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The draft genome (~160 Mb) of the urochordate ascidian Ciona intestinalis has been sequenced by the whole-genome
shotgun method and should provide important insights into the origin and evolution of chordates as well as
vertebrates. However, because this genomic data has not yet been mapped onto chromosomes, important biological
questions including regulation of gene expression at the genome-wide level cannot yet be addressed. Here, we report
the molecular cytogenetic characterization of all 14 pairs of C. intestinalis chromosomes, as well as initial large-scale
mapping of genomic sequences onto chromosomes by fluorescent in situ hybridization (FISH). Two-color FISH using
170 bacterial artificial chromosome (BAC) clones and construction of joined scaffolds using paired BAC end
sequences allowed for mapping of up to 65% of the deduced 1I7-Mb nonrepetitive sequence onto chromosomes. This
map lays the foundation for future studies of the protochordate C. intestinalis genome at the chromosomal level.

[Supplemental material is available online at www.genome.org.]

Ciona intestinalis is one of the most extensively studied ascidian
species and is of particular phylogenetic importance for studying
the molecular mechanisms underlying the origin and evolution
of chordates and vertebrates (Cameron et al. 2000; Satoh 2003).
In addition to having a basic chordate body plan and a compact
genome, ascidians provide a simple experimental system for in-
vestigating gene networks involved in pattern formation and
cell-fate specification during chordate development (Satoh 1994,
2003; Jeffery 2001; Nishida 2002).

As a result of these advantages, many efforts have been
made in recent years toward developing genomic resources for C.
intestinalis. The C. intestinalis genome has been sequenced using
the whole-genome shotgun method (Dehal et al. 2002), and
eightfold redundant coverage of the genome using random
paired-end sequences was generated at the DOE Joint Genome
Institute (JGI). Together with sequence data for nearly 480,000
ESTs and 5647 full-length cDNAs from Kyoto University and the
National Institute of Genetics (Japan) (Satou et al. 2002), this has
permitted the assembly of 2501 scaffolds longer than 3 kb. A total
of 60 Mb, or half the assembly, was reconstructed into 177 scaf-
folds longer than 190 kb, and more than 85% of the assembled
sequence was in 905 scaffolds longer than 20 kb. From these data,
it is estimated that ~160 Mb of the C. intestinalis genome is com-
posed of a euchromatic sequence containing 15,852 protein-
coding genes (117 Mb), as well as rDNA repeats and other repeti-
tive sequences (Dehal et al. 2002; http://genome.jgi-psf.org/
ciona4/ciona4.home.html).

Facilitating the construction of physical maps is the genera-
tion of large-insert genomic libraries, which have the advantage
of being clone-based. C. intestinalis BAC libraries are readily avail-
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able (Kobayashi et al. 2002), with 6150 clones already end-
sequenced by the National Institute of Genetics (Japan) and re-
ported in the data set of the Ciona draft genome (Dehal et al.
2002). The BAC libraries are available from Kyoto University
(http://hoya.zool.kyoto-u.ac.jp/cgi-bin/gbrowse/ci). Together
with an additional 148 BAC end sequences (BESs) that were ana-
lyzed during the sequencing process, this has generated a set of
12,448 raw sequences (6224 paired BAC end sequences) that are
now available in the Ghost database (http://hoya.zool.kyoto-
u.ac.jp/cgi-bin/gbrowse/ci). However, the assignment of every
BES to scaffolds using a high-stringency assembly program is dif-
ficult, because polymorphisms and repeat sequences cause mul-
tiple end matches to several different scaffolds (e.g., Vinson et al.
2005). Recently, the genomic sequence for another Ciona species,
Ciona savignyi, was made available on the internet (http://
www.broad.mit.edu/annotation/ciona/). These data have already
made it possible to compare sequences in regulatory regions be-
tween the two Ciona species (Johnson et al. 2004; Kusakabe et al.
2004).

