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Sequence and analysis of chromosome 4
of the plant Arabidopsis thaliana
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The higher plant Arabidopsis thaliana (Arabidopsis) is an important model for identifying plant genes and determining their
function. To assist biological investigations and to define chromosome structure, a coordinated effort to sequence the Arabidopsis
genome was initiated in late 1996. Here we report one of the first milestones of this project, the sequence of chromosome 4.
Analysis of 17.38 megabases of unique sequence, representing about 17% of the genome, reveals 3,744 protein coding genes, 81
transfer RNAs and numerous repeat elements. Heterochromatic regions surrounding the putative centromere, which has not yet
been completely sequenced, are characterized by an increased frequency of a variety of repeats, new repeats, reduced
recombination, lowered gene density and lowered gene expression. Roughly 60% of the predicted protein-coding genes have been
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functionally characterized on the basis of their homology to known genes. Many genes encode predicted proteins that are

homologous to human and Gaenorhabditis elegans proteins.

Green plants capture solar energy through photosynthesis, which
supports most other forms of life on Earth, as well as providing
oxygen for aerobic organisms. Plants also synthesize a wide variety
of fibres, chemicals, pharmaceuticals and raw products which
provide the basis of many industrial processes. Several features of
plant development and interactions with their environment are
different from those of other multicellular organisms, and the
molecular mechanisms of these processes are not known in detail.
The elucidation of these activities at a molecular level will provide
genes and knowledge for both improving the efficiencies of food
and raw material production and for providing deeper insights
into new developmental processes and environmental responses.
Arabidopsis thaliana (Arabidopsis), a member of the Brassica family
of dicotyledonous plants, has become an important model species
for the study of many aspects of plant biology'. It has a relatively
small nuclear genome (for plants) of roughly 130 megabases (Mb)
in five chromosomes, and low repetitive DNA content. These
features have lead to the development of a wide range of resources
for map-based gene isolation in Arabidopsis. Here we describe the
sequence of chromosome 4 of Arabidopsis.

Sequence acquisition and verification

Chromosome 4 is acrocentric, with the shorter arm tipped by near-
homogeneous ribosomal DNA repeats extending for 3.5Mb to
the telomere’. Tiling paths of predominantly bacterial artificial
chromosomes (BACs) covering chromosome 4 of the Columbia
ecotype were assembled and optimized for minimal clone overlap
by introducing gaps that were then spanned by polymerase chain
reaction (PCR) products amplified from genomic DNA or an
underlying BAC clone if available. The total sequence of
19,360,101 base pairs (bp) was derived from a composite of 131

Figure 1 Distribution of predicted genes, repeats and transcript levels on sequenced
regions of chromosome 4. Gene models and repeats are identified as single lines coloured
to show the degree of homology (see Table 1 for definition) and assigned functional
category. Matches of ESTs to the chromosome were performed using BLAST*. Searches
were restricted to previously assigned coding sequences plus an additional 200 bp at the
flanking 5" and 3" regions to detect ESTs matching to non-translated DNA. ESTs had to
exceed 90% identity the genomic sequence to be considered as transcripts of the
respective loci. The number of independently sequenced ESTs matching a locus is shown
by the height of the black line.
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BACs, 4 P1s, 56 cosmids and 10 PCR products. Sequence assemblies
were verified by comparing the restriction profile predicted from the
sequence with experimentally determined restriction profiles of
each clone. Overlaps of sequence of adjacent clones were used to
assess potential sequence differences between clones. Escherichia coli
insertion elements were edited from the final sequence contig using
sequence derived from PCR-amplified genomic DNA. Consistent
sequence differences were resolved by sequencing PCR products
amplified from genomic DNA. The collinearity of assembled
sequences with the chromosome was confirmed by integrating
70 sequenced and 16 non-sequenced genetic markers into the
sequence, and by comparison of this marker order with that derived
from the Columbia X Landsberg erecta recombinant inbred (RI)
linkage map’. All sequenced genetic markers were identified unam-
biguously on the chromosome; there was a good correlation
between the sequence-based maps and the RI genetic map, with
only one genetic marker changed in its relative position.

The predicted overall accuracy standard was less than 1 error in
10,000 bases, and the experimentally determined accuracy derived
from independently sequenced overlap regions was 1 mismatch
every 12,546 bp. These mismatches have been corrected. The main
sequence differences encountered between clones and genomic
DNA were in the number of bases, especially A and T, in simple
sequence repeats. The total sequence of 19,360,101 bp occurs in
three contigs: two representing the short and long arms; and a third,
smaller one in the centromeric heterochromatin. The short-arm
sequence of 2,608,702 bp starts in the last copy of the rDNA repeat
cluster in clone T15P10 and terminates in clone T32N4. The long-
arm sequence of 14,498,507 bp extends from the clone F14G16 and
terminates with a telomere-proximal cosmid clone LC47K1.

