
sex-specific lethality that would accompany inappropriate somatic
expression of Sxl (ref. 28). Moreover, using a very sensitive test29, we
determined that infection does not alter the effectiveness of the
primary sex-determination signal (data not shown), perturbations
of which can cause sex-specific lethality owing to inappropriate
somatic expression of Sxl. Nevertheless, the possibility should be
explored that Wolbachia-induced male killing reported for other
Drosophila species6 may be caused by inappropriate activation of
Sxl.

Although it may seem surprising that infection with a parasite
would reverse the deleterious effect of a mutation in the host
genome, particularly when the isolation of that mutation had
nothing to do with infection, such surprise should be tempered
by the fact that the interaction described here between host and
parasite mimics a naturally occurring situation mentioned above
that was reported recently for the parasitic wasp Asobara tabida9.
Moreover, in light of the fact that Wolbachia is a parasite that is
known to manipulate host reproductive and sex-determination
systems, it does not seem unreasonable that the host gene with
which it interacts in Drosophila is the master regulator of sex-
determination and a gene essential for oogenesis. The fact that the
interacting gene in this case has been studied so extensively and
belongs to a model experimental organism can be exploited to yield
further insights into the mechanism by which this parasite takes
advantage of its various arthropod hosts. A
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The genome of the lower eukaryote Dictyostelium discoideum
comprises six chromosomes. Here we report the sequence of the
largest, chromosome 2, which at 8 megabases (Mb) represents
about 25% of the genome. Despite an A 1 T content of nearly
80%, the chromosome codes for 2,799 predicted protein coding
genes and 73 transfer RNA genes. This gene density, about 1 gene
per 2.6 kilobases (kb), is surpassed only by Saccharomyces cere-
visiae (one per 2 kb) and is similar to that of Schizosaccharomyces
pombe (one per 2.5 kb)1,2. If we assume that the other chromo-
somes have a similar gene density, we can expect around 11,000
genes in the D. discoideum genome. A significant number of the
genes show higher similarities to genes of vertebrates than to
those of other fully sequenced eukaryotes1–6. This analysis
strengthens the view that the evolutionary position of D. dis-
coideum is located before the branching of metazoa and fungi but
after the divergence of the plant kingdom7, placing it close to the
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Figure 1 Feature distribution on chromosome 2. Only the linked portion (6.5 Mb) is shown

(solid black line). Clone gaps (c), sequence gaps (s), repeat elements (r; heavier bars to

their right indicate unresolvable clusters), tRNA genes (t) and genes (g) used to seed

assembly are shown. HAPPY linkage groups (h) were used to guide assembly; only the

endmost markers in each group are named. GþC content (g/c), strand-specific coding

sequence density (d), the ribosomal DNA copy, and the duplicated region above it

(represented here as a single copy) are shown. The centromere and telomere are

respectively above and below the portion shown. An expanded version is at http://

genome.imb-jena.de/dictyostelium/chr2/Chr2map.html.
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base of metazoan evolution.
The natural habitat of D. discoideum is deciduous forest soil

where the amoeboid cells feed on bacteria by phagocytosis and
multiply by equal mitotic division. Exhaustion of the food source
triggers a developmental programme, in which more than 100,000
cells aggregate by chemotaxis to form a multicellular structure.
Morphogenesis and cell differentiation then culminate in the
production of spores, enabling the organism to survive unfavour-
able conditions8. D. discoideum therefore lies at the borderline
between free-living cells and multicellular organisms, making it
ideal for the study of cellular differentiation and integration. Its
haploid genome, ease of culture and genetic manipulability make
it amenable to biochemical, genetic, and cell-biological
approaches9. This allows the dissection of the molecular basis of
the most fundamental cellular processes: differentiation, signal
transduction, phagocytosis, cytokinesis, cell motility and chemo-
taxis10–12.

