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Abstract. We have determined the full sequence of
the ribosomal DNA intergenic spacer (IGS) of the swim-
ming crab,Charybdis japonica,by long PCR for the first
time in crustacean decapods. The IGS is 5376 bp long
and contains two nonrepetitive regions separated by one
long repetitive region, which is composed mainly of four
subrepeats (subrepeats I, II, III, and IV). Subrepeat I
contains nine copies of a 60-bp repeat unit, in which two
similar repeat types (60 bp-a and 60 bp-b) occur alter-
natively. Subrepeat II consists of nine successive repeat
units with a consensus sequence length of 142 bp. Sub-
repeat III consists of seven copies of another 60-bp re-
peat unit (60 bp-c) whose sequence is complementary to
that of subrepeat I. Immediately downstream of subre-
peat III is subrepeat IV, consisting of three copies of a
391-bp repeat unit. Based on comparative analysis
among the subrepeats and repeat units, a possible evo-
lutionary process responsible for the formation of the
repetitive region is inferred, which involves the duplica-
tion of a 60-bp subrepeat unit (60 bp-c) as a prototype.

Key words: Charybdis japonica— Ribosomal DNA
— Intergenic spacer — Subrepeat — Repeat unit

The nuclear ribosomal RNA gene (rDNA) of higher eu-
karyotes is a highly repetitive invariant gene. It is com-
posed of transcription units containing the 18S, 5.8S, and
28S rRNA coding regions and the intergenic spacer
(IGS) separating the 28S and 18S rRNA coding regions.
The IGS contains some regulatory elements and is typi-

cally composed of reiterated subrepeats (Mandal 1984;
Hemleben et al. 1987). It has been reported that differ-
ences in the number and sequence of these subrepeats
account for most of the length variation between rDNA
repeat units within closely related species, among popu-
lations, and even between individuals (Gerbi 1985; Mur-
tif and Rae 1985; Rogers and Bendich 1987; Black et al.
1989). Despite the enormous variability in length and
primary sequence, the IGS region of higher eukaryotes
has broadly conserved structural features such as the ex-
istence of several kinds of repeating elements (subre-
peats), repetitive enhancer elements, duplicated promot-
ers, and conserved secondary structures (Hemleben et al.
1987; Soller-Webb and Tower 1986; Reeder 1989; Lin-
ares et al. 1991; Baldridge et al. 1992). These structural
features may contain some information useful for mo-
lecular evolutionary studies in general. However, a com-
parative analysis of the IGS sequences to dig out the
evolutionary information buried in these structural fea-
tures has not been conducted, because the full sequences
of IGS have been reported in only a few species. In
Crustacea, no full sequence of IGS has been reported in
Decapoda, the group considered to be most advanced
within Crustacea. In the present study, we obtained the
complete sequence of the IGS from the swimming crab,
Charybdis japonica,and analyzed this sequence to in-
vestigate (1) whether the IGS of the swimming crab
shows the typical repetitive structural features found in
other eukaryotes and (2) which plausible evolutionary
process is responsible for the formation of the repetitive
region of the IGS.

The IGS was amplified from total genomic DNA of
C. japonica using the Long and Accurate PCR (LA-Correspondence to:Dr. Won Kim; e-mail: wonkim@plaza.snu.ac.kr
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PCR) kit (Takara Co.) following the manufacturer’s rec-
ommendations. Since LA-PCR has a prolonged anneal-
ing time and requires long amplification primers of$30-
mers, long primers were selected from the 38 terminus of
the 28S rDNA and the 58-terminus of the 18S rDNA (the
28S rDNA end primer, 58-tagggaacgtgagctgggtttagacc-
gtcgtga-38 and the 18S rDNA end primer, 58-
gagacaagcatatgctactggcaggatcaacc-38). The amplified
products were extracted with the Qiagen PCR purifica-
tion kit (Qiagene, Santa Clarita, CA). Ligation of the
purified PCR products was performed with T4 ligase
using pT7blue T-vector (Novagen Co.) and transformed
to the DH5-a cell line. The clone, p15HRD, was digested
with several restriction enzymes and the resulting frag-
ments were subcloned into pGEM 3Z(+). Overlapping
clones were sequenced with an automatic sequencer
(ALF Express Co.) and the Sequenase Version 2.0 kit
(USB Biochemicals Co.). Sequences were analyzed us-
ing the MacDNASIS Version 3.0 program (Hitachi Soft-
ware Engineering Co.) and aligned by the FASTA (Pear-
son 1990) and the Clustal V (Higgins et al. 1992)
programs.