While this sequence information represents an important
and valuable resource, in the absence of a genetic context, the
system remains largely inaccessible to genome-wide approaches
to answering various biological questions. For example, the draft
genome has not yet been mapped onto chromosomes, and the
assembly of whole-genome shotgun sequences is still frag-
mented. C. intestinalis has 28 (n = 14) chromosomes (Colombera
and Lazzaretto-Colombera 1978). We previously established a
method of two-color fluorescent in situ hybridization (FISH) in
Ciona (Shoguchi et al. 2004) and observed that counterstaining of
Ciona chromosome preparations with DAPI made it possible to
recognize the centromere, although the other banding land-
marks were not observed (Shoguchi et al. 2004). We also identi-
fied 20 metacentric chromosomes and eight submetacentric or
subtelocentric chromosomes in our karyotype analysis of Ciona
chromosomes (Shoguchi et al. 2005). The largest pair of meta-
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centric chromosomes was named chromosome 1, while the larg-
est pair of submetacentric/subtelocentric chromosomes was
named chromosome 2. However, the small size of the chromo-
somes (most pairs measuring <2 pym) and morphological poly-
morphisms made accurate pairing of the other chromosomes dif-
ficult, so that a precise karyotype was not feasible based on mor-
phology alone. In further studies (Shoguchi et al. 2005), FISH
with bacterial artificial chromosome (BAC) clones containing
rDNA clusters, as well as staining of chromosome preparations
with propidium iodide indicated that 18S/28S ribosomal gene
repeats are present on the short arms of three pairs of chromo-
somes, and that these short arms show remarkable size polymor-
phism. In addition, each chromosome was characterized by FISH
with a representative BAC clone, although we could not reach a
final determination of the karyotype (Shoguchi et al. 2005).
Here, we report further molecular cytogenetic characteriza-

folds (for example, GECi48_g08 and GECil3_mO09 for Scaf-
fold_10, Fig. 1A). In a previous study, each chromosome was
characterized by FISH with a representative BAC clone (Shoguchi
et al. 2005). To use these data efficiently and to collect two-color
FISH data for all 14 chromosomes, we made use of two informa-
tional resources, i.e., a database compiling the end sequences of
C. intestinalis BACs (http://hoya.zool.kyoto-u.ac.jp/cgi-bin/
gbrowse/ci.) and the sequenced genome of C. savignyi (http://
www.broad.mit.edu/annotation/ciona/). The paired end se-
quences of 6224 BAC clones were used to join scaffolds from the
JGI database (http://genome.jgi-psf.org/ciona4/ciona4.home
.html). Because the strict parameters used in computational as-
sembly of genomic sequences with a high degree of polymor-
phism would be expected to leave unjoined those scaffolds as-
sembled by the paired BESs, we constructed manually joined scaf-
folds by using paired BESs, starting from the larger scaffolds. For

tion of the 14 pairs of C. intestinalis chro-
mosomes and initial large-scale map-
ping of genomic sequences onto chro-
mosomes by FISH. Using scaffolds that
were manually constructed with 6224
paired BAC end sequences, we carried
out two-color FISH for a total of 170 BAC
clones, which represent larger scaffolds
released from JGI as C. intestinalis ge-
nome ver. 1. The publicized C. savignyi
genome sequences on the Web site were
also referenced to select the clones and
to make efficient mapping. As a result,
we were able to map up to 65% of the
nonrepetitive genome sequence onto
chromosomes. This map provides useful
resources for sequencing entire genomes
and is available online at http://hoya.
zool.kyoto-u.ac.jp/chromosomeall.
html.

Results and Discussion

Efficient mapping of selected BAC
clones by two-color FISH

A total of 170 BAC clones were used to
map C. intestinalis genomic sequence
onto chromosomes (for selected BAC
clones, see Supplemental Table S1). We
selected 139 BAC clones to cover 100 of
the largest scaffolds assembled in the
Ciona draft genome (v. 1.0) (Scaffold_1
to Scaffold_100), and another set of 23
BAC clones was selected to increase the
accuracy of the scaffolds joined by BAC
end sequencing (BES). The remaining
eight BAC clones were selected because
they were expected to map to chromo-
some regions that were not targeted by
the other 162 clones.

