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ABSTRACT

 

—The compact genome of the ascidian 

 

Ciona intestinalis

 

 has been sequenced. Chromosome

karyotype and mapping of the genome sequence information on each of the 14 pairs of chromosomes are

essential for genome-wide studies of gene expression and function in this basal chordate. Although the

small chromosome size (most pairs measuring less than 2 

 

µ

 

m) complicates accurate chromosome pairing

based on morphology alone, the present results suggest that 20 chromosomes are metacentric and 8 are

submetacentric or subtelocentric, and two pairs of large chromosomes (#1 and #2) were defined. The char-

acterization of chromosomes by FISH and staining with propidium iodide indicated that 18S/28S ribosomal

gene repeats are present in the short arms of three pairs of chromosomes and that the short arms of these

pairs show remarkable size polymorphism. In addition, each chromosome was characterized molecular

cytogenetically by mapping representative BAC clones with FISH. The present study is therefore a first step

in expanding the karyotype analysis and entire physical mapping of the genome sequence of 

 

Ciona intes-

tinalis

 

.
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INTRODUCTION

 

Ciona intestinalis

 

 is a urochordate ascidian that is col-

lectable all year round throughout the world and that has

therefore been intensively studied in various fields of zool-

ogy. Its position as a basal chordate in animal phylogeny

makes it critical in studying the molecular mechanisms

underlying the origin and evolution of chordates as well as

vertebrates (Satoh, 2003; Azumi 

 

et al

 

., 2003; Campbell 

 

et

al

 

., 2004). In addition, its tadpole-type larva represents the

most simplified body plan of chordates, providing an exper-

imental system for studying cellular and molecular mecha-

nisms underlying the formation of the chordate body plan

(Corbo 

 

et al

 

., 2001; Satoh 

 

et al

 

., 2003).

Our laboratory at Kyoto University has conducted a

series of studies to promote 

 

Ciona intestinalis

 

 as an exper-

imental material and/or system for future studies of develop-

mental biology, evolutionary biology, and genome science

(Satoh 

 

et al

 

., 2003; Satoh, 2004). In collaboration with 

 

Ciona

intestinalis

 

 cDNA consortium members, we conducted a

large-scale expressed sequence tag (EST) analysis and

cDNA project (Satou 

 

et al

 

., 2002a, 2002b). To date, more

than 680,000 ESTs have been deposited in the NCBI data-

bank. In addition, full-insert sequence information has been

obtained for the protein-coding region of more than 5,000

cDNAs (http://ghost.zool.kyoto-u.ac.jp/indexr1.html). The

spatial expression of approximately 5,000 randomly selec-

ted genes was examined by whole-mount 

 

in situ

 

 hybridiza-

tion (e.g., Satou 

 

et al

 

., 2002b). Additionally, through a col-

laboration with the Joint Genome Institute (USA) and the

National Institute of Genetics (Japan), the draft genome of

 

Ciona intestinalis

 

 was sequenced and published in 2002

(Dehal 

 

et al

 

., 2002). The approximately 160-Mb genome is

estimated to contain 15,852 protein-coding genes. Studies

of 

 

Ciona

 

 genes indicated that some vertebrate gene families

 

* Corresponding author. Phone: +81-75-753-4082;

Fax : +81-75-705-1113;

E-mail : eiichi@ascidian.zool.kyoto-u.ac.jp



 

E. Shoguchi 

 

et al

 

.512

 

are found in a simplified form in 

 

Ciona 

 

(Dehal 

 

et al

 

., 2002;

Satou 

 

et al

 

., 2003; Wada 

 

et al

 

., 2003; Yamada 

 

et al

 

., 2003;

Yagi 

 

et al

 

., 2003). This suggests that ascidians contain the

basic ancestral complement of genes involved in cell signal-

ing and development. In addition, the compact arrangement

of developmentally relevant genes in the genome reveals

that 

 

Ciona

 

 is an excellent model for a genome-wide survey

of molecular mechanisms underlying specific gene expres-

sion required for formation of the chordate body (Harafuji 

 

et

al

 

., 2002; Keys 

 

et al

 

., 2005).

However, the lack of genetic background information, a

weakness shared by most marine invertebrates, makes it

difficult to use the

 

 Ciona

 

 system for genome-scientific

approaches in order to answer various biological questions.