The 17,385,623-bp non-redundant sequence encodes 3,744
genes, 4 small nucleolar RNAs (SnRNAs), and 81 transfer RNAs
(Table 1). Nearly 50% of the sequence is protein coding, and only
19% of the genes do not have introns. The average gene density is
4,643 bp per gene, with a gene density as low as 150 kb per gene in
pericentromeric heterochromatin. This average gene density is
similar to that observed previously in regions of chromosome 4
(ref. 4) and 5 (ref. 5), and in the genomes of other small multi-
cellular eukaryotic genomes, such as C. elegans® and the protozoan
Plasmodium falciparum’®. Table 1 shows other general features of
the chromosome.

The 600—750 rDNA genes are arranged into two near-homo-
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geneous megabase-sized clusters at the tip of the short arms of
chromosomes 2 and 4 which comprise the nucleolar organizers
(NORs)®. NOR4 is about 3.6—-4.0 Mb, and the repeat units are
essentially identical except for three spacer length variants. The
distal rDNA repeats are separated from the characteristic T3AG4
heptad telomeric repeat’ by a 13-bp duplicated sequence, with no
intervening subtelomeric repeats'®. At the proximal end of the
rDNA cluster, BAC T15P10 contains a single copy of the rDNA
gene and is contiguous with the short-arm sequence. Cosmid
LC47K1 terminates the clone tiling path on the long arm. No
further clones from BAC or cosmid libraries have been found to
extend the tiling path, possibly because of the proximity of this
cosmid to telomeric sequences. Sequences in LC47K1 have significant
similarity (P = 9.6 X 10~ °) with the pAtT27 repeat that is associated
with telomeres and centromeres'. Dispersed repeats consist pre-
dominantly of long terminal repeats (LTR), non-LTR retroelements
and simple sequence repeats that are also found much more frequently
in heterochromatin. These features are annotated in the MATDB
database' (http://websvr.mips.biochem.mpg.de/proj/thal/).

Protein-coding sequences

The classification of predicted genes on chromosome 4 according to
homology criteria is shown in Table 1. Only 8% have been
characterized experimentally to date, 23% have highly significant
homology to known genes including those from other organisms,
and 32% potentially have significant similarity to known genes.
Therefore, the actual or potential cellular role of about 60% of the
genes on chromosome 4 can be predicted using sequence similarity
criteria. In the remaining set, 26% share homology to predicted
proteins of unknown function in other organisms, 3% have no
significant homology but have an expressed sequence tag (EST)
match, and 8% have no significant homology with other proteins
and no EST matches. A number of these may be spurious gene
predictions, but some may represent plant-specific genes. The
distribution of genes along the chromosome according to homology
with known genes and functional categories is shown in Fig. 1.
There is no readily discernable pattern of gene distribution along the
chromosome according these criteria except that heterochromatin

Table 1 Summary of predicted features of chromosome 4

Total non-overlapping sequence 17,385,623 bp

Long arm 14,498,507 bp
Short arm 2,608,702 bp
Centromeric contig 278,414 bp
G+C content
Overall 36.02%
Exons 44.08%
Introns 33.08%
Intergenic regions 32.23%
Protein-coding DNA 46.07%
Number of encoded proteins 3,744

Integrated sequenced markers 70

Base pairs per gene 4,643
Average exons per gene 5.24 (1-41)
Average exon length 256 bp
Average intron length 188 bp

Known genes (class 1) 8%

Strong similarity to known genes 23%
(class 2, >1/3 FASTA self-score)

Similarity to known genes 32%
(class 3, FASTA score >150)

Similar to predicted genes 26%
(class 4, FASTA score >150)

No similarities, but EST match (class 5) 3%
No similarities, no EST match 8%
(class 6, hypothetical proteins)

Predicted chloroplast/mitochondrial targeted 18%
tRNA 81
snRNA 4
LTR retroelements 87
Non-LTR retroelements 103
Repeat unit (for example, inverted, flanking) 816
Repeat region (for example, satellites, tandem repeats) 563
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contains a higher proportion of genes with no significant homo-
logies to genes from other organisms and several probable pseudo-
genes. A searchable list of predicted genes, significant homologies
and functional categories can be found in the MATDB database'?.

The number of ESTs matching predicted genes at =90% sequence
similarity was used to assess the transcription levels of predicted
genes on chromosome 4, and the results of this analysis are shown in
Fig. 1. Only 34% of the predicted genes have an EST match, with 6%
of the predicted genes matching 75% of the ESTs, revealing the
proportion of genes that are highly expressed in the tissues sampled.
The highly expressed genes carry out a wide variety of cellular
functions; those that encode components of the two photosystems
and ancillary proteins are especially prominent. The assessment of
expression levels using the EST set derived from messenger RNA
made from a mixture of tissues and treatments showed a wide range
of expression levels along gene-rich regions of the chromosome
arms, with a significant reduction in the proportion of highly
expressed genes in the heterochromatic region.