To provide the basis for genome-wide investigations an inter-
national effort was initiated13 to sequence the ,34-Mb genome of
D. discoideum, strain AX4. Besides six chromosomes ranging from 4
to 8 Mb (refs 14, 15), the nucleus harbours approximately 100
copies of a ,90-kb palindromic chromosome containing the
ribosomal RNA genes. The high AþT content (78%, exceeded
only by Plasmodium falciparum at 80%; refs 16, 17) coupled with
a high density of repetitive elements, posed severe challenges for
genome sequencing. To reduce the complexity of the assembly task,
the genome was analysed chromosome by chromosome, using a
whole chromosome shotgun (WCS) approach. The chromosomal
libraries were only ,50% pure and contained clones derived from
other chromosomes, so we developed an iterative and integrated
assembly strategy. This allowed us to identify contiguous DNA
sequences (contigs) originating from chromosome 2 and to bridge
difficult sequences. Briefly (see Methods), nonrepetitive reads from
the chromosome 2-enriched libraries were binned with those from
the other WCS projects, and sequences of known chromosome 2
genes were used as ‘seeds’ around which to build contigs. These were

extended using sequence data and supplemented using read-pair
information and BLAST (http://blast.wustl@adu/) analysis. To
confirm the chromosomal assignment of these contigs we used
the relative frequencies of the constituent sequences in the chro-
mosomally enriched libraries of the various WCS projects.

The high AþT content, the existence of many repetitive elements
and the fact that clones larger than about 5 kb were unstable in
Escherichia coli18,19, precluding the use of large-insert bacterial
clones as second-source templates, led to three types of gaps. The
first type could not be spanned by plasmid clones (‘clone gaps’),
presumably owing to the instability of some of the intergenic
regions, which have AþT contents of up to 98%. The second type
arose from clusters of repetitive elements, which could not be
unambiguously resolved (‘repeat gaps’). The third type (‘sequence
gaps’) were spanned by clones which, owing to their content of long
homopolymer runs (even more abundant and longer than in P.
falciparum) or lack of targets for custom primers, were recalcitrant
to repeated attempts at sequencing. Contigs divided by sequence
gaps were linked by read-pair information to produce larger
‘scaffolds’ with a total size of 7.5 Mb. The majority of these scaffolds
were then connected, oriented and their internal structure validated
by using mapped genes, circular yeast artificial chromosomes
(cYACs) and HAPPY map20 data. This yielded a ‘linked portion’
spanning 6.5 Mb of the chromosome (Fig. 1; Table 1; http://genome.
imb-jena.de/dictyostelium/chr2/Chr2map.html). Although many

Figure 2 Functional classification of D. discoideum chromosome 2-coded proteins. We

used the GO terminology (http://whitefly.lbl.gov/annot/go/database/index.html) for the

automated classification of proteins in process (a) and function (b) groups according to

their InterPro domains. The process groups contain 689 proteins, the function groups 991

proteins. Proteins with InterPro domains but no GO assignment (424) or proteins without

Interpro domains (1,319) were not characterized. Currently no D. discoideum-specific GO

terms are defined, thus leaving some of the functionally characterized D. discoideum-

specific genes unclassified.

Table 1 Features of chromosome 2

Feature Value
.............................................................................................................................................................................

Calculated total length (Mb)* 8.0–8.1
Total length of sequence contigs (Mb)* 7.52
Cumulated length of 71 small orphan unlinked contigs (Mb) 0.4
Number of loci containing complex repetitive elements** 58

Resolved loci 40
Unresolved loci 18

Number of tRNAs 73
.............................................................................................................................................................................

Genes*†
.............................................................................................................................................................................

Predicted number 2,799
Density 1 gene/2.6 kb
Average length (bases) 1,626
Number of genes with ESTs 1,120 (40%)
AT content (%)

Exons 72
Introns 87
Intergenic 86
Whole chromosome 77.8

Exons (coding)
Number 6,398
Average exon number/gene 2.29
Average size (bases) 711

Introns
Number 3,587
Average size (bases) 177

Intergenic regions
Average size (bases) 786

Intronless genes (%) 893 (32)
.............................................................................................................................................................................

*Excluding duplication of 0.7 Mb.
** In 6.5-Mb linked portion of chromosome 2.
†Excluding genes coded for in repeat loci.
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of the sequence and clone gaps have been closed, those that remain
(95 sequence gaps and 89 clone gaps, totalling an estimated 150 kb)
appear intractable. The most resistant gaps have been those contain-
ing the most AþT-rich DNA, and are hence least likely to contain
sequences of biological relevance.

