15.349 Mb (BAC T18F15, C084807),
15.573 Mb (BAC T2P3, CO84820), and 20.070 Mb (BAC T4M14,
AC027036).
We veri®ed the collinearity of the assembled sequence using
BLAST17analysis of the BAC end sequences against the assembled
contig sequences. In addition, the location of 107 sequenced
chromosome 1 markers on the assembled chromosome is collinear
with their location on the recombinant inbred linkage map18. The
sequence accuracy is estimated to be no more than one error in
25,000 bp, on the basis of the discrepancies found in the sequenced
overlapping regions of BACs. The centromere is estimated to be
1.3-Mb long (refs 15, 19), bringing the overall size of the chromosome
to about 30 Mb. The relationship between physical and genetic
distance is around 230 kb cM-1, uniform across the chromosome
and similar to that reported for chromosomes 2 (ref. 6) and 4 (ref. 7).
We used gene prediction programs and database searches to
annotate and determine some of the features of the chromosome.
It contains about 6,850 putative genes at a density of 1 gene per
4.1 kb, which is more than twice the density found in Drosophila5.
The average gene is about 2-kb long (from start to stop codon) and
contains ®ve exons with an average size of 272 base pairs (bp).
Therefore, almost 50% of the chromosome consists of genes (Table
1(a)). Approximately 1,250 (18%) of the genes are intronless and
many have been annotated as `hypothetical' proteins. The largest
gene, F5A8.4 (AC004146), contains 68 exons and encodes a 5,139amino-acid polypeptide (relative molecular mass ,500,000 (Mr
,500K) which is a ubiquitous putative membrane protein found in
Saccharomyces cerevisiae3, Caenorhabditis elegans4, D. melanogaster5
and Homo sapiens. The smallest recognized gene, T6H22.15
(AC009894), encodes the L41 protein of the 60S ribosomal complex, which contains 25 amino acids. Expressed sequence tags
(ESTs) exist for this gene. At least 3,448 (50%) genes are expressed,
as shown by the presence of corresponding Arabidopsis complementary DNAs or ESTs in GenBank. Thirty-thousand (27%) of the
110,000 ESTs screened are products of chromosome 1 genes (Table
1(a)). Ninety-seven per cent of the chromosome 1 ESTs map to
annotated genes. Genes that are most highly represented by ESTs
include putative chlorophyll a/b-binding protein, small subunit of
RuBP carboxylase, ferrodoxin/precursor and photosystem II 10K
polypeptide. The gene density and EST distribution are more or less
the same along the chromosome, with their lowest values around
the regions ¯anking the centromere. There are a few highly dense
EST regions with more than 700 ESTs per 100 kb, indicating highly
transcribed regions (Fig. 1).
The chromosome contains 236 tRNAs, which is similar to the
total number (293) found in the Drosophila genome5. The tRNAs
are evenly distributed along the chromosome except for two regions
where they cluster (Fig. 1). The ®rst cluster (at 9.989 Mb) contains
27 tandem tRNAPro genes, with the last gene being a pseudogene.
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available genomes (S. cerevisiae, C. elegans, D. melanogaster and
H. sapiens). The top 14 homologies are shown in Table 3 of the
Supplementary Information. Clearly, proteins involved in RNA
splicing, tRNA biosynthesis, translation and metabolism are
highly conserved throughout the eukaryotic kingdom.
The chromosome contains 312 families of tandemly arranged
genes with 847 members (comprising 12% of all the genes that have
a blast score of more than 200). There are between two and twelve
members in each family (Fig. 3). These families are distributed
throughout the chromosome (Fig. 1). One hundred and ®fty-six
families encode a set of distinct protein isoforms and are not
members of superfamilies. The remaining 156 families are members
of 46 superfamilies, which vary in size from 2 to 23 families. For
example, the T28K15.6 (AC022522) superfamily contains ®ve twomember families, which encode putative NBS/LRR disease-resistance proteins. Two of the T28K15.6 families are located at ,4 Mb
and the other three at ,20.5 Mb on the chromosome. The families
198
200
180
160
140
Number of families