First, to increase the accuracy of
mapping and to avoid confusion arising
from potential cross-well contamination
of clones and other artifacts, we selected
two clones for each of the major scaf-
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Figure 1. Strategy for mapping BAC clones to chromosomes. (A) Correspondence between the

distribution of BAC end sequences (BESs) on joined scaffolds and the cytogenetic location of FISH
signals. The construction of joined scaffolds was performed using paired BAC end sequences. The left
arrows indicate joined scaffolds from version 1.0 of the C. intestinalis draft genome. The regions of
paired BAC end sequences corresponding to each scaffold are indicated by black triangles and are
connected by dashed lines. For example, Scaffold_10 and Scaffold_458 are joined by two paired BAC
end sequences in a tail-to-tail arrangement. Two-color FISH was performed using GECi48_g08 (red)
and GECi13_mO09 (green) BACs. The distribution of BESs on joined scaffolds indicates a gap of about
300 kb between the two clones, which gives an indication of the resolution achieved by FISH.
GECi13_m09 (red) and GECi17_i16 (green) were also found to hybridize to the same chromosome.
The cytogenetic locations of FISH signals correlate well to a first approximation with the order of joined
scaffolds (Scaffold_10, Scaffold_458, Scaffold_252, Scaffold_500, and Scaffold_78). (B) A sample result
from comparison of C. intestinalis and C. savignyi sequences. The vertical arrows represent scaffolds of
the draft genomes (left) C. savignyi; (right) C.intestinalis. Diagonal lines connect best hit regions as
determined by a FASTA comparison of C. intestinalis and C. savignyi sequences, with blue areas indi-
cating regions with five sequential hits (within a distance of less than or equal to one gene), indicating
strong similarity. Twenty-eight of 75 predicted genes in Scaffold_20 of C. intestinalis found best hit
matches in Scaffold_66 of C. savignyi. Scaffold_2, Scaffold_22, and Scaffold_25 of C. intestinalis showed
similar results, suggesting that Scaffold_20, Scaffold_25, Scaffold_22, and Scaffold_2 of C. intestinalis
map to the same chromosome. These data corroborate results from comparative genomics studies that
suggest a low rate of chromosome translocation between these two species. GECi46_d23 (red), which
corresponds to Scaffold_20 and GECi35_g08 (green), which corresponds to Scaffold_2, map to dif-
ferent arms of the same chromosome.
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example, Scaffold_10 and Scaffold_78 were joined by linking
Scaffolds_10, _458, _252, 500, and _78 with the aid of BESs (Fig.
1A). By performing FISH with the representative clones, we could
confirm that the joined scaffolds mapped to the same chromo-
some. Moreover, we could determine the orientation of the BES-
joined scaffolds on the chromosome based on the relative loca-
tions of the constituent scaffolds; for example, we found that
Scaffold_10 was closer to the centromere than Scaffold_78 (Fig.
1A).

Second, to increase the accuracy of the scaffolds joined by
BESs, we selected 23 BAC clones corresponding to these scaffolds
(for example, Scaffold_151) to obtain BAC-FISH data. Third, the
other eight BAC clones were selected at random to map onto
chromosomal regions that were poorly covered by the previously
used 162 BAC clones. For example, Scaffold_107 had no linkage
with the large scaffolds. The construction of the joined scaffolds
began with Scaffold_1, and the construction was checked by care-
fully selecting and examining many mapped BAC clones, as de-
scribed below.

As shown in Figure 1A, mapping of BACs onto Ciona chro-
mosomes by two-color FISH was effective, but the paucity of
cytogenetic markers makes more detailed mapping difficult. To
overcome this problem, we compared the syntenic relationships
between genomic sequences of C. intestinalis and C. savignyi in
order to further refine our map. This analysis was based on a
FASTA algorithm comparison of the 15,852 C. intestinalis gene
models to C. savignyi draft genome sequences (Pearson 2000).
The rough syntenic relationships were determined by counting
the best hits manually. For example, as shown in Figure 1B, 74 of
129 gene models (57%) in C. intestinalis (Ci) Scatfold_2 showed a
best hit relationship to those found in the largest C. savignyi (Cs)
scaffold, Scaffold_66 (~6 Mb in length) (Data version 4/25/2003),
while 34 of 68 gene models (50%) in Ci Scaffold_22 had a best-hit
relationship to those found in Cs Scaffold_66. Sequential hits
were also found, indicating stronger syntenic relationships (Fig.
1B, blue color regions). Similarly, we could also predict that Ci
Scaffold_20 and Ci Scaffold_25 mapped to the same chromo-
some. This method can be applied when comparative genomics
show a low rate of chromosome translocation (Stein et al. 2003;
Richards et al. 2005). We hypothesize that the majority of Ciona
genes have remained on the same chromosome arm during the
evolution of the two Ciona species. Thus, Scaffold_20 and Scaf-
fold_2 were mapped to the same chromosome by FISH, even
though the red and green signals were not close (Fig. 1B).