D. discoideum chromosomes have been reported to be acro- or
telocentric with the centromere embedded in a large cluster of long
terminal repeat retrotransposons (DIRS-1) composed of more than
40 elements15,19. The fine structure of this cluster, which lies outside
the linked portion of the chromosome shown in Fig. 1, could not be
resolved because of the low polymorphism rates of the complex
repetitive elements19. It spans up to 0.5 Mb and also contains copies
from other transposon families and small repetitive elements.
Overall, the number of repetitive elements in D. discoideum geno-
mic DNA is high compared to S. cerevisiae, Caenorhabditis elegans
and Drosophila melanogaster. Chromosome 2 harbours all pre-
viously described D. discoideum complex repetitive elements,
mainly organized in clusters of intact and truncated elements19.
There are 58 such loci (each consisting of one or more such
elements) on the linked portion of chromosome 2. The fine
structure of 18 of these could not be resolved and remain as ‘repeat
gaps’ (Fig. 1; Table 1). Altogether, we estimate that complex
repetitive elements represent 10.2% (approximately 0.8 Mb) of
chromosome 2, corresponding well with the estimate of 9.6% for
the entire genome19. On the basis of the combined sizes of the
sequence scaffolds, the clone and sequence gaps, and the unresolved
repeat regions (including the pericentromeric region), we calculate
the size of the chromosome to be 8.1 Mb.

A duplication of approximately 700 kb is thought to have
occurred after the separation of the laboratory strains AX2 and
AX4 (ref. 15). We detected an inverse tandem repeat of similar
size between the HAPPY Map markers DH3162 and DH3740,
bordered at the telomeric end by an almost complete copy of the
extrachromosomal rDNA palindrome (Fig. 1). This might represent
a chromosomal master copy for the generation of the extrachro-

mosomal rDNA palindrome after sexual recombination, as in
Tetrahymena thermophila21. The second copy of the duplication
was excluded from calculations of chromosome length and gene
number.

We find that most features of the chromosome (GþC content,
coding sequence density (CDS) and complex repetitive elements)
are evenly distributed over the 6.5-Mb linked portion, although the
distribution of the transfer RNA genes shows a slight bias towards
the telomere (Fig. 1; http://genome.imb-jena.de/dictyostelium/
chr2/Chr2map.html). We used gene prediction programs and
database searches to determine and annotate the 2,799 putative
genes of chromosome 2. A further 124 putative genes coded for by
complex repetitive elements were excluded from further analyses. D.
discoideum genes in general have few and small introns, with an
average of 1.2 introns per gene. Intron length and distribution is
comparable to that of P. falciparum and other lower eukaryotes. The
mean AþT content in exons is 72%, whereas it is 87% in introns,
and 86% in intergenic regions (Table 1). This extreme compo-
sitional bias may help to delineate the introns during splicing, as
has been suggested in Arabidopsis thaliana. In support of this
hypothesis, D. discoideum introns do contain the canonical
GT–AG dinucleotides but, unusually among fully sequenced
eukaryotes, all information is confined to the intron side of the
splice site22.

Turning to the gene content, expressed sequence tags (ESTs) exist
for 40% (1,120) of the predicted genes (Table 1)23. BLAST searches
against the protein sets of completely sequenced eukaryotic gen-
omes as well as against SwissProt and TrEMBL databases showed
that 45% (1,260) of the putative D. discoideum genes had a match
(P , 10215), leaving the proportion of unique genes (55%) com-
parable to that observed for other eukaryotes. About 53% (1,480) of
the putative genes contained domains defined in the InterPro
database (http://www.ebi.ac.uk/interpro)24; again, this proportion
is comparable to other eukaryotes6. In total, EST, protein, and/or
InterPro matches provide support for 1,960 of the 2,799 predicted

Table 2 Most frequent InterPro domains

Domain Description DD SC AT CE DM HS
...................................................................................................................................................................................................................................................................................................................................................................