The other (at 19.282 Mb) has 27 tandem repeats of the tri-repeat
tRNATyr- tRNATyr- tRNASer (Fig. 2). The tRNASer/tRNATyr cluster has
been structurally characterized20 using conventional molecular
approaches, but the tRNAPro cluster was previously undetected.
The sequence homology among the tRNA repeats ranges from 98%
to 99%. The three tRNA genes have the same orientation and are
separated by 250 and 370 bp, respectively. It has been suggested that
tRNA clustering may re¯ect tissue-speci®c co-regulation of the
tRNA genes20.
There are four pairs of megabase-scale segmental duplications
within the chromosome. Their locations are: 3.1±3.8/19.3±19.8;
5.6±6/27.8±27.3; 6.2±7.5/25.4±26.7; and 8±8.6/25±24.3 Mb. The
®rst and third duplications have the same orientation relative to the
centromere; for the second and fourth set, the two members are in
opposite orientations. There are also large-scale duplications between
chromosome 1 and each of the other Arabidopsis chromosomes19.
Analysis also reveals diverse repetitive elements representing 8% of
the sequence (see Table 2 in the Supplementary Information) consisting of various retroelements (2.6%), DNA elements (2.4%) and a
number of simple and low-complexity repeats (2.6%). There is an
inverse relationship between gene density and retro- and DNAelement densities in the borders of the centromeric region (Fig. 1),
a hallmark of such chromosomal domains21.
Computational analysis predicts 6,848 proteins (Table 1(b)),
corresponding to about a quarter of the Arabidopsis proteome
and equal to half the predicted number of proteins in Drosophila
(13,601 predicted proteins). Around one-third (28%) of the proteins are `hypothetical', being predicted by various gene prediction
programs, but without EST matches. Twenty-®ve per cent have an
`unknown' function, but we know that they are transcriptionally
active because there is an EST. Seventy per cent of the annotated
proteins have some similarity to other `hypothetical', `unknown' or
`putative function' proteins from plants and other eukaryotic
genomes such as S. cerevisiae3, C. elegans4, D. melanogaster5 and
H. sapiens. Table 1(b) shows a functional classi®cation of the
proteins, based on their amino-acid motifs. Thirty per cent of the
proteins with putative function participate in cellular metabolism,
and another 50% are involved in transcription, plant defence,
signalling, and growth and development. Comparison of the predicted proteins of chromosome 1 with other proteins from available
complete genome sequences reveals that more than 1,500 proteins
have signi®cant homology (cutoff # 10-30) to proteins from the
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Figure 3 Frequency distribution of genes in multigene families with tandem gene
arrangements.

Figure 2 Clusters of tRNA genes in chromosome 1. a, The tRNASer/tRNATyr repeat cluster at 19.282 Mb is located on BAC F25P12 (accession no. AC009323). b, The tRNAPro cluster at
9.989 Mb is located on BAC F1K23 (accession no. AC007508).
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of 25 superfamilies are close together (less than 2 Mb apart),
whereas those of the remaining 21 are farther apart. In a few
cases, the families are 20 Mb apart. For example, the T28P6.7
(AC007259) superfamily, which encodes S-locus-like receptor
kinases (SRKs), has four families with two, three, twelve and two
members located at 3.79, 38.1, 20.5 and 22.33 Mb, respectively. The
®rst two SRK families are closely linked, separated by two unrelated
genes. The SRK proteins have been implicated in controlling selfincompatibility in the reproductive system in Brassicaceae22, and it
has been proposed that the autogamous reproductive system of
Arabidopsis re¯ects the absence of the SRK genes from the
Arabidopsis genome22. It remains to be determined whether the 19
putative SRK isoforms encoded by the T28P6.7 superfamily and the
12 SRK isoforms encoded by the T28P6.2 superfamily (three families
with three, seven and two members, respectively) on chromosome 1
have an S-locus protein kinase activity. The largest superfamily is
F22L4.6 (AC061957) with 23 families, which encodes 78 isoforms of a
putative protein kinase. A large percentage of the gene families on this
chromosome encode proteins that are involved in disease resistance,
cell wall degradation and secondary metabolite biosynthesis.
It will be important to ®nd out the biological signi®cance of the
multigene families. Why do so many gene products encode isoforms
of the same polypeptide? This question applies to gene families with
tandem gene arrangement as well as those with dispersed gene
arrangements, such as 1-aminocyclopropane-1-carboxylic acid
(ACC) synthase (ACS). This family has two members (ACS2 and
ACS10) on chromosome 1 and eight other members in the other
four chromosomes. It has been suggested23 that the presence of
different ACS isoforms may re¯ect tissue-speci®c expression that
satis®es the biochemical properties of the cells or tissues in which
each is expressed. For example, if a group of cells or tissues have low
concentrations of the substrate, S-adenosyl methionine, then these
cells express a high af®nity (low Km) ACS isoform. Accordingly,
the distinct biological function of each isoform is de®ned by
its biochemical properties, which in turn de®ne its tissuespeci®c expression. Such a concept can accommodate gene families
encoding structural proteins as well as enzymes.
The sequences of chromosome 1 and the other Arabidopsis
chromosomes6,7,24,25 will provide a wealth of information, but
more experimental work is required to determine gene functions
that will advance plant science26. Most of the genes and their
predicted functions should be interpreted with caution. Mapping
the transcriptional units of the Arabidopsis chromosomes in the
future will provide experimental veri®cation of the annotation.
Chip technology27 has the potential to facilitate the mapping of the
transcriptional units, leading to the isolation of full-length cDNA
clones for all the genes of the Arabidopsis chromosomes. The
availability of the uni-cDNA collection will eliminate the need for
cDNA library construction and will allow the creation of a library
where every cDNA will be represented at equimolar concentration.
More importantly, the full-length cDNA collection will allow
the biochemical characterization of the Arabidopsis proteome.
Concomitantly, the available DNA sequence and chip technology
eliminate the need for Southern and northern analyses in Arabidopsis.
Isolation of insertional mutants for all the genes on the chromosomes
will offer additional resources to elucidate the function of the genes by
reverse genetics. The biological resources that will be available for
Arabidopsis will allow plant biologists to advance plant science and
agriculture to levels never dreamed of 30 years ago.
M