Long PCR amplification of the IGS region resulted in
one band on the PAGE gel, suggesting thatC. japonica
has no length variation of the IGS. The total length of the
IGS was revealed as 5376 bp when the 38 end of the 28S
rDNA coding region and the 58 end of the 18S rDNA
coding region were determined by alignment with the
sequences ofDaphnia pulex, Drosophilia melanogaster,
and the calanoid copepod,Calamus finmarchicus
(Crease 1993; Tautz et al. 1988; Drouin et al. 1987;
Nelles et al. 1984). It is the longest among the IGS
known in arthropods. The overall primary structure of
the IGS is organized into two nonrepetitive regions sepa-
rated by one repetitive region as shown in Fig. 1. Down-
stream from the 38 end of the 28S rDNA, a 1195-bp
nonrepetitive region occurs, which is followed by a re-
petitive region and then another nonrepetitive region of
813 bp. The repetitive region is 3332 bp long and is

composed of four subrepeats (termed subrepeats I, II, III,
and IV, in the 58–38 direction). In subrepeat I, nine du-
plicated 60-bp repeat units were identified and two types
of repeat units, termed 60 bp-a (A1–A5) and 60 bp-b
(B1–B4) based on sequence similarity, were recognized.
These two types appear alternatively and the last one
(A5) is truncated. Eleven base pairs downstream from
subrepeat I is subrepeat II, which contains nine succes-
sive repeat units, the first eight units being 142 bp long
and the last one shorter by 29 bp. Subrepeat III consists
of seven copies of another 60-bp repeat unit. However,
the sequences of this repeat unit, termed 60 bp-c, are
complementary to the 60-bp repeat units of subrepeat I.
The first 60 bp-c repeat unit is truncated by about 30 bp
nucleotides at the 58 end. Immediately downstream from
subrepeat II is subrepeat IV, which includes three copies
of 391-bp repeat units. The last 30-bp sequence toward
the 38 end of each of the 391-bp repeat units is exactly
the same as that of 60 bp-c.

The complementary primary structures of subrepeats I
and III suggest the potential secondary structure of the
IGS. Recent computer-based analyses of the IGS in eu-
karyotes proposed conservation of the potential second-
ary structure. Moreover, a few of them revealed exten-
sive regions of self-complementarity that could generate
an extensive secondary structure in the IGS (Linares et
al. 1991; Hancock and Dover 1990; Baldridge et al.
1992). We could deduce a stem–loop structure from the
sequences of subrepeats I, II, and III, where subrepeat I
and III are responsible for the stem and subrepeat II for
the loop. Consequently, the observation that a similar
portion of the last unit (A5) of subrepeat I and the first
unit (C1) of subrepeat III was deleted may reflect the
involvement of these motifs in the same evolutionary
events. Additionally, taking into account the truncated
142-bp repeat unit, it is interesting to note that the ter-
minal repeats are less homogenized than the internal re-
peats. This fact was also observed in the IGS of the
mosquito,A. albopictus(Baldridge and Fallon 1992).