IPR001687 ATP/GTP-binding site motif A (P-loop)* 6.07 0.57 0.61 0.32 0.46 0.33
IPR000694 Proline-rich region 3.72 NA NA NA NA NA
IPR000561 EGF-like domain* 2.18 0.02 0.16 0.68 0.62 1.28
IPR000719 Eukaryotic protein kinase 1.93 1.91 4.07 2.34 1.79 2.64
IPR002290 Serine/threonine protein kinase 1.89 1.83 3.34 1.33 1.22 1.83
IPR001245 Tyrosine protein kinase 1.71 0.05 1.84 0.84 0.65 1.22
IPR001680 G-protein beta WD-40 repeats 1.11 1.63 1.02 0.80 1.31 1.34
IPR003593 AAA ATPase superfamily* 1.11 0.95 0.90 0.40 0.56 0.46
IPR000051 SAM (and some other nucleotide) binding motif 0.89 0.33 0.40 0.25 0.28 0.20
IPR001849 Pleckstrin homology (PH) domain 0.89 0.47 0.12 0.41 0.54 1.24
IPR002048 EF-hand* 0.86 0.26 0.85 0.65 0.93 1.15
IPR001841 RING finger 0.82 0.65 1.82 0.81 0.85 1.20
IPR002085 Zinc-containing alcohol dehydrogenase superfamily 0.82 0.34 0.15 0.06 0.07 0.08
IPR000794 Beta-ketoacyl synthase* 0.79 0.03 0.02 0.02 0.03 0.01
IPR003579 RAS small GTPases, Rab subfamily 0.79 0.15 0.23 0.15 0.21 0.22
IPR001611 Leucine-rich repeat 0.75 0.13 1.93 0.33 0.83 0.74
IPR003577 RAS small GTPases, Ras subfamily 0.75 0.05 0.00 0.06 0.07 0.10
IPR003880 Phosphopantetheine attachment site 0.75 0.10 0.21 0.15 0.28 0.08
IPR000504 RNA-binding region RNP-1 (RNA recognition motif) 0.71 0.93 0.96 0.69 1.13 1.25
IPR000873 AMP-dependent synthetase and ligase 0.71 0.18 0.17 0.17 0.25 0.16
IPR003578 RAS small GTPases, Rho subfamily 0.71 0.10 0.04 0.05 0.04 0.10
IPR000345 Cytochrome c family haem-binding site 0.68 0.10 0.58 0.31 0.31 0.37
IPR001227 Acyl transferase domain* 0.68 0.02 0.00 0.02 0.03 0.01
IPR001806 Ras GTPase superfamily 0.68 0.36 0.38 0.33 0.51 0.60
IPR000477 RNA-directed DNA polymerase (Reverse transcriptase) 0.64 0.08 0.50 0.46 0.09 0.14
IPR001064 Zinc-finger GCS-type 0.64 0.10 0.07 0.04 0.07 0.14
IPR002110 Ankyrin-repeat* 0.64 0.29 0.44 0.53 0.62 0.91
IPR001601 Generic methyl-transferase 0.61 0.10 0.22 0.06 0.07 0.06
IPR001410 DEAD/DEAH box helicase 0.57 1.19 0.53 0.44 0.54 0.52
IPR002106 Aminoacyl-transfer RNA synthetases class-II 0.57 0.36 0.35 0.59 0.41 0.20
...................................................................................................................................................................................................................................................................................................................................................................

Occurrence of the thirty most frequent InterPro domains on D. discoideum chromosome 2 (DD; including repetitive elements) and fully sequenced eukaryotes. The percentage of genes in each
organism that contain the respective domain type is given. SC, S. cerevisiae; AT, A. thaliana; CE, C. elegans; DM, D. melanogaster; HS, H. sapiens. The data for SC, CE, DM, HS and ATwere taken from
http://www.ebi.ac.uk/proteome/. NA, not analysed.
*These entries are discussed in the text.
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genes. Applying the gene ontology (GO) terminology for the
automated classification of proteins (http://whitefly.lbl.gov/annot/
go/database/index.html) we could attribute functions and/or pro-
cesses to 1,026 (37%) of the predicted protein products (Fig. 2).
Slightly more of these proteins could be classified to functions (991)
than to process (689) categories, and 654 out of the 1,026 classified
proteins are present in both categories. Forty-seven per cent of the
putative proteins remain unclassified and a further 15% of all
proteins could not be categorized because their corresponding
InterPro domains are not yet assigned to GO terms (Fig. 2).