Molecular cytogenetic characterization and karyotype
of C. intestinalis chromosomes

It was impossible to identify the 14 pairs of C. intestinalis chro-
mosome based on morphology alone, although we were previ-
ously able to define two large chromosomes (Shoguchi et al.
2005). As illustrated in Figure 2A, in order to identify all of the 14
pairs of chromosomes simultaneously, we prepared a set of 21
BAC-derived probes for two-color FISH. Based on independent
FISH data using two different clones, we could predict the local-
ization of these BACs. For example, GECil7_m21 is a BAC probe
that should broadly label rDNA clusters with red signal (also see
Supplemental Fig. S1). GECi18_g12 and GECi41_h20, both la-
beled red, are expected to hybridize with the long arm of chro-
mosome 1, while GECi38_p05 and GECi48_g02, both labeled
green, are expected to hybridize with the long arm of chromo-
some 2. GECi23_jO2 (green) is expected to hybridize with the

Figure 2. Molecular cytogenetic characterization of all 14 pairs of C.
intestinalis chromosomes. (A) Strategy for identifying all 14 pairs of C.
intestinalis chromosomes simultaneously. BAC probes used are shown on
chromosomes they are predicted to recognize; chromosome 1:
GECi18_g12 (red) and GECi41_h20 (red), both on the long arm (the
GECi designation was omitted in the figure); chromosome 2: 38_p05
(green) and 48_g02 (green), both on the long arm; chromosome 3:
23_j02 (green) on the short arm and 41_j13 (green) on the long arm;
chromosome 4: 17_m21 (rDNA probe; red) on the short arm; chromo-
some 5: 17_m21 (rDNA probe; red) on the short arm and 47_[17 (green)
on the long arm; chromosome 6: 17_m21 (rDNA probe; red) on the short
arm and 26_m10 (red) on the long arm; chromosome 7: 37_e03 (green)
on the long arm; chromosome 8: 31_b20 (red) on the long arm; chro-
mosome 9: 30_d14 (red) on the short arm; chromosome 10: 26_m14
(red) on the short arm and 30_f09 (red) on the long arm; chromosome
11: 39_018 (green) and 45_b12 (red), both on the short arm; chromo-
some 12: 45_005 (green) and 16_k11 (red), both on the long arm;
chromosome 13: 20_b17 (green) on the short arm and 46_d01 (red) on
the long arm; and chromosome 14: 40_e22 (green) on the short arm. (B)
Karyotyping of all 14 pairs of C. intestinalis chromosomes by FISH. Meta-
phase chromosomes were counterstained with DAPI and imaged mono-
chromatically. The centromere regions were brightly stained. Scale bar,
2 uym.

short arm of chromosome 3, while GECi41_j13 (green) should
hybridize with the long arm, and so on. Together, these 21 BACs
should permit one to distinguish between all 14 chromosome
pairs simultaneously by two-color FISH.

As shown in Figure 2B, 14 pairs of C. intestinalis chromo-
somes with distinctive staining patterns could be aligned accord-
ing to size. Chromosomes 1, 3, 4, 5, 6, 9, 10, 11, 12, 13, and 14
were metacentric, while chromosomes 2, 7, and 8 were submeta-
centric. IDNA clusters were detected on the short arms of chro-
mosomes 4, 5, and 6. As pointed out in a previous study (Shogu-
chi et al. 2005), the short arms of chromosome 2 and 4-6, which
contain rDNA clusters, showed size polymorphism. Thus, we
were able to fully characterize and karyotype all 14 pairs of chro-
mosomes.