Structural analysis of proteins

Nearly 40% of the proteins studied have at least partially known 3D
structures, 35% have significant similarity to at least one SCOP"
domain, and 11% are completely covered by SCOP domains.
Analysis of general protein-folding class occurrence showed that
multicellular organisms tend to avoid proteins with mixed o and 3
structure in favour of all-a proteins. Analysis of the Arabidopsis data
set indicates that the percentage of proteins possessing multidomain
arrangements is gradually increasing with the complexity of multi-
cellular life. A more detailed SCOP analysis revealed a number of
folding topologies shared between Arabidopsis and other organisms
(Table 2). Phosphate loop NTPases, TIM barrel, and Rossmann fold
have been previously shown to be among the top five most common
folds in all three kingdoms of life'*. The high occurrence of protein
kinases and a/a superhelices is apparently limited to eukaryotic
organisms. Conversely, some of the protein architecture frequently
found in C. elegans, yeast and E. coli is rarely found in the
Arabidopsis dataset. For example, one of the most abundant
C. elegans folds, the immunoglobulin-like B-sandwich, ranks only
67 in Arabidopsis. The C3HC4 RING finger domain and the
cytochrome P450 domain rank 5 and 6 on chromosome 4, but
rank 16 and 112 in yeast, respectively, and are completely missing in
E. coli. Although it is possible that other chromosomes code for a
disproportionate number of proteins possessing these folds, the
established role of P450-containing proteins in a wide range of
metabolic pathways and detoxification systems'® probably accounts
for a large proportion of proteins containing this domain.

The RING finger motif is found in functionally diverse proteins,
in which facilitating protein—protein interactions, for example in
protein degradation'®, is thought to be a common role for the
domain". The highly represented EF-hand-like domain is a con-
served Ca**-binding loop found in Ca**-binding proteins with
diverse functions'. This domain was encoded by 33 chromo-
some-4 genes encoding 4 calmodulins, 11 Ca’*-dependent protein
kinases, 2 putative Ca**-binding proteins, 1 caltractin protein, and
several other diverse proteins. Calcium-dependent protein kinases
containing four EF-hand domains are uniquely found in plants, and
the Ca®* cation is a second messenger involved in transducing
environmental responses’, explaining the relative abundance of
the domain. Several protein folds unique to Arabidopsis have been
found, such as in the C-terminal region of glutathione S-trans-
ferases and in phospholipase C/P1. The functions of these new
domains need to be assessed experimentally.

Functional characterization and intergenome comparisons

Genes were assigned to functional categories on the basis of their
homology to experimentally characterized genes and detectable
domain signatures. The number of genes in each functional cate-
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Table 2 The top ten folds in Arabidopsis chromosome 4 proteins and their rank in other model organisms

Percentage of proteins with at least one domain of a given type (rank)

Fold
Arabidopsis

Protein kinases, catalytic core 14.6 (1)
o/a superhelix 6.4 (2)
Phosphate-loop NTPases 5.8 ()
TIM barrel 4.5 (4)
RING finger domain, C3HC4 3.7 (5)
Cytochrome P450 3.7 (5
DNA/RNA-binding 3-helical bundle 3.3(7)
7-bladed B-propeller 3.1(8)
NAD(P)-binding Rossmann fold 2909
o/B-Hydrolases 2.6 (10)

C. elegans Yeast E. coli
9.25(1) 7302 0.08 (180)
9.25 (1) 3.8(6) 0.9 (30)
6.5(2) 10.5 (1) 3.9()
2.6 (13) 5.1(4) 8.3(1)
1.9 (16) 1.5(16) 0(-)
1.8(17) 0.2 (109) 0(-)

4(7) 1.9 (15) 1.8(14)
2.9(1) 6.8(3) 0.4 (87)
2.7(12) 3.6(7) 6.2 (3)
3.5(9) 2.5(9) 2.5(9)

gory is shown in Fig. 2a. The large number of genes encoding the
cytochrome P450 motif were assigned to the metabolism category
because of their well-characterized functions, although their sub-
strates are not yet known. The large proportion of proteins involved
in cellular communication, signalling and transcription are typical
of higher multicellular eukaryotes. The high proportion of genes
involved in defence and disease is due in part to several clusters of
leucine-rich repeat (LRR)-resistance specificity genes, and reflects
the multitude of proteins for specifically detecting pathogens and
the complexity of the systems used by plants to combat abiotic and
biotic stresses.