Because D. discoideum undergoes differentiation and develop-
ment we might expect a significant number of genes associated with
multicellular life. In fact, a remarkably high proportion of GO-
classified proteins are grouped into the cell communication cat-
egory (9.14%) and involved in signal transduction or cell adhesion,
or comprise cytoskeletal proteins containing signalling domains. As
expected, analysis of InterPro matches reveals that domains
required for cell motility, signalling, surface attachment and cyto-
skeletal functions are considerably more abundant than in yeast.
When we compare the most frequent InterPro domains of chromo-
some 2 genes to those of other species (Table 2), the ATP/GTP-
binding site motif A (P-loop) is strongly over-represented (6.07% of
the predicted genes on the D. discoideum chromosome 2 carry this
motif, versus 0.33% in human), whereas the epidermal growth
factor (EGF)-like domain is over-represented only slightly com-
pared to human (2.18% versus 1.28%), but strongly in comparison
to yeast (0.02%). The AAA ATPase superfamily domain is found
in comparable proportions in D. discoideum, S. cerevisiae and

A. thaliana, but is less abundant in C. elegans, D. melanogaster
and human, whereas the proportions of the Ca2þ-binding EF-hand
domain and the ankyrin repeat are roughly comparable in all
organisms with the exception of yeast, where they are less abundant.
We have also identified many beta-ketoacyl synthase and acyl
transferase domains, which are hardly present in the other organ-
isms considered here. In D. discoideum many of these domains are
part of polyketide synthases, which are exceptionally large, multi-
functional proteins, primarily present in actinomycetes, bacilli and
filamentous fungi. The compounds built via the polyketide synthase
pathways might enable D. discoideum to defend itself against its
natural competitors.

Many D. discoideum genes—particularly those involved in signal-
ling and cell movement—are known to be present as multiple copies
or as members of large gene families. This is supported by our
analysis of chromosome 2, which contains 130 genes present as two
or more copies (P , 10230 and sequence similarity over the
complete length), amounting to 337 (12%) of the predicted
genes. Because paralogues on the other chromosomes have not
been taken into account, the number of singletons will further
decrease when all chromosomes have been analysed. We have found
ten genes for members of the Ras-related small GTP-binding
protein family and nine genes sharing the RasGEF domain. Fur-
thermore, we identified another G protein with homology to Ga2, a
component of the cyclic AMP signalling system, and also residing
on chromosome 2. We have also found two more members of the G-
protein coupled receptor family. Surprisingly, these proteins have
highest homology to GABA (g-aminobutyric acid) receptors, which
have not yet been found outside the metazoan branch. Genes coding
for components of the cytoskeleton are frequently present in
multiple copies. Of the ,27 actin genes (including pseudogenes)
in the D. discoideum genome19, thirteen are present on chromosome
2 and ten of these translate into identical protein sequences.
Chromosome 2 harbours several genes coding for motor proteins,
among which are six genes for different unconventional myosins.
Although the cytoskeleton has been intensively studied, we have
found putative new paralogues for profilin I/II, fimbrin, cofilin 1/2
and the unconventional myosin gene family. The discovery of
additional putative paralogues of cytoskeletal proteins supports
the concept of functional redundancy in the cytoskeletal system12.
The ABC (ATP-binding cassette) transporter family is probably one
of the largest in the genome. There are thirteen such genes on
chromosome 2, including several members of the ABC A subfamily
whose occurrence has been restricted to multicellular eukaryotes.
ABC transporters use the energy of ATP hydrolysis to translocate
specific substrates across cellular membranes. Mutations in many of
the human genes coding for ABC transporters are associated with
disease such as cystic fibrosis, Stargardt’s disease or hyperinsulinism.
We have found genes on chromosome 2 with high similarities to the

Table 3 D. discoideum chromosome 2 genes with similarity to human disease genes

Disease (gene symbol) OMIM number Accession number D. discoideum gene BLASTP value (,1.0 £ 10250)
...................................................................................................................................................................................................................................................................................................................................................................

