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Arabidopsis thaliana is an important model system for plant
biologists'. In 1996 an international collaboration (the Arabidop-
sis Genome Initiative) was formed to sequence the whole genome
of Arabidopsis® and in 1999 the sequence of the first two chromo-
somes was reported™’. The sequence of the last three chromo-
somes and an analysis of the whole genome are reported in this
issue>”’. Here we present the sequence of chromosome 3, orga-
nized 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 defined centromere®. This chromosome encodes
5,220 of the roughly 25,500 predicted protein-coding genes in the
genome. About 20% of the predicted proteins have significant
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 artificial
chromosome (YAC)-based physical maps™'’, to be 21-23 Mb long
(excluding the centromeric and telomeric regions). We sequenced
330 clones (bacterial artificial chromosomes (BACs)'"', P1 clones"
and transformation-competent artificial chromosomes (TACs)")
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 450kb of sequence in the two small centromeric contigs,

820

## © 2000 Macmillan Magazines Ltd

340kb (90 and 250 kb, respectively) correspond to high accuracy
DNA sequence; the rest consists of unfinished highly repetitive BAC
sequences.

For each chromosome arm, the canonical telomeric repeats'
specific 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 retro-
transposon density increases towards the peri-centromeric/centro-
meric 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 centromere'®”. The bottom arm
contig begins at the FAM19 BAC clone with a 5S ribosomal DNA
(rDNA) repeat cluster'®. The two small centromeric contigs were
mapped in between the two arm contigs by tetrad analysis®. The
relative positions and orientations of these small contigs have not yet
been confirmed experimentally. The probable structure of the chro-
mosome 3 centromere is shown in ref. 7 and in Supplementary
Information. The size of the genetically defined 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 elements’, a block of 40 nearly perfect telomeric repeat
units and a single complete rDNA unit (over 99% identical in the 258,
18S and 5.8S regions). A general description of the characteristics of

Table 1 Features of chromosome 3

(@) The DNA molecule

Length 23,172,617 bp
Top arm 13,590,268 bp
Bottom arm* 9,582,349 bp
Base composition (%GC)

Overall 35.4

Coding 44.3

Non-coding 33.0
Number of genes 5,220
Gene density 4.5 kb per gene
Average gene length 1,925bp

Average peptide length 424 amino acids

Exons
Number 26,570
Total length 6,654,507 bp
Average per gene 5.1
Average size 250bp
Introns
Number 21,350
Total length 3,397,531 bp
Average size 159bp
Percentage of genes with ESTst 59.8%
Number of ESTst 20,732
(b) The proteome
Total proteins 5,220

Proteins with INTERPRO domains

Genes which contain at least one
transmembrane domain

Genes which contain at least one SCOP domain

2,989 (57.8%)
1,615 (30.9%)

1,664 (31.9)%

Secretory pathway default valuet 877
Secretory pathway >0.95 specificity 813
Chloroplast default value 754
Chloroplast >0.95 specificity 420
Mitochondria default value 554
Mitochondria >0.95 specificity 63
Functional classification

Cellular metabolism 745
Transcription 566
Plant defence 354
Signalling 356
Growth 357
Protein fate 314
Intracellular transport 269
Transport 155
Protein synthesis 148
Total 3,264

*The size of the bottom arm included the two small centromeric contigs (~340kb).

1 EST matches were calculated using a similarity threshold of 90%.

I The assignation to secretory pathway, chloroplast and mitochrondria result from a TargetP
analysis.
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chromosome 3 is available as Supplementary Information.

To annotate chromosome 3 we combined in silico gene-finding
methods and sequence comparisons with external databases,
followed by human inspection. Chromosome 3 contains 5,220
putative genes. A 1.9-kb-long gene (from start to stop codon) is
predicted on average every 4.5 kb and contains from 1 (21%) to 78
exons; therefore, 43% of the DNA potentially encodes proteins. The
characteristics of the genes predicted on this chromosome are
essentially similar to those described for chromosomes 2 (ref. 4)
and 4 (ref. 3), and are shown in Table 1(a). To assign unambiguously
Arabidopsis expressed sequence tags (ESTs) to their cognate genes, a
whole-genome comparison was performed and for each EST the best
match with the predicted gene was retained. We know that at least
2,714 (53%) of the predicted genes are expressed, because there are
corresponding complementary DNAs or ESTs. Of the 39 genes
represented by more than 50 ESTs, 18% are located in a 165-kb
interval, mainly owing to a cluster of putative lectin genes that has
nine members and accounts for 349 ESTs. Alternative splicing has
been reported in Arabidopsis genes'®*'. We detected potential alter-
native splicing for 1-2% of around 1,000 predicted genes with at least
three EST and/or messenger RNA matches, which confirms that
alternative splicing is rare in chromosome 3 compared with its
frequency in mammalian genes®, at least in the set of ESTs available.