Chromosome-4 genes with their associated functional category

were compared with the complete set of translations from E. coli,
Saccharomyces cerevisae, C. elegans, Synechocystis sp.PCC6803 and
the Homo sapiens non-redundant protein database. The proportion
of Arabidopsis genes in each functional category with a match in
each genome is shown in Fig. 2b. The functional categories of
metabolism, energy, transport facilitation and cellular biogenesis
contained roughly equal proportions of genes with significant
homology (cutoff <10™°) to genes from all five classes of organisms.
A clearly defined eukaryotic set of genes involved in transcription,
cell division and DNA synthesis, signal transduction and other
categories can be seen. Generally, the highest proportion of matches
were with human genes in most functional categories. But the
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Figure 2 Functional analysis of genes. a, The extracted protein sequence was compared
against the PIR-International protein database using the FASTA algorithm®. On the basis
of the significant homologies detected, genes were classified and assigned to functional
categories within the MIPS functional catalogue'2. The number of genes in each category
is shown on the y axis. b, All chromosome-4 genes with associated functional
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categories were searched against the complete set of translations from E. coli,

S. cerevisae, C. elegans, Synechocystis sp.PCC6803 and the H. sapiens non-redundant
protein database. The proportion of genes Arabidopsis genes with BLASTX matches of
<10~ % in each genome is shown (0.1 = 10%) on the y axis.
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Table 3 List of selected homologues of vertebrate genes

Arabidopsis gene Homologue Identity (%)* Possible function

AT4g00020 BRCAZ2 breast cancer 38.9% (126) Cellular responses to DNA damage

AT4g13870 Werner syndrome 37.4% (190) Helicase involved in replication fork formation

AT4938350 Nieman-Pick C disease 42.7% (330) Intracellular cholesterol transport

AT4921150 Human ribophorin Il 29.7% (405) Ribosome binding to ER

AT4g20410 Bovine SNAP 24.2% (252) Intra-Golgi transport

AT4g24880 Human snurportin-1 30.5% (233) Cap-specific nuclear import receptor

AT4904210 Human p47 cofactor 30.7% (322) Adaptor for Golgi-vacuole transport facilitation

AT4934430 Human 170K subunit of hNSWI/SNF complex 43.7% (87) Chromatin remodelling transcription complex

AT4932790 Human multiple exotosis 2 32.2% (87) Skeletal disorder

AT4927580 Mouse stomatin 31.9% (204) Membrane-associated ion channel regulator

AT4g08180 Human oxysterol binding protein 28.2% (593) Feedback regulation of sterol synthesis?

AT4931480 Human B-COP 49.0% (953) Non-clathrin membrane trafficking ER-Golgi

AT4934450 Human y-COP 49.0% (866) Non-clathrin membrane trafficking ER-Golgi

AT4908520 Human ¢-COP 46.3% (121) Non-clathrin membrane trafficking ER-Golgi

AT4g27890 Human NUDC 43.9% (255) Nuclear distribution protein

AT4926600 Human proliferating cell nucleolar antigen p120 48.5% (583) Cell division

AT4g25840 Human GS1 protein 48.8% (217) Protein can escape X-chromosome inactivation

AT4908960 Human PTPA 44.3% (309) Phosphotyrosyl phosphatase activator

AT4904930 Human membrane fatty acid desaturase 52.0% (306) Overexpression of human gene inhibits EGF receptor
Biosynthesis, Drosophila homologue is involved in spermatogenesis

AT4g19210 Human RNase L inhibitor 74.5% (601) Antiviral 2-5A RNase L system

AT4g12620 Human replication control protein 1 36.8% (481) DNA replication

Selected Arabiderpsis homologues of vertebrate genes are shown. Similarities were determined using the FASTA algorithm®. ER, endoplasmic reticlum.

*Number of amino acids is given in parenthesis.

significant proportion of matches to C. elegans and yeast indicates
the great antiquity of the last common ancestor of plants and
metazoans. At a reduced stringency of <107'° (data not shown), a
larger proportion of Arabidopsis proteins matched those of
Synechocystis rather than those of E. coli, especially in the categories
of signal transduction and cellular biogenesis.