Renal tubular acidosis (ATP6B1) 192132 AAD11943 dd_01070 4.0e-246 (0)
Immunodeficiency (DNA Ligase 1) 126391 NP_000225 dd_02463 1.9e-245 (0)
Hereditary nonpolyposis colorectal cancer, type 1 (HNPCC) (MSH2) 120435 AAA18643 dd_00995 2.4e-237 (1)
*Hyperinsulinism (ABCC8) 600509 Q09428 dd_00006 3.0e-220 (1)
G6PD deficiency (G6PD) 305900 NP_000393 dd_01534 5.1e-190 (0)
*Stargardt’s (ABCA4) 601691 AAC51144 dd_02412 6.5e-189 (3)
Deafness, hereditary (MYO15) 602666 AAF05903 dd_02568 1.2e-182 (5)
Familial cardiac myopathy (MYH7) 160760 P12883 dd_02401 4.2e-177 (5)
Chediak–Higashi (CHS1) 214500 NP_000072 dd_02608 3.3e-151 (1)
Cancer (AKT2) 164731 AAA58364 dd_02928 1.5e-94 (2)
HNPCC (MSH3) 600887 AAB06045 dd_01030 8.9e-78 (1)
...................................................................................................................................................................................................................................................................................................................................................................

From a list of 287 confirmed human disease protein sequences30 those are shown that match a D. discoideum chromosome 2 protein with a BLASTP probability of less than 1.0 £ 10250, indicating a
strong similarity. Only the best hit is listed and the total number of additional strong hits (P , 1.0 £ 10250) is given in parentheses after the probability score. OMIM, Online Mendelian Inheritance in
Man (http://www.ncbi.nlm.nih.gov/omim/).
*Homologous proteins discussed in the text.

Figure 3 Phylum-specific distribution of proteins. a, For comparison with the

chromosome 2 translated genes, plants are represented by the full protein set of

A. thaliana and fungi by S. cerevisiae plus S. pombe. Metazoans are represented by

D. melanogaster, C. elegans, the (as yet incomplete) Homo sapiens protein set, plus

annotated nonhuman vertebrate proteins from the SwissProt database. b, Distribution of

D. discoideum genes with P , 10215 between fully sequenced metazoan species. The

vertebrate gene set is as in a.
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latter two genes and to several other human disease-related genes
(Table 3).

What can the genome of D. discoideum tell us about the common
genomic repertoire of eukaryotic life? To address this question, we
compared the protein products of the 2,799 genes of chromosome 2
to the complete protein sets of fully sequenced eukaryotes
(P , 10215) and found that 973 proteins (35%) have matches. Of
these only 487 share similarities across plants (A. thaliana), fungi (S.
cerevisiae and S. pombe) and metazoa (C. elegans, D. melanogaster
and available vertebrate sequences). A surprisingly high number
(141) have matches with metazoa but not plants or fungi (Fig. 3a).
Subdividing metazoa into fly, worm and vertebrates shows that even
amongst this closely related group not all genes have comparable
similarities in each species (Fig. 3b). This may reflect gene losses
during evolution, or evolutionary rate variations for identical genes
in different organisms, but could also reflect a gain of function for
specific gene groups in each organism. If chromosome 2 is taken as a
representative quarter of the D. discoideum genome, then less than
2,400 different genes are shared between D. discoideum, S. pombe, S.
cerevisiae, C. elegans, A. thaliana, D. melanogaster and man. This
number might well represent the ‘minimal gene set’ of a free-living
eukaryote. From random mutagenesis studies it was previously
estimated that the essential genes of yeast comprise only about 30%
of all its genes25. Our estimate of the number of genes shared by all
eukaryotes is close to this number.

Our analyses are all predicated on the assumption that chromo-
some 2, representing 25% of the genome, is typical of the remainder.
This seems a reasonable assumption and other evidence on the
distribution of mapped genes15 does not suggest that chromosome 2
is particularly atypical. Our findings can also clarify the evolution-
ary position of D. discoideum. Its genome exhibits greater simi-
larities to metazoa than to plants or fungi (Fig. 3). This supports the
finding of a recent phylogenetic analysis of conserved protein
sequences which placed the Myxomycota (to which D. discoideum
belongs) at a position before the branching of the metazoa and fungi
but after the divergence of the plant kingdom7. D. discoideum does
not appear to have suffered the extensive gene loss observed in S.
cerevisiae and therefore its gene content may better represent a basic
eukaryotic genome. This conservation of the complete gene set
makes D. discoideum well suited for functional studies of genes not
represented in yeast. Its surprisingly high gene number may in part
reflect the higher order of complexity associated with multicellular
life. A

Methods
Further information on sequence data and analysis results can be accessed via
http://genome.imb-jena.de/dictyostelium/ and http://www.uni-koeln.de/dictyostelium/.