To overcome this problem, we used the approach of fluores-

cent 

 

in situ

 

 hybridization (FISH). In a previous study, we

reported methodology for using FISH with 

 

Ciona intestinalis

 

(Shoguchi 

 

et al

 

., 2004). Following the previous success in

using FISH, the present study aimed to develop the chromo-

some karyotype of 

 

Ciona intestinalis

 

 and their molecular

cytogenetic characterization. Since a report by Colombera

and Lazzaretto-Colombera (1978), showing that 

 

Ciona

intestinalis

 

 has 14 pairs of chromosomes, no studies have

characterized its karyotype.

 

MATERIALS AND METHODS

 

Biological materials

 

Ciona intestinalis

 

 adults were cultured at the Maizuru Fisheries

Research Station of Kyoto University and the International Coastal

Research Center, Ocean Research Institute, University of Tokyo. In

this study, we used embryos at the neurula stage and early tailbud

stage. Handling of the gametes and embryos was carried out as

described by Shoguchi 

 

et al

 

. (2004).

 

Chromosome preparation and staining

 

Chromosome preparation was modified from Shoguchi 

 

et al

 

.

(2004) as follows. After treatment with 0.04% colchicine (Sigma) for

30 min, embryos were transferred to a 1.5-ml microfuge tube and

treated with hypotonic mixtures (seawater and 0.075M KCl in ratios

2:1 and 1:1, for 5 min each). Fixation was performed in cold meth-

anol:glacial acetic acid (3:1) fixative (chilled on ice) with three

changes during 1 h and once after overnight (embryos were kept at

4

 

°

 

C). The specimens were then stored in fixative at –30

 

°

 

C.

To prepare slides for the metaphase spreads, an excess (x3)

of 60% acetic acid was added to a microfuge tube containing 10–

20 embryos. One minute later, the embryos were pipetted gently

onto pre-warmed (48

 

°

 

C) ethanol-cleaned microscope slides (60 

 

µ

 

l

per slide) and left until dry (1–2 h). The FISH spreads were incu-

bated at 65

 

°

 

C for 3 h in a clean incubator.

Metaphase chromosomes were stained with Giemsa or Hoe-

chst 33258 and propidium iodide (PI). To observe Giemsa-stained

spreads, the slides were stained for 1–2 h with 6% Giemsa solution

(Merck) in 1/15 M phosphate buffer (pH 6.8). To observe Hoechst

33258 and PI stained spreads, the chromosome slides were stained

for 5 min with 1 

 

µ

 

g/ml Hoechst 33258 (Sigma), rinsed for 5 min

briefly with 2xSSC, and then stained for 30 min with 0.5 

 

µ

 

g/ml pro-

pidium iodide (Sigma).

 

Fluorescent 

 

in situ

 

 hybridization (FISH) with BAC clones

 

A library of BAC (bacterial artificial chromosome) clones with

an average length of 135 kb was constructed from 

 

Ciona intestinalis

 

sperm DNA (Kobayashi 

 

et al

 

., 2002). To find BACs containing

ribosomal genes, we searched the sequences similar to 

 

C. intesti-

nalis 

 

18S rRNA (Accession No. AB013017) and 28S rRNA (Acces-

sion No. AF212177) sequences in the Ghost Database (http://

ghost.zool.kyoto-u.ac.jp/indexr1.html) using the Blast algorithm. We

found that 137 BAC clones had sequences corresponding to 18S

rRNA and/or 28S rRNA (BLAST algorithm, probability<e-100) at

both ends. Of them, we used probes derived from BAC clones

GECi20_h11, GECi17_m21, GECi17_l23, GECi30_l15 and

GECi41_e07. ad003p11 is a cDNA clone with a partial 18S rRNA

sequence (http://ghost.zool.kyoto-u.ac.jp/indexr1.html).

We conducted a series of FISH analyses to map at least one

BAC clone onto each of the 14 pairs of chromosomes. BAC clones

corresponding to Scaffold 1 to 100 of 

 

C. intestinalis

 

 genome

sequences (version 1) were selected as probes. Two-color FISH was

performed as described previously (Shoguchi 

 

et al

 

., 2004). Vectash-

ield mounting medium with 4’,6-diamidino-2-phenylindole (DAPI)

(Vector Laboratories) was applied to the slides for chromosome

counterstaining. Through these extensive analyses, we found that

BAC clones (http://ghost.zool.kyoto-u.ac.jp/indexr1.html) GECi40_l15,

GECi22_g17, GECi47_a17, GECi46_g06, GECi28_e05, GECi48_g08,

GECi31_b20, GECi23_j02, GECi30_d14, GECi30_f09, GECi28_m24,

GECi21_a11, GECi31_b04, and GECi42_m08, covered all 14 pairs of

chromosomes (Table 1).