Chloroplasts and mitochondria are thought to have originated
from ancient symbiotic relationships with photosynthetic
eubacteria®. The original genomes of these putative endosymbionts
are thought to have been greatly reduced by the loss of genes, many
of which are now in the nuclear genome, and the encoded proteins
are transported into plastids and mitochondria by characteristic
amino-terminal signal peptides. To extent our knowledge of orga-
nelle function and show the extent of gene transfer from organelle
to nucleus, we determined the number and relationships of proteins
with the potential for organelle targeting”'. Approximately 18% of
predicted chromosome-4 proteins have a potential N-terminal
chloroplast and mitochondrial transit peptides, which are indistin-
guishable using the available bioinformatics tools. Twenty-six per
cent of the proteins with predicted transit peptides are significantly
similar to proteins from the cyanobacterium Synechocystis, com-
pared with 13% of all predicted proteins, which is consistent with
the bias towards Synechocystis homologies described above and
supports the derivation of chloroplast-targeted nuclear genes from
a putative endosymbiont related to present-day Synechocystis. The
frequent insertions of chloroplast and mitochondrial DNA in the
nuclear genome shows the continuation of this process. A higher
than average representation of hypothetical proteins (those with no
significant similarities to any other protein, and with no EST match)
were found in this class, providing some evidence of functionality
to the hypothetical peptides, and perhaps indicating that a signifi-
cant proportion of potential plant-specific genes are targeted to
organelles.

Several homologues of human proteins implicated in disease have
been found in Arabidopsis, including BRCA2, which is linked to
breast cancer and thought to be involved in cellular responses to
DNA damage (Table 3). The highly conserved homologue of human
phosphotyrosyl phosphatase activator (PTPA) suggests that tyro-
sine phosphorylation may have a role in plants, in which serine/
threonine and histidine phosphorylation are the known modes of
phospho-transfer in signalling pathways. The homologue of an
RNaseL inhibitor gene, which is involved in interferon-mediated
virus resistance in humans, indicates a potential role for RNaseL-
mediated resistance to plant viruses. These examples illustrate a
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remarkable sequence conservation of proteins involved in many
aspects of cellular function, and permit the transfer of biological
knowledge between diverse organisms.

There are significant similarities with genes from different plant
groups, notably with the nodulin class of genes*, which are defined
by their expression during development of nodules that establish
symbiotic relationships with N-fixing bacteria such as Rhizobium.
The limitation of symbiotic N-fixing relationships to the Legumi-
nosae may be specified by legume-specific genes, or by the nodule-
specific expression of genes common to many plants. The functional
analysis of nodulin-like genes in Arabidopsis could therefore con-
tribute important information to the study of symbiotic N-fixation.

Multigene families

A significant proportion (12%) of the genes with significant
similarities to known proteins are in clusters on genes on the
same DNA strand, ranging from the frequent occurrence of pairs
of related genes, to a family of 15 contiguous receptor kinase-like
proteins (AT4g 18680—18800) which are over 95% identical at the
sequence level. Figure 3a shows the distribution of coding-region
repeats containing three or more family members on chromosome
4. Most genic repeats are in adjacent regions of the chromosome
(shown by orthogonal connecting lines). Many of the clustered
genes in the pericentromeric heterochromatin are retroelement
polyprotein genes (‘I). Duplications of regions containing a variety
of genes were also detected (diagonal lines). Although a wide range
of functions are encoded by genes in these clusters, several classes
appear to predominate, such as LRR-disease-resistance proteins,
putative receptor kinases, Ser/Thr protein kinases, and cytochrome-
P450-like proteins. One consequence of this arrangement of genes
may be the potential to co-regulate gene expression; for example,
the cluster of five small-auxin-upregulated (SAUR) proteins
encoded by F11I11 may be co-regulated by auxin. Another con-
sequence is the potential for generating sequence diversity, as shown
in the Cf9 family of LLR-disease-resistance genes in tomato®, in
which multiple-resistance specificities are generated by sequence
exchange between gene family members. This could occur in other
gene families, generating new cytochrome P450 substrate specifi-
cities, or new ligand binding and signalling specificities in families
of putative receptor kinase genes.

Four blocks of genes (labelled 1-4 in Fig. 3b) totalling 2.5 Mb are
duplicated with significant conservation of sequence between
chromosomes 2 and 4, of which two are in an inverted form
(Fig. 3b). These data show that collinear duplicated clusters occur
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Figure 3 Distribution of multigene families and gene clusters on Arabidopsis

chromosomes. a, Distribution of multigene families and gene clusters on chromosome 4.
The output of a BLASTX self-comparison of chromosome 4 sequences (cutoff 107 0) was
filtered for coding regions that contained at least three genes in a <30-kb interval that
matched a different cluster within a <60-kb interval. Lines are drawn between matching
sites. The colours illustrate different matches, and the identity of genes in several of the

in plant genomes as well as yeast™. There are also large replications
of transposon genes within the pericentromeric heterochromatin of
chromosomes 2 and 4. Another segmental duplication of 37 con-
tiguous genes between the centre of the long arm of chromosome 4
and the top arm of chromosome 5 has also been identified (data not
shown). If extrapolated, about 10—20% of the low-copy regions of
the Arabidopsis genome could be assigned to duplicated structures,
supporting the hypothesis that intragenome duplication is an
important evolutionary process. It will be interesting to assess
both the full extent of segmental duplication within the
Arabidopsis genome and its evolutionary and biological significance.