Sequencing and assembly
Library construction and sequencing was done as described previously19. 160,000
chromosome 2 library-derived reads were pooled with the nonrepetitive reads from other
D. discoideum whole chromosome shotgun projects to give a total of 500,000 reads. The
subset of reads matching genes mapped to chromosome 2 (ref. 15) were assembled to
build seed contigs, and further contigs were assembled around complementary reads from
the clones in these seeds (for details see http://genome.imb-jena.de/dictyostelium/chr2/
seeds.html). The previously published15 map order of the ‘seed’ genes was largely
confirmed. Considering the combined data of the HAPPY map and sequence assembly, it
is likely that the discrepancies arise from errors in the earlier YAC contigs, which have been
shown to suffer from a proportion of misplaced clones26. The assembly database was then
enlarged by the incorporation of reads with a higher than average frequency of occurrence
in the chromosome 2 library reads (these are more likely to originate from chromosome 2
than from other chromosomes, owing to our preferential use of the chromosome 2 specific
clone libraries). The contigs were extended by the incorporation of further reads which
were found by BLAST analysis of the contig ends. This assembly method yielded about
1,100 contigs larger than 2 kb. Chromosomal assignment of each contig was checked on
the basis of its content of sequences derived from each of the different chromosome-
enriched libraries (K.S., unpublished software). In this way, contaminant sequences were
filtered out; conversely, reads derived from the other whole chromosome shotgun projects
but assigned to chromosome 2 were incorporated into our assembly. To ensure that we had
not missed portions of the chromosome by this strategy we assembled all chromosome 2
library-derived reads and checked the resulting contigs for chromosome specificity. The
resulting additional contigs were added to the chromosome 2-specific assembly. All

contigs were manually inspected to ensure data accuracy. Clones spanning sequencing
gaps between neighbouring contigs defined scaffolds. Directed closure of these gaps was
done using custom primers to walk on existing clones. Additional gaps were closed by
using the transposon insertion technique and polymerase chain reaction (PCR)
approaches.

Mapping
As part of the ongoing genome-wide D. discoideum HAPPY mapping project, a short
range (,100 kb), high-resolution (mean, 15 kb) HAPPY mapping panel was prepared
from AX4 genomic DNA, pre-amplified by PEP (primer extension pre-amplification) and
diluted before use as a template for marker typing. Hemi-nested primers were designed for
824 markers selected from the sequencing projects. Markers were typed onto the HAPPY
mapping panel and sorted into linkage groups as previously described26. Maps for each
linkage group were generated and validated by inspection to reduce the risk of
incorporating spurious intermarker linkages. The results obtained so far define the order
of 365 chromosome 2 markers in 12 large linkage groups (for details see http://
genome.imb-jena.de/dictyostelium/chr2/linkage.html). Further positional information
was obtained from PCR screening of a cYAC library with insert sizes of 80–100 kb covering
the genome approximately sevenfold. Sequence contigs or HAPPY linkage groups were
assumed to be linked if primer pairs derived from them hit the same cYAC clone(s). By
integrating the HAPPY, cYAC and sequence scaffold data, a region spanning 6.5 Mb was
robustly assembled. Only four sequence scaffolds, totalling 0.6 Mb, could not be placed
onto the map. Of these, two are too large to fit in the gaps of the linked 6.5-Mb portion of
the chromosome, and are presumably located at the ends. The assembly produced 71
unlinked orphan contigs amounting to 0.41 Mb, consisting mainly of fragments of
complex repetitive elements.