 

RESULTS AND DISCUSSION

Karyotype and PI/Hoechst 33258 staining

 

We confirmed, by examination of more than 50

Giemsa-stained well-spread chromosome preparations, the

results of a previous study by Colombera and Lazzaretto-

Colombera (1978) that 

 

Ciona intestinalis

 

 has 14 pairs of

chromosomes. However, not every chromosome spread

always contained exactly 28 chromosomes. Fig. 1 shows a

representative karyotype of 

 

C. intestinalis

 

. The specimen

possesses 20 metacentric (m) chromosomes and 8 sub-

metacentric (sm) or subtelocentric (st) chromosomes (Levan

 

et al

 

., 1964). The characterization of chromosomes was not

constant due to the size polymorphism in the short arms, as

will be discussed later. Although the small chromsome size

complicated accurate chromosome pairing based on mor-

phology alone, it was noticed that amongst the 20 metacen-

tric chromosomes, one pair was quite large; we named this

chromosome #1 (Fig. 1B). In addition, in the largest chromo-

some pair among the 8 submetacentric/subtelocentric chro-

mosomes, the short arm was very small and showed mor-

phological polymorphism (Fig. 1A; arrows); we named this

chromosome #2 (Fig. 1B). G-banding is usually used in

higher vertebrates for unequivocal recognition of each chro-

mosome pair. However, clear G-banding was not obtained

in 

 

C. intestinalis

 

. The 

 

C. intestinalis 

 

genome is AT-rich (65%

of the sequence) (Dehal 

 

et al

 

., 2002) and is likely to lack typ-

ical GC-rich regions in the chromosomes.

Metaphase chromosome preparations were also

stained with Hoechst 33258 and PI (Fig. 2A, B). We found

that the short arms of six chromosomes were stained

intensely with PI. However, presumably due to morphologi-

cal polymorphism and some technical problems, sometimes

the short arms of only four or five chromosomes were stai-
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ned intensely with PI (Fig. 2A, B) and those of one or two

chromosomes were stained faintly (Fig. 2A, B; arrows). In

fish chromosomes, it was reported that PI-positive blocks

are nucleolus organizer regions (NORs) (Rab 

 

et al

 

., 1996;

Fischer 

 

et al

 

., 2000). The draft sequence of the 

 

Ciona intes-

tinalis 

 

genome indicates that 18S/28S rDNA repeats are

those of the highest copy number (Dehal 

 

et al

 

., 2002). Thus,

the PI-positive blocks may be regions containing rDNA

repeats. To test this possibility, we tried to identify the chro-

mosomal location of rDNA repeats by FISH.

 

Identification of ribosomal DNA (rDNA)

 

To clarify the locations of 18S/28S rDNA repeats, we

carried out FISH with the BAC clones (GECi20_h11,

GECi17_m21, GECi17_l23, GECi30_l15 and GECi41_e07)

that contained ribosomal genes. Fig. 2C shows the hybrid-

ization with a rDNA-containing BAC clone (GECi20_h11; red

and arrows), which indicated that rDNA regions are located

on the short arms of three pairs of chromosomes. This result

was confirmed by using the four other BAC clones with 18S/

28S rDNA repeats (GECi17_m21, GECi17_l23, GECi30_l15

and GECi41_e07) (data not shown). ad003p11 is a cDNA

clone containing a partial 18S rRNA sequence and this

cDNA probe hybridized with similar regions of the chromo-

somes (data not shown). These results indicate that there

are three rDNA clusters per haploid genome of 

 

C. intestina-

lis

 

.

Fig. 2C also shows the hybridization of a rDNA-contain-

ing BAC clone (GECi20_h11) (red) and four different BAC

probes without rDNA sequences (GECi47_a17, GECi46_g06,

GECi28_e05 and GECi27_g06) (green). GECi47_a17,

GECi46_g06 and GECi28_e05 are located on different pairs

of chromosomes (Table 1). GECi47_a17 and GECi27_g06

are located on the same arm of a chromosome (Table 1). As

shown in Fig. 2C, GECi47_a17, GECi46_g06, GECi28_e05

and GECi27_g06 are landmarks in the long arms of rDNA-

bearing chromosomes.

In addition, after FISH with the BAC clone, counterstain-

ing with PI-Hoechst 33258 was performed, and the findings

indicated that PI-positive blocks correspond to rDNA regions

(Fig. 2D, E; red arrows). Therefore, PI/ Hoechst 33258 stain-

ing is efficient for detecting rDNA clusters. We also noticed

that the pair of the rDNA-bearing chromosomes might have

size polymorphisms in the short arm (Fig. 2D, E; white

arrows); such size polymorphism occurs in most vertebrates

species (e.g., Galetti 

 

et al

 

., 1995; Fujiwara 

 

et al

 

., 1998).