The size of the haploid genome of C. intestinalis is ~160 Mb.
When chromosomes were giemsa stained, they appeared larger
than when counterstained with DAPI, which often did not
appear to label telomeric regions (data not shown). As a result,
portions of the merged signal from broadly labeling BACs, such
as GECi38_p0S of chromsome 2, may appear on neighboring
chromosomes. Alternatively, these areas of overlap may repre-
sent less condensed chromosomal regions. Nevertheless, mea-
surements of the length of giemsa-stained metaphase chromo-
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somes and correlation with the total genome size suggested that
the Ciona chromosomes range in size between about 8 and 16
Mb, as shown in Table 1. The largest chromosome, 1, was esti-
mated to be 16.5 Mb, which is approximately half the size of the
smallest human chromosome, 21 (Ichikawa et al. 1993). Chro-
mosome 2 was estimated to be 15.3 Mb, while chromosomes
3-12 ranged in size between about 10 and 13 Mb. The smallest
chromosomes, 13 and 14, were very similar in size and were
estimated to be about 8 Mb. Each chromosome arm was esti-
mated to be between 3 and 11 Mb in size, which is about the
same as the major band length of human metaphase chromo-
somes, as defined by classical cytogenetics (Paris Conference
1971). These data provide basic information needed to map each
BAC probe to the identified chromosomes, as described below.

Locations of 170 mapped BAC clones

As noted in our previous two-color FISH study (Shoguchi et al.
2004), DAPI staining marks the centromere, which can be used as
a landmark for orienting the two-color FISH data (see also Supple-
mental Fig. S1). As mentioned above, we carried out two-color
FISH of a total of 170 BAC probes, and obtained 172 data sets that
showed signals on the same chromosome of 14 linkage groups
(Supplemental Table S2). The scaffolds constructed using paired
BESs were used to select two cohybridizing BAC clones, and BAC-
FISH was used to confirm these assemblies. Thus, 17 regions were
joined by using a pair of BESs (Fig. 3). The relative order of clones
that mapped very close to one another, such as GECi23_m14 and

GECi31_j07 on chromosome 1, was also determined by the
mapped sequence data for joined scaffolds. FISH with two BAC
clones (e.g., GECi23_m14 and GECi40_115) was thus able to de-
termine the orientation of a joined scatfold (Fig. 3).

Results of the two-color FISH analysis are summarized in
Figure 3. We found that BAC clones GECi38_g11 and
GECi42_al$5 on Scaffold_1 mapped close to one another on the
long arm of chromosome 8, near the centromere (8q). In addi-
tion, clones GECi47_c08 and GECi39_a23 on Scaffold_3 also
mapped to chromosome 8, but were more distant from the cen-
tromere. Therefore, Scaffolds_1 and _3 were mapped to the long
arm of chromosome 8. As mentioned above, we also manually
constructed joined scaffolds using paired BAC end sequences.
The largest joined scaffold was about 6.4 Mb, and hybridized to
23 BAC clones mapped to the long arm of chromosome 8.

In a similar manner, a total of 166 other BAC clones were
mapped onto the 14 pairs of C. intestinalis chromosomes. The
short arm of chromosome 1 was marked by five BAC clones and
the long arm by 10 clones (Table 1). Similarly, each of the other
chromosomes hybridized to multiple BAC probes, as summarized
in Table 1. The FISH data corresponded precisely to the joined
scaffolds generated by the paired BES data. The only exception
was GECi31_c16, which mapped to chromosome 8 by FISH, but
whose end sequences corresponded to both Scaffold_1 and Scaf-
fold_9. While Scaffold_1 was mapped to chromosome 8, Scaf-
fold_9 was mapped to chromosome 10 using two other BAC
clones (see Supplemental Table S1). The small partial sequence of
Scaffold_9 is likely to map to chromosome 8, because no second-