Sequence analysis
GþC content was calculated using a sliding window of 10,000 bases and a step size of 1,000
bases. Strand-specific CDS density was measured as percentage of coding triplets in a
stepped window of 5,000 bases. A database containing the complex repetitive elements of
D. discoideum was used with RepeatMasker to scan the sequence for repeats19. tRNAs were
detected using tRNAscan-SE27. To define the genes on chromosome 2, the gene prediction
program GeneID28 was trained with 140 known D. discoideum genes and its parameters
adjusted to be able to define proper gene borders and intron positions. The lower limit for
the gene length was 120 bases of coding sequence. EST matches were defined by BLAST
with .98% identity, and word length of 32. The protein products of predicted genes were
compared to the databases of completed genomes: The Arabidopsis Information Resource
(http://www.arabidopsis.org/home.html), Wormpep (http://www.sanger.ac.uk/Projects/
C_elegans/wormpep/), ftp://ftp.ebi.ac.uk/pub/databases/edgp/sequence_sets/,
Saccharomyces Genome Database (http://genome-www.stanford.edu/Saccharomyces/),
The Schizosaccharomyces pombe Genome Sequencing Project (http://www.sanger.ac.uk/
Projects/S_pombe/), Ensembl Genome Browser (http://www.ensembl.org) as well as
against SWISS-PROT entries and TrEMBL. They were also checked for the presence of
InterPro domains using the InterPro database (http://www.ebi.ac.uk/interpro).
Functional classification was done automatically using the GO classification system
(http://www.geneontology.org/)29.
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Information in neurons flows from synapses, through the den-
drites and cell body (soma), and, finally, along the axon as spikes
of electrical activity that will ultimately release neurotransmit-
ters from the nerve terminals. However, the dendrites of many
neurons also have a secretory role, transmitting information
back to afferent nerve terminals1–4. In some central nervous
system neurons, spikes that originate at the soma can travel
along dendrites as well as axons, and may thus elicit secretion
from both compartments1. Here, we show that in hypothalamic
oxytocin neurons, agents that mobilize intracellular Ca21 induce
oxytocin release from dendrites without increasing the electrical
activity of the cell body, and without inducing secretion from the
nerve terminals. Conversely, electrical activity in the cell bodies
can cause the secretion of oxytocin from nerve terminals with
little or no release from the dendrites. Finally, mobilization of
intracellular Ca21 can also prime the releasable pool of oxytocin
in the dendrites. This priming action makes dendritic oxytocin
available for release in response to subsequent spike activity.
Priming persists for a prolonged period, changing the nature of
interactions between oxytocin neurons and their neighbours.

Neurons in the supraoptic nucleus (SON) of the hypothalamus
project axons to the posterior pituitary, where oxytocin and
vasopressin are secreted from axonal nerve terminals into the
systemic circulation. These peptides are also released in large
amounts from dendrites in the SON5, but secretion at these two
sites is not consistently correlated. Suckling evokes oxytocin release
in the SON6 before significant peripheral secretion, whereas after
osmotic stimulation, SON oxytocin release lags behind peripheral
secretion7. During lactation, in response to suckling, oxytocin cells
discharge with brief, intense bursts8; these bursts release boluses of
oxytocin into the circulation that result in milk let-down from the
mammary glands. The bursting activity can be blocked by central
administration of oxytocin antagonists9, thus central as well as
peripheral oxytocin is essential for milk let-down. It has been
proposed that suckling evokes dendritic oxytocin release that acts
in a positive feedback manner to evoke bursting10.

Oxytocin mobilizes intracellular Ca2þ from thapsigargin-sensi-
tive stores in oxytocin cells11. Here we tested the hypothesis that this
might be critical for dendritic oxytocin release. In anaesthetized rats,
we implanted a microdialysis probe into the SON to measure
oxytocin release in response to systemic osmotic stimulation. In
some of these experiments we applied thapsigargin directly to the
SON through the dialysis probe. Thapsigargin caused a significant
increase in SON oxytocin release that returned to control levels after
washout. Subsequent systemic osmotic stimulation (2 ml of 1.5 M
NaCl, intraperitoneal injection) caused a much larger release of
oxytocin in thapsigargin-pretreated rats than in controls. Osmoti-
cally stimulated oxytocin secretion into the circulation was unaf-
fected by exposure of one SON to thapsigargin (Fig. 1a, b).

To test whether thapsigargin potentiated spike-dependent release
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