Fig. 1. Structural organization of theC. japonica
rDNA repeat. The 1195-bp nonrepetititive region 1
and the 813-bp nonrepetitive region 2 are marked
by thenumbers in parenthesesat thetop. The
3332-bp repetitive region is composed of four
subrepeats. The tandem array of nine 60-bp repeat
units is represented byarrowheads: open
arrowheads,60 bp-a;filled arrowheads,60 bp-b.
The letters abovemark each type of 60-bp repeat
unit. The array of nineopen diamondsrepresents
the 142-bp repeat units. Theshort vertical lines
located between the subrepeats represent flanked
sequences. The open arrowheads reversed in
relation to subrepeat I represent seven 60 bp-c
repeat units. As indicated by the direction of the
heads, the 60-bp repeat units of subrepeats I and
III are complementary to each other. Without
flanked sequences, the array of the three 391-bp
repeat units is represented byopen ovals.The
asterisksindicate the truncated repeat unit.
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The structural proportion of the four subrepeats is
about 62% of the entire IGS sequence, which is almost
twice that ofDaphnia,34.3% (Crease 1993). Sequence
similarities among the 60-bp repeat units of subrepeat I
(60 bp-a, 60 bp-b) and those of subrepeat III (60 bp-c)
ranged from 85 to 87%. The high similarity values
among the three kinds of 60-bp repeat units and their
complementary sequences enabled us to consider the ex-
istence of one ancestral common prototype sequence in
the formation of the repetitive region. We suggest the 60
bp-c repeat unit of subrepeat III as a prototype for the
other 60-bp repeat units (60 bp-a and 60 bp-b), the 142-
bp repeat unit of subrepeat II, and the 391-bp (repeat
unit) of subrepeat IV, since the similarity value of 60
bp-c/60 bp-a or 60 bp-c/60 bp-b is higher than that of 60
bp-a/60 bp-b and the last 30-bp sequence toward the 38
end of the 391-bp repeat unit is exactly the same as that
of 60 bp-c. Furthermore, our assumption that all subre-
peats of the IGS in the swimming crab,C. japonica,were
derived from one prototype, 60 bp-c, gave us an idea
about sequence alignments among several subrepeats of
different lengths. The 142- and the 391-bp repeat units
were split into three and eight parts, respectively, by
referring to maximum alignment with tandem c3–60-bp
repeat units. The overall similarity values between sub-
repeat II and three copies of 60 bp-c and between sub-
repeat IV and eight copies of 60 bp-c are 52.2 and 53.2%
respectively. These values can be obtained from averag-
ing the similarity values of each alignment set since each
set value does not fluctuate severely. Moreover, these
alignment pairs suggest the construction of the 142- and
391-bp repeat units from several copies of 60 bp-c after
each 60 bp-c unit mutated independently (Fig. 2). The
sequences of 60 bp-a, 60 bp-b, and 60 bp-c were prob-
ably conserved because of their functional importance,
such as the formation of the secondary structure.

Based on the observations of the sequence similarities
among the subrepeat units, we roughly infer the overall
evolutionary process for the formation of the repetitive
region of the IGS in the swimming carb,C. japonica
(Fig. 2). At first, the chromosome containing the proto-
type 60 bp-c (C) went through inversion (C8). Then un-
equal crossover produced a new strand containing C8 and
C (steps 1–3). After the first tandem repeat of the 60-bp
repeat units (C8C8 and CC; step 4), the 60-bp repeat units
(C8C8) toward the 58 end were changed into types A and
B (step 5), and then each unit was duplicated, to result in
a tandem array of repeat structure (step 6). Finally, three
and eight copies of the 60-bp repeat unit, of which the
sequence was already mutated (step 7), were joined to-
gether to construct the 142- and the 391-bp repeat units,
respectively (step 8). Finally, the third tandem repeat
produced nine copies of the 142-bp repeat unit and three
copies of the 391-bp repeat unit (step 9).

Since the present study is the first report of the full
sequence of the IGS in Decapoda, the evolutionary pro-

cess proposed above should be reinforced with the de-
termination of more full sequences of various species
both closely and remotely related. Such data will allow
the discovery of other IGS structural features concerning
the evolutionary relationship among repeat elements and
shed more light on understanding the evolutionary
mechanism of the formation of the repetitive region.
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