 

Molecular cytogenetic characterization of 

 

Ciona intesti-

nalis

 

 chromosomes

 

We were able to identify chromosomes #1 and #2

based on morphology and to distinguish three pairs of chro-

mosomes with 18S/28S ribosomal genes. In addition, two

pairs of submetacentric/subtelocentric chromosomes were

distinguished by staining with PI/Hoechst 33258 (Fig. 2B).

However, because it was difficult to identify chromosomes

exactly using these methods, we attempted characterization

of every chromosome using a molecular cytogenetic

method. As mentioned in the Methods section, we are now

 

Fig. 1.

 

Karyotype analysis of

 

 Ciona intestinalis

 

 chromosomes. (A) A preparation of metaphase chromosomes stained with Giemsa. Arrows

indicate the very short arm of a pair of chromosomes (#2). (B) The karyotype analysis. m, metacentric chromosome; sm/st, submetacentric or

subtelocentric chromosome. The bars represent 2 

 

µ

 

m.
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Fig. 2.

 

Propidium iodide (PI) and Hoechst 33258 staining of 

 

Ciona intestinalis 

 

chromosomes and FISH with specific BAC probes. (A)
Metaphase chromosomes stained with Hoechst 33258 (blue) and PI (red), and (B) the karyotype analysis. The short arms of five chromo-
somes are stained intensely with PI and one is stained faintly (arrow), suggesting the presence of 18S/28S rDNA clusters. (C) Two-color FISH
with a BAC probe (GECi20_h11; red) containing the 28S rDNA sequence and four BAC probes (GECi47_a17, GECi27_g06, GECi46_g06 and
GECi28_e05; green) without rDNA sequences. The slide was counterstained with DAPI. Arrows indicate the short arms of three pairs of chro-
mosomes stained with GECi20_h11 (red). (D, E) FISH with GECi47_a17 (green), GECi27_g06 (green), GECi46_g06 (green) and GECi28_e05
(green), counterstained with PI/Hoechst 33258 (D). Red arrows indicate four short arms stained with PI/Hoechst 33258, while white arrows
indicate two short arms with faint staining due to morphological polymorphism. (E) The specimen stained with Giemsa solution following the
FISH observation. # and 

 

*

 

 indicate two pairs of chromosomes identified with FISH (D). (F) FISH with GECi40_l15 (red) and GECi22_g17
(green) and then stained with Giemsa solution (G). Red arrows indicate chromosomes stained with GECi40_l15 probe and green arrows those
stained with GECi22_g17 probe. The chromosomes with arrows are large chromosomes (#1 and #2). Bars represent 2 

 

µ

 

m.
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conducting a series of FISH analyses to map at least one

BAC clone onto each of the 14 pairs of chromosomes. As a

result, we found that BAC clones GECi40_l15, GECi22_g17,

GECi47_a17, GECi46_g06, GECi28_e05, GECi48_g08,

GECi31_b20, GECi23_j02, GECi30_d14, GECi30_f09,

GECi28_m24, GECi21_a11, GECi31_b04, and GECi42_m08

are each mapped onto a different chromosome (Table 1).

Although the chromosome types listed in Table 1 are based

on the morphology of the FISH counterstained image, they

also correspond to about the Giemsa-stained morphology

(Fig. 2F, G; arrows). Therefore, each of the 

 

Ciona intestina-

lis

 

 chromosomes is now distinguishable using the landmark

of a BAC clone. Fig. 2F and 2G indicate that GECi40_l15

(red) and GECi22_g17 (green) are mapped on one pair of

long chromosomes each (red and green arrows in Fig. 2F,

G). Giemsa staining following FISH observation confirmed

that these chromosomes correspond to #1 and #2 based on

morphology alone. Altogether, these results indicate that

GECi40_l15 and GECi22_g17 are mapped on #1 and #2,

respectively. Thus, in the near future, unequivocal recogni-

tion of homologous pairs should be facilitated by these chro-

mosome-specific markers.

 

CONCLUSION

 

In this study, we characterized 14 pairs of chromo-

somes in 

 

Ciona intestinalis 

 

using molecular cytogenetic

analyses. This information provides us indicators for use in

further mapping of genome sequence information onto the

chromosomes. Since mapping of genes onto chromosomes

is essential for further studies of genome-wide control of the

expression of developmentally relevant genes, the present

results will further promote 

 

Ciona intestinalis

 

 to be an appro-

priate system for future studies in zoology.
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