Table 1. Chromosomal mapping of BAC clones in Ciona intestinalis
Chromosome arm
length (Mb) Total size (Mb) Number of BAC
estimated by Number of BAC of joined and clones** corresponding
Chromosome cytogenetic analysis clones mapped by FISH mapped scaffolds % coverage to mapped scaffolds
1p 6.15 5 4.427703 71.9 141
1q 10.34 10 5.059860 48.9 179
2p 4.03 0 0 0 0
2q 11.31 14 7.652363 67.6 333
3p 5.34 6 1.807897 33.8 63
3q 7.69 11 4.971595 64.6 194
4p 4.56 * * * *
4q 8.47 10 5.372748 63.4 220
5p 4.25 * * * *
5q 7.95 11 5.268640 66.3 179
6p 4.85 * * * *
6q 6.2 7 2.267187 36.6 71
7p 3.21 0 0 0 0
7q 7.84 11 6.392846 81.5 217
8p 2.78 0 0 0 0
8q 7.94 23 6.421300 80.8 269
9p 4.85 4 2.887692 59.5 110
9q 5.87 8 3.683591 62.7 155
10p 4.27 4 1.809801 423 70
10q 6.45 8 3.222832 49.9 125
1p 4.27 7 2.430748 56.9 75
11q 5.63 5 1.579050 28.0 47
12p 4.23 3 1.465373 34.6 42
12q 5.67 7 3.741953 65.9 146
13p 3.67 1 0.192510 5.2 4
13q 4.25 3 1.436447 33.7 45
14p 3.62 4 1.851839 51.1 61
14q 4.3 8 2.191802 50.9 70
Total 159.99 170 76.135777 47.6 2816

*18S5/28S rDNA repeat-containing regions, as also indicated in Figure 2.

**BAC clones are counted only when both paired-BAC end sequences corresponding to the scaffolds map to the same chromosome arm (BLASTN hit
with >90% identity, alignment length >100, probability <e-80) and 45.2% of the BAC clones are annotated.
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Figure 3. Mapping of BAC clones and draft genome sequence (version 1) onto C. intestinalis chromosomes. The locations of 170 FISH-mapped BACs are shown
relative to DAPI-counterstained chromosomes with centromere bands (at an approximately relative scale). Clones that mapped proximal to the centromere are
represented by a pair of black circles. Clones that mapped distal to the centromere are represented by a pair of red circles, and those that mapped to the middle
portion of the arms are shown by a pair of gray circles. Red areas indicate three regions with rDNA clusters on the short arms of chromosomes 4, 5, and 6. The
paired-BAC end sequences assembled the 468 scaffolds into 48 joined scaffolds and three scaffolds that were not joined to any of the others, as shown by bold lines.
Seventeen scaffolds assembled using one pair of BAC end sequences for each are shown by red curved lines (for example, Scaffold_199 and Scaffold_512) and map
to regions in between FISH-mapped BACs. Arrows on the left side of the scaffold number indicate the orientation of the mapped sequences.
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ary signal was observed on chromosome 10. One BAC clone,
GECil7_pl1, only produced a secondary signal (Supplemental
Fig. S1), because nonspecific signals caused by the hybridization
of repetitive sequences, which were often present in large DNA
fragments, were suppressed with the genomic DNA (Shoguchi et
al. 2004).

Genes for ribosomal RNA seem to be clustered within the C.
intestinalis genome, as appears to be the case for other animals
(Shoguchi et al. 2005). A probe made from a BAC clone contain-
ing rDNA gene clusters stained a broad region of the short arm of
chromosomes 4, 5, and 6, suggesting that these regions are likely
to be occupied by clusters of ribosomal genes (Fig. 2B; Supple-
mental Fig. S1). Chromosomes 2, 7, and 8 are submetacentric,
and therefore also have short arms, but genomic sequence infor-
mation has not yet been mapped to these arms.

We estimate that nearly 65% of the nonrepetitive genome
sequence information has been mapped to chromosomes by
FISH, although some highly polymorphic regions of the genome
made accurate assembly of joined scaffolds difficult. In addition,
cytogenetic analysis was performed for an estimated 47.6% of the
known 160-Mb sequence, which includes repetitive sequences
and corresponds to 45.2% of the BAC clones (2816/6224 clones).

Although we were able to map about 65% of C. intestinalis
genomic information onto chromosomes, further mapping ef-
forts will be required in the future. Future studies to fill in gaps
between scaffolds as well as within a scaffold will also be helpful
for further mapping of the genome information onto the chro-
mosomes.