The heterochromatic region

The centromeric heterochromatin region of chromosome 4 has
been mapped cytogenetically to a roughly 4 Mb interval, extending
into the short arm to yeast artificial chromosome (YAC) CIC7C3
and to YAC CIC11H10 in the long arm (P. Fransz et al., manuscript
in preparation). It consists of a central zone of 200 kb of 55 rDNA
and 1Mb of pALl-rich repeat sequence’” flanked by dispersed
retroelements and other repeats. To integrate cytogenetic and
sequence analyses for future analysis of centromere function, and
to delineate the boundaries of sequence in the centromeric region,
low-copy regions from BACs adjacent to the boundaries of the
pericentromeric heterochromatin were used, together with the
PAL1 repeats, as fluorescent in situ hybridization (FISH) probes
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Chromosome 4

clusters is shown below the diagram. b, Distribution of orthologous gene clusters between
chromosome 2 and chromosome 4. The output of a BLASTX comparison between

chromosomes 2 and 4 (cutoff 107') was filtered for coding regions that contained at least
three genes in a <30-kb interval that matched a different cluster within a <60 kb interval
on the other chromosome. Lines are drawn between matching sites. The colours illustrate
different matches. The identity of genes in two of the clusters are shown. T, transposon.

on pachytene spreads of Arabidopsis chromosomes. Figure 4 shows
the results of a FISH analysis using sequences from several
sequenced BACs. Selected low-copy sequences from F28D6 on the
long arm gave FISH signals dispersed in the inner centromeric
domain of all chromosomes. T1J1 from the short arm hybridizes
close to the heterochromatin boundary. This shows the end of short
arm sequence in T1J1 ends at the boundary of the pericentromeric
heterochromatin, and F28D6 contains multicopy repeats specific
for the inner heterochromatin of all chromosomes. Bacterial arti-
ficial chromosome F2112 low-copy sequences are found immedi-
ately adjacent to a cluster of pAL1 repeats, confirming the boundary
of this contig at the end of the central zone®. Bacterial artificial
chromosome T4B21 and pALl repeat hybridization reveals the
short arm heterochromatin is substantially smaller than the long
arm heterochromatin, and provides independent evidence for the
position of the central sequence contig adjacent to the central
domain defined by pALl hybridization. Further FISH analyses
using 5S rDNA sequences as a probe confirm the position of
sequenced contigs in the centromeric region (data not shown).
This analysis confirms the integration of YAC and cytogenetic
mapping, reveals the extent of heterochromatin sequenced, and
defines the end points of sequenced contigs adjacent to the inner
centromeric domain. The sequence gap remaining between F2112
and F14G16 probably contains the 55 rDNA tract and approxi-
mately 1 Mb of pAL1-rich repeat sequence®.
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A repeat motif comprising 22 tandemly arranged copies of a
1950-bp element flanked by two 31-bp direct repeats spans
43,472bp of BAC T5H22. This is bordered by roughly 80kb of
gene-poor, retroelement (including Athila retroelements) enriched
sequences. This region probably represents the core of the knob or

FISH

Red T1J1

Cyan F28D6
(arrow)

Red Pal1

Green F2112
(arrow)

Red Pal1

Green T4B21
(arrow)

Figure 4 Fluorescent in situ hybridization analysis of sequences in the heterochromatic
region. a, Tiling path of sequenced BACs and integrated genetic markers in the
heterochromatic region of chromosome 4. Blue BACs are sequenced and annotated, red
BACs are being sequenced, and yellow BACs are sequenced clones used as templates for
preparation of FISH probes. b, DAPI stained and FISHs of the same pachytene spread are
shown in adjacent panels. Arrows point to the position of hybridization signals from DNA
derived from yellow-coloured BACs shown in Fig. 4a, and other sequences.
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chromomere, a brightly staining cytogenetic feature that maps to
this region of chromosome 4 and that is a prerequisite for chromosome
condensation in this region. Heterochromatic knobs composed of
tandem arrays of 180-bp repeats can form neocentromeres in
maize”, indicating that homogeneous arrays of repeats can support
some of the functions of a centromere, although this has not been
observed in Arabidopsis to our knowledge.