Methods

We used two BAC and one YAC libraries made from the ecotype Columbia of Arabidopsis
thaliana: the TAMU13 BAC library (T); the IGF14 BAC library (F); and the yUP28 YAC
library. BAC DNAwas hydrodynamically sheared29 to 1±2 kb and the DNA was ligated into
an M13 vector using a `linker-adapter' system30 that minimizes the formation of chimaeric
DNAs. We used an automated sample preparation system for template preparation31. We
sequenced each BAC to 10´ coverage using Dyeprimer chemistry. Individual BACs were
assembled from the shotgun sequences using Phred32,33/Phrap (http://www.phrap.org)/
NATURE | VOL 408 | 14 DECEMBER 2000 | www.nature.com

Consed934, and the gaps in each BAC were closed using a combination of BAC walking,
directed PCR and resequencing of individual clones using Dyeterminator chemistry. All
sequences are .97% double-stranded and have no more than one error per 25 kb. BACs
were sequenced at TIGR as described6.
We analysed the DNA sequence of each BAC for protein-coding genes using geneprediction software and alignments with sequences from the ESTand non-redundant protein
databases. For initial gene and exon predictions, we used GRAIL35, Genscan36, fexa (V.
Solovyev, http://genomic.sanger.ac.uk/gf/gf.shtml), GlimmerA37 and GeneMark.HMM38.
Splice site predictions were made using GeneSplicer (M. Pertea and S. Salzberg, unpublished
software) and NetPlantGene39. We aligned sequences in the EST and non-redundant protein
databases to the BAC sequences using the BLAST17 and AAT40 sequence database search and
alignment software. Protein gene models were then assigned both automatically by the
PEDANT41 system and manually by evaluating and editing the gene prediction and database
alignment data for each BAC. We identi®ed tRNA genes using the program tRNA-scanSE42. We identi®ed potential transit and targeting peptide sequences in proteins using
TargetP43 (speci®city .0.95), and repeats using Repeat Masker (A. F. Smit & P. Green;
http://ftp.genome.washington.edu/RM/RepeatMasker.html; http:// www.girinst.org).
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340 kb (90 and 250 kb, respectively) correspond to high accuracy
DNA sequence; the rest consists of un®nished highly repetitive BAC
sequences.
For each chromosome arm, the canonical telomeric repeats15
speci®c for chromosome ends border a long euchromatic region
(,11 and ,7 megabases (Mb) for the top and bottom arms,
respectively) characterized by a high and roughly uniform gene
density. The gene density then gradually decreases as the retrotransposon density increases towards the peri-centromeric/centromeric heterochromatic region. The top arm contig terminates at the
F15D2 BAC clone, which contains at its end a 180-bp tandem repeat
characteristic of the Arabidopsis centromere16,17. The bottom arm
contig begins at the F4M19 BAC clone with a 5S ribosomal DNA
(rDNA) repeat cluster18. The two small centromeric contigs were
mapped in between the two arm contigs by tetrad analysis8. The
relative positions and orientations of these small contigs have not yet
been con®rmed experimentally. The probable structure of the chromosome 3 centromere is shown in ref. 7 and in Supplementary
Information. The size of the genetically de®ned centromeric region is
estimated to be around 1.7 Mb; added to the size of the chromosome
arms, this indicates a size of 24 Mb for the whole chromosome.
Unexpectedly, the centromeric region contains, in addition to known
repetitive elements7, a block of 40 nearly perfect telomeric repeat