Due to the small size and high degree of morphological
polymorphism in chromosomes of invertebrate animals, it is
sometimes difficult to perform precise karyotyping for these or-
ganisms using conventional methods. As shown in this study,
two-color FISH is very effective for analyzing the genomes of
organisms without extensive prior genetic characterization.
Moreover, we show that comparison between genome sequences
of closely related species is a very useful tool for mapping. In this
era of comparative genomics, in which whole-genome shotgun
technology has made it possible to sequence the genome of a
variety of different organisms, the approach we have developed
will be very useful. Indeed, there are currently several ongoing
genome sequencing projects that have targeted such organisms
as sea urchins and amphioxus, which will likely face similar chal-
lenges as have been encountered with ascidian genome analysis.
Our data suggest that analysis by two-color FISH will make it
possible to perform chromosomal mapping of their draft se-
quences.

Methods

Biological materials

C. intestinalis adults were cultured at the Maizuru Fisheries Re-
search Station of Kyoto University and the International Coastal
Research Center, Ocean Research Institute of the University of
Tokyo. In this study, we used embryos at the neurula and early
tailbud stages. Handling of gametes and embryos was carried out
as described by Shoguchi et al. (2004).

Fluorescent in situ hybridization with BAC clones

A library of BAC clones with an average length of 135 kb was
constructed from C. intestinalis sperm DNA (Kobayashi et al.
2002). Chromosome preparation was performed as described in

Shoguchi et al. (2005). FISH was carried out as described in
Shoguchi et al. (2004) and modified as follows: To distinguish
between the 14 pairs of chromosomes simultaneously using
FISH, 21 BAC clones were selected from among those tested by
FISH analyses, in which two BAC clones were hybridized at the
same time. The 21 BAC-derived probes (as shown in Fig. 2A) were
hybridized simultaneously. The hybridization solution consisted
of 50% formamide, 2 SSC, 10% dextran sulfate, 10 ug sheared
C. intestinalis sperm DNA, 0.15% SDS, and a total of 20 pL of this
solution was used per slide. At first, an aliquot containing about
one-eighth of each labeled probe (derived from 1 pg of BAC DNA)
was added to the hybridization mix to make the karyotyping
mixture. Hybridizaton was performed for 55 h at 42°C. Signal
from biotin-labeled probes was amplified and detected with se-
quential applications of avidin FITC DCS (Vector Laboratories),
biotinylated anti-avidin D (Vector Laboratories), and then avidin
FITC DCS again. For detection of DIG-labeled probes, anti-DIG-
rhodamine Fab fragments (ROCHE) was applied, followed by
Texas Red anti-sheep secondary antibody (Vector Laboratories).
After the first experiment, the concentration of each probe in the
karyotyping mixture was adjusted by increasing the concentra-
tion of probes that showed weaker signals, or by decreasing the
concentration of probes that showed stronger signals in order to
obtain signals of similar strength. Image processing was done
with Adobe Photoshop 6.0. Computerized background process-
ing and image-feature intensification were conducted using Pho-
toshop 6.0 to make the weak signals recognizable in aligned- and
paired-chromosome figures (Fig. 2B). This process caused strong
signals to appear enlarged, resulting with some signals appearing
outside of the chromosomes. The counterstained blue image was
changed to gray scale in Photoshop 6.0 for the sake of image
clarity. Following the collection of FISH images and pairing, the
preparation was stained in Giemsa solution, as described by
Shoguchi et al. (2005). Images were collected with a Zeiss epi-
fluorescence microscope equipped with an Axiocam camera.
Measurements were done with Adobe Photoshop 6.0. Five prepa-
rations were analyzed and the average chromosome arm lengths
(Mb) were estimated.

Construction of joined-scaffolds by using BAC end sequences

Of a total of 12,448 BAC end sequences (6224 clones), 11,420
corresponded to scaffolds (Assembly v1.0), as shown by using the
BLASTN algorithm (probability <e-30). Manual assembly was per-
formed on those gaps covered by more than two pairs of BAC end
sequences. By comparison with FISH data, we also joined some
scaffolds using one pair of BAC end sequences. The information
is available at http://hoya.zool.kyoto-u.ac.jp/cgi-bin/gbrowse/ci.
Each set of joined scaffolds was constructed independently by
two people and was verified by comparison of the two data sets.
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