The distribution of repeat classes along chromosome 4, and those
shared between chromosomes 2 and 4, is shown in Fig. 5. At the
stringency used (BLASTN cutoff <107, =150-bp with =85%
identity), two clear patterns of intrachromosomal repeat distribu-
tion are apparent. Orthogonal connecting lines reveal frequent
replication of repeats in adjacent regions in the heterochromatic
region of chromosome 4, notably at the chromomere and at a
cluster of sequenced pALl repeats, and much less frequently along
the length of the chromosome arms (Fig. 5a). Related repeat units,
characterized by dispersed repeats, LTR and non-LTR retro-
elements, MuDR-like sequences, En-like and TNP2-like retro-
elements are found at higher density towards the central region of
heterochromatin, and at lower density along the chromosome arms.
Athila retroelements are found in increasingly large clusters of up
to 40kb towards the centromeric gap, and are not found outside
the heterochromatin zone, consistent with cytogenetic analyses®.
Chromosomes 2 and 4 share both similar types and distributions of
repeats in the heterochromatic region, with the exception of
chromomere-associated repeats (Fig. 5b). The short-arm hetero-
chromatin of both chromosomes has a lower repeat density than
long-arm heterochromatin.

The central contig of BACs in chromosome 4 is particularly repeat
rich, notably a 60 kb array of 177 bp pAL1-like repeats, interrupted by
an LTR retroelement on F6H8. This repeat is characteristic of the core
region of Arabidopsis centromeres defined by FISH*, and is consistent
with the cytogenetic analysis shown in Fig. 4. The extent and
distribution of islands of complex sequence in a sea of simple
sequence repeats in the sequenced regions in or near the putative
centromere of chromosome 4 is reminiscent of the centromere
structures defined in Drosophila® and human?, although there is no
apparent sequence conservation of the known elements.

The analysis of gene density, expression levels and recombination

KNOB  pAL1

1,000,000 2,000,000 3,000,000

Figure 5 Distribution of sequence repeats. a, Sequence comparisons within chromosome
4 were conducted using an all-against-all BLASTN comparison using a cutoff of 107
These results were filtered for sequences of =150 bp and =85% identity. The black lines
depict direct repeats, and the red lines depict inverted repeats. Arrows point to the knob
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(chromomere) and pAL1 repeat clusters. b, Sequence comparisons between chromosomes
2 and 4 were conducted using an all-against-all BLASTN comparison using a cutoff of 107,
These results were filtered for sequences of =150bp and =85% identity.
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frequency shows significant differences in these parameters between
euchromatin and heterochromatin on chromosome 4 (Fig. 1). The
heterochromatin has a roughly tenfold reduction in gene density
compared with distal regions of both arms (Fig. 1). A higher
proportion of genes with no significant similarity to other genes
or probable pseudogenes are found in the heterochromatin as
compared with other sequenced regions. Gene expression levels
are significantly reduced in this region, as determined by the
number of ESTs matching gene models (Fig. 1). Nevertheless,
expressed known genes, such as the fatty-acid desaturase encoded
by AT4g04930, are close to in the central region, far from other
highly expressed genes. Four out of the ten genes close to the central
region with significant similarity to known genes encode proteins
that are involved in DNA replication (Xenopus replication protein
Al, AT4¢07340, and rice replication protein Al, AT4g07450); and a
pair of putative centromeric proteins encoded by AT4¢07890 and
AT4g07900. Arabidopsis genes involved in DNA replication, such
those encoding MCM-like replication licence factors, are specifically
expressed late in replication; thus, it is interesting to speculate that
the chromatin domain surrounding these genes, which are repli-
cated late in the cell cycle, may influence gene expression levels
specifically during replication.

Recombination frequencies, deduced from the Col/Ler recombi-
nant inbred lines, vary between 50—200kb cM™" on the chromo-
some arms, and decrease to 1,000 kb cM™" in a region from mi233 in
the centre of the short arm through the centromeric region to
marker HY4 on the long arm”. These markers precisely encompass
the heterochromatin of the long arm, but extend distally to the
chromosomere through a region of lowered gene density and gene
expression (Fig. 1). In Schizosaccharomyces pombe, recombination
suppression and transcriptional silencing are conferred by centro-
meric-like repeats in the mat2—mat3 mating-type interval®’, and
recombination and gene expression are repressed in the centromere
of S. pombe®. A positive correlation between recombination fre-
quency and gene density in plants can be proposed from the
mapping of recombination hot-spots at the 5" end of transcribed
genes in maize”. Until now, the limited nucleotide sequencing of
DNA repeats in Arabidopsis and other plants has revealed little of
their higher order organization and overall composition. These
results will permit the contribution of specific DNA elements to
chromatin condensation, recombination, DNA replication, chro-
mosome pairing, gene expression and transgene stability to be
studied with respect to a specific sequence context.