units and a single complete rDNA unit (over 99% identical in the 25S,
18S and 5.8S regions). A general description of the characteristics of
Table 1 Features of chromosome 3
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Arabidopsis thaliana is an important model system for plant
biologists1. In 1996 an international collaboration (the Arabidopsis Genome Initiative) was formed to sequence the whole genome
of Arabidopsis2 and in 1999 the sequence of the ®rst two chromosomes was reported3,4. The sequence of the last three chromosomes and an analysis of the whole genome are reported in this
issue5±7. Here we present the sequence of chromosome 3, organized into four sequence segments (contigs). The two largest (13.5
and 9.2 Mb) correspond to the top (long) and the bottom (short)
arms of chromosome 3, and the two small contigs are located in
the genetically de®ned centromere8. This chromosome encodes
5,220 of the roughly 25,500 predicted protein-coding genes in the
genome. About 20% of the predicted proteins have signi®cant
homology to proteins in eukaryotic genomes for which the
complete sequence is available, pointing to important conserved
cellular functions among eukaryotes.
Chromosome 3 is submetacentric and represents about 20% of
the Arabidopsis genome. It has been estimated, using yeast arti®cial
chromosome (YAC)-based physical maps9,10, to be 21±23 Mb long
(excluding the centromeric and telomeric regions). We sequenced
330 clones (bacterial arti®cial chromosomes (BACs)11,12, P1 clones13
and transformation-competent arti®cial chromosomes (TACs)14)
and eight polymerase chain reaction (PCR) products and assembled
them into four contigs representing 23,172,617 base pairs (bp) of
non-redundant sequence. The bottom arm contains a residual
sequencing gap of around 5 kilobases (kb). Of the approximately
150 and 450 kb of sequence in the two small centromeric contigs,
820

(a) The DNA molecule
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Length
Top arm
Bottom arm*

23,172,617 bp
13,590,268 bp
9,582,349 bp

Base composition (%GC)
Overall
Coding
Non-coding
Number of genes
Gene density
Average gene length
Average peptide length
Exons
Number
Total length
Average per gene
Average size
Introns
Number
Total length
Average size
Percentage of genes with ESTs²
Number of ESTs²

35.4
44.3
33.0
5,220
4.5 kb per gene
1,925 bp
424 amino acids
26,570
6,654,507 bp
5.1
250 bp
21,350
3,397,531 bp
159 bp
59.8%
20,732
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(b) The proteome
Total proteins
Proteins with INTERPRO domains
Genes which contain at least one
transmembrane domain
Genes which contain at least one SCOP domain
Secretory pathway default value³
Secretory pathway .0.95 speci®city
Chloroplast default value
Chloroplast .0.95 speci®city
Mitochondria default value
Mitochondria .0.95 speci®city

5,220
2,989 (57.8%)
1,615 (30.9%)
1,664 (31.9)%
877
813
754
420
554
63

Functional classi®cation
Cellular metabolism
Transcription
Plant defence
Signalling
Growth
Protein fate
Intracellular transport
Transport
Protein synthesis
Total

745
566
354
356
357
314
269
155
148
3,264

.............................................................................................................................................................................
* The size of the bottom arm included the two small centromeric contigs (,340 kb).
² EST matches were calculated using a similarity threshold of 90%.
³ The assignation to secretory pathway, chloroplast and mitochrondria result from a TargetP
analysis.
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