We found two types of duplication, represented either by clus-
tered gene families or by segmental duplications. Eight hundred and
thirty seven predicted genes and 47 predicted pseudogenes are
members of 306 clustered gene families with between 2 and 23
members each. The percentage of the predicted genes showing a
match with an EST is 38%, which is significantly (P < 107) lower
than the percentage of matches between ESTs and the overall
predicted genes on chromosome 3 (52%). The low expression of
these genes suggests that some of them may be vestigial. Other
possibilities such as gene silencing or the acquisition of specific
expression patterns could also explain this feature. In most cases it is
likely that clustering is due to simple amplification by duplication.
When considering only clustered gene families with two members,
86% of the gene pairs are on the same strand. Remnants of very
recent duplications (for example, AT3g24870 and AT3g24880)
which show over 98% identity (including introns) have been
identified. In some cases, the organization of the cluster is much
more complex and its evolution is more difficult to trace (for
example, AT3g59150 to AT3g59270). In addition to the clustered
gene families, there are large segmental duplications between the
chromosome 3 sequence and sequences on other chromosomes,
such as a 4-Mb duplication between chromosomes 3 and 2 (ref. 7).
The analysis of the 45 chromosome 3 clustered gene families in this

Table 2 Homologues of h genes with best matches on chromosome 3

Human gene Identity* Possible function Arabidopsis gene

Acute myeloid 36% (138 aa) Chromatin structure AT3g48710
leukaemia (DEK)

Ataxia telangiectasia 38% (1,042 aa) DNA repair AT3948190
(ATM)

Retinoblastoma (RB1) 23% (850 aa) Regulation of AT3g12280

apoptotic function

Machado-Joseph 36%(244 aa) Protein folding AT3g54130
(MJD1)

Miller-Dieker lissen. 32% (312 aa) Phospholipase AT3949660
(PAF)

Myotubular myopathy 35% (454 aa) Signalling pathway AT3g10550
1 (MTM1)

Coffin-Lowry 47% (323 aa) Ribosomal protein AT3908720
(RPSBKAR) S6 kinase

Williams-Beuren (ELN) 31% (762 aa) Composition of AT3922140

elastic fibres

Carnitine deficiency 31% (453 aa) Sodium carnitine AT3g20660
(SLC22A5) cotransporter

Downregulated in 27% (506 aa) Anion transport AT3912520

adenoma (DRA)

* Amino-acid identity over the homologous region of the gene; the size of the region is given in
parentheses.
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duplication shows that, in about 80% of cases, the best match is
found in the same cluster on chromosome 3, indicating that most of
these clustered gene families were probably created after the
segmental duplication.

The characteristics of the 5,220 putative proteins encoded by this
chromosome are shown in Table 1(b). Four hundred and twenty
seven (8.3%) were already known at least by the presence of an
mRNA in the sequence databases. For about 60% of the annotated
proteins, we can predict a putative function using sequence similarity
criteria and INTERPRO?® analysis. Results from these two programs
do not completely overlap, which further increases the percentage for
which a putative function can be assigned. The remaining group
consists of proteins predicted by gene-finding programs only and of
proteins with similarity to other proteins of unknown function. The
distribution of the functional categories is in good agreement with
those reported for the Arabidopsis genome as a whole’.

Some gene functions are over-represented in the 5,220 genes
predicted on chromosome 3, in part owing to the presence of
clustered gene families. Of the 20 SkpI homologues found in the
Arabidopsis genome, eight are on chromosome 3, and six of these are
found in two clustered gene families. In yeast SkpI is involved in
specific protein degradation via the Skpl-Cdc53-F-box pathway,
and a similar role has been proposed in Arabidopsis*. Three of the
four nitrilase genes in the Arabidopsis genome were found on
chromosome 3 as a clustered gene family.

Chromosome 3 harbours some unexpected features, such as a
roughly 5-kb chloroplast DNA insertion, the complete rDNA repeat
unit and the telomeric repeat, all in the genetically defined cen-
tromere. Although the biological analysis of the chromosome 3
genes has to be placed in the context of the whole genome’,
chromosome 3 contains a number of homologues to human disease
genes (Table 2) which point to important conserved cellular func-
tions in eukaryotes. Most if not all are involved in basic cellular
mechanisms. The analysis of homologues of human genes can
provide some clues about the function of these genes in a plant.
Chromosome 3 contains a putative orthologue of the human DEK
gene, which is involved in acute myelogenous leukaemia. This gene
induces alterations of the superhelical density of DNA in
chromatin®. We also detected homologous genes to both human
SKI2W and yeast Ski2 (ref. 26). The yeast gene regulates expression
of non-poly-A mRNA and has antiviral activities, and it is tempting
to attribute an antiviral defence role to this gene in Arabidopsis.
Inter-genome comparisons will be of great interest for accelerating
the understanding of gene function. In this respect Arabidopsis will be
extremely useful in providing information on genes common to
different organisms, owing to the relative ease of screening for
mutants in a selected gene. Most of the general features are consistent
with those reported for the other chromosomes. For example, the
gene density is similar for all the Arabidopsis chromosomes. This
highly conserved gene density can be explained by both the very high
number of segmental duplications’ and a continuously very high rate
of reshuffling during the evolution of the Arabidopsis genome. [

Methods

We used two strategies to establish the sequence of chromosome 3. The first was based on
the construction of a fine physical map by ordering P1, TAC and BAC clones using DNA
markers and clone end sequences”. Under the second strategy we isolated seeded clones
using STS-selected markers and sequenced them by shotgun sequencing. Seeded clones
were then extended in both directions by searching for sequence identities in the BAC end
sequence database, which was then cross-examined with BAC fingerprint data. When
necessary PCR products were sequenced to fill gaps between two contigs. Individual BAC
clones were assembled from the shotgun sequences. Gaps between contigs were closed by
primer walking and low-quality regions were finished by resequencing. Individual BAC
clone assemblies were checked by restriction digests and the error rate of the final sequence
was estimated to be lower than 1 in 3 x 10° by comparing independent sequence overlaps
representing ~950 kb. Of the 27 discrepancies found, 10 were sequencing errors and the
remainder are probably due to BAC mutations.

The annotation of the sequences was performed as described***. Alignments were
computed using a SMITH-WATERMAN? algorithm implemented in LASSAP* (large
scale sequence comparison package) version 1.2.0a.
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