Conclusions

The sequence strategies adopted have resulted in single sequence
contigs representing each arm of chromosome 4. Although the
long-arm telomere is not represented in the clone contigs analysed,
direct approaches such as functional isolation using YACs can be
used to obtain telomeric sequences’. The unsequenced central
heterochromatic region probably contains the 5S rDNA gene cluster
and pALLI repeat clusters and components of the centromere, and
obtaining accurate contiguous sequence in this region is a high
priority. The sequence of this chromosome, which represents about
17% of the Arabidopsis genome, will be valuable for defining the
mechanisms of chromosome maintenance and change. Together
with the sequence of chromosome 2 (ref. 34), this work is the first
major milestone of the Arabidopsis Genome Initiative, an inter-
national collaboration to complete the 130-Mb genome sequence
before the end of the year 2000. The functions of a large number of
new genes can now be defined systematically, generating the
potential for a deeper understanding of plant development and
environmental interactions, and providing new knowledge for crop
plant improvement.

Note added in proof: The short arm sequence, now extended to join
the centromeric contig, is 3,052,402 bp, and the total chromosome
sequence is now 17,545,799 bp. O
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Methods

Sequence strategy

A clone-based strategy was used to assemble sequence from the Columbia ecotype. Clones
representing most of the short arm were identified by the assembly of contigs of BACs from
the TAMU® and IGF BAC™ libraries using fingerprint-based approaches”. Contigs were
identified using RFLP markers mapping to the short arm of the chromosome as
hybridization probes, followed by experimental confirmation of predicted overlaps within
the contigs. Gaps between contigs were covered by PCR products amplified from genomic
DNA and using BAC end sequence data (http://www.tigr.org/tdb/at/atgenome/
bac_end_search/bac_end_search.html). Clones representing most of the long are of the
chromosome were identified as described™. Variations on this approach included iterative
hybridization of selected clones to colony filters, and the analysis of AFLP* content to
establish clone overlaps. Additional clones were identified using the end-sequence
database. Clones were also identified by hybridization from the Choi BAC (S. Choi,
unpublished data) and LC cosmid libraries (I. Bancroft, unpublished data). To minimize
sequence overlaps, tiling-path gaps up to 15-20 kb were introduced into tiling paths, and
PCR products spanning the gap were sequenced by primer walking or shotgun sequen-
cing. RepeatMasker (http://ftp.genome.washington.edu/RM/RepeatMasker.html) was
used to define low-copy sequences.

Sequence analysis

Contigs of top and bottom arms were assembled from BAC-sequences submitted by
sequencing laboratories. Overlaps, as well as the consistency of the assembly with respect
to frameshifts, were inspected, and inconsistencies corrected. The DNA sequence was
initially analysed with the gene prediction tools Genemark®, XGrail!, Genefinder

(P. Green, unpublished data) and GENSCAN®. Netplantgene* was applied for the
prediction of potential splice sites. In all cases, parameters were adjusted to Arabidopsis
sequence. Similarities to the EMBL, PIR-International databases, Arabidopsis and plant
ESTs were calculated using the BLAST algorithm®. Results from the gene and splice-site
prediction tools were combined, and gene models were built incorporating the result of
the homology searches using the SPLICE programme (Zaccharia and Mewes, manuscript
in preparation). The software accurately predicted 70-80% of internal exons and 50—-60%
of terminal exons, on the basis of trials with 100 genes with experimentally determined
structures (L. Parnell et al., unpublished data). About 95% of potential genes were
identified in the genome sequence. TRNAs were identified using tRNA Scan®. Analysis for
potential chloroplast targeting signal peptides was performed using ChloroP*' (cut-off
0.50). The gene naming convention is AT (Arabidopsis), chromosome 1-5, g = gene, and
a five-digit numbering system from the top of the top arm, in increments of ten.
Similarity-based structure prediction and fold assignments were conducted by iterative
similarity searches with PSI-BLAST* using 5,345 non-redundant structural domain
sequences from the SCOP database" and 5,464 non-redundant PDB sequences as query.
FISH analysis was done as described”, with minor modifications.

To determine the ranking of protein folds encoded by chromosome 4 genes, searches
were conducted against a non-redundant protein sequence database from which
sequences enriched in low-complexity, coiled-coil, and transmembrane regions were
excluded through application of the SEG*, COILS" and ALOM* (version 2 by K. Nakai)
programs, respectively. The resulting position-specific score matrices (PSSM) were saved.
Chromosome-4 sequences were compared with the PDB and SCOP PSSM libraries using
the IMPALA® suite of programs. SCOP provides semi-manual classification of individual
protein domains from PDB into a four-level hierarchy, starting from the most general
folding classes. A more detailed classification was used to group domains with the same
arrangement and topological connection of major secondary-structure elements, such as
TIM barrels. A protein was considered to possess a known 3D structure if a significant
IMPALA hit (E-value < 0.01) with at least one PDB sequence was found. SCOP structural
domains were mapped on query sequences through IMPALA hits. If there were several
hits, the highest scoring non-overlapping alignments were retained. A sequence was
considered to be covered by SCOP alignments completely if the maximal distance between
any two adjacent SCOP domains in it was less than 70 amino acids.
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