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Abstract. We have determined the full sequence of cally composed of reiterated subrepeats (Mandal 1984;
the ribosomal DNA intergenic spacer (IGS) of the swim- Hemleben et al. 1987). It has been reported that differ-
ming crab,Charybdis japonicaby long PCR for the first  ences in the number and sequence of these subrepeat
time in crustacean decapods. The IGS is 5376 bp longccount for most of the length variation between rDNA
and contains two nonrepetitive regions separated by ongepeat units within closely related species, among popu-
long repetitive region, which is composed mainly of four |ations, and even between individuals (Gerbi 1985; Mur-
subrepeats (subrepeats |, II, lll, and IV). Subrepeat kif and Rae 1985; Rogers and Bendich 1987; Black et al.
contains nine copies of a 60-bp repeat unit, in which two1989). Despite the enormous variability in length and
similar repeat types (60 bp-a and 60 bp-b) occur alterprimary sequence, the IGS region of higher eukaryotes
natively. Subrepeat Il consists of nine successive repeaas broadly conserved structural features such as the ex:
units with a consensus sequence length of 142 bp. Sulistence of several kinds of repeating elements (subre-
repeat Il consists of seven copies of another 60-bp repeats), repetitive enhancer elements, duplicated promot-
peat unit (60 bp-c) whose sequence is complementary tgys and conserved secondary structures (Hemleben et al
that of subrepeat I. Immediately downstream of subre-1987; Soller-Webb and Tower 1986: Reeder 1989: Lin-
peat Il is subrepeat IV, consisting of three copies of ayres et al. 1991; Baldridge et al. 1992). These structural
391-bp repeat unit. Based on comparative analySigeaiyres may contain some information useful for mo-

among the subrepeats and repeat units, a possible evpsiar evolutionary studies in general. However, a com-
lutionary process responsible for the formation of theparative analysis of the IGS sequences to dig out the

r,epe““"e region is inferred, V\,’hiCh involves the duplica- evolutionary information buried in these structural fea-
tion of a 60-bp subrepeat unit (60 bp-c) as a Prototypey,res has not been conducted, because the full sequence

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
The nuclear ribosomal RNA gene (rDNA) of higher eu- complete sequence of the IGS from the swimming crab,
karyotes is a highly repetitive invariant gene. It is COM- Charybdis japonicaand analyzed this sequence to in-
posed of transcription units containing the 18S, 5.8S, a”@estigate (1) whether the IGS of the swimming crab
28S rRNA coding regions and the intergenic spacelshows the typical repetitive structural features found in
(IGS) separating the 28S and 18S rRNA coding regionsether eukaryotes and (2) which plausible evolutionary
The IGS contains some regulatory elements and is typiprocess is responsible for the formation of the repetitive
region of the IGS.

The IGS was amplified from total genomic DNA of
Correspondence tdDr. Won Kim; e-mail: wonkim@plaza.snu.ac.kr ~ C. japonicausing the Long and Accurate PCR (LA-
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Fig. 1. Structural organization of th€. japonica
rDNA repeat. The 1195-bp nonrepetititive region 1
and the 813-bp nonrepetitive region 2 are marked
by thenumbers in parenthesex thetop. The
3332-bp repetitive region is composed of four
subrepeats. The tandem array of nine 60-bp repeat
28S (1) IGS (5376bp) (2) 18S units is represented bgrrowheads: open
T = arrowheads 60 bp-a;filled arrowheads 60 bp-b.
The letters abovemark each type of 60-bp repeat
unit. The array of nin@pen diamondsepresents
the 142-bp repeat units. Thehort vertical lines
repetitive region : 3332bp located between the subrepeats represent flanked
(62.0%) sequences. The open arrowheads reversed in
relation to subrepeat | represent seven 60 bp-c
repeat units. As indicated by the direction of the
heads, the 60-bp repeat units of subrepeats | and
[ ' [: ' [ ' [: I [: OO :] ] :] :] :] :] :]:—: :—)C—D 11l are complementary to each other. Without
N A - flanked sequences, the array of the three 391-bp
A1 B1 A2 B2 A3 B3 M4 B4 A5 G1 G2 G3 €4 C5 G6 C7 repeat units is represented bpen ovalsThe
subrepeat | subrepeat 1l subrepeat Il subrepeat IV asterisksindicate the truncated repeat unit.

PCR) kit (Takara Co.) following the manufacturer’s rec- composed of four subrepeats (termed subrepeats I, II, 111,
ommendations. Since LA-PCR has a prolonged annealand 1V, in the 3-3' direction). In subrepeat I, nine du-
ing time and requires long amplification primers=280-  plicated 60-bp repeat units were identified and two types
mers, long primers were selected from tHee@minus of  of repeat units, termed 60 bp-a (A1-A5) and 60 bp-b
the 28S rDNA and the'Sterminus of the 18S rDNA (the (B1-B4) based on sequence similarity, were recognized.
28S rDNA end primer, 5tagggaacgtgagctgggtttagacc- These two types appear alternatively and the last one
gtcgtga-3 and the 18S rDNA end primer,’'5 (A5) is truncated. Eleven base pairs downstream from
gagacaagcatatgctactggcaggatcadgc-Bhe amplified subrepeat | is subrepeat Il, which contains nine succes-
products were extracted with the Qiagen PCR purifica-sive repeat units, the first eight units being 142 bp long
tion kit (Qiagene, Santa Clarita, CA). Ligation of the and the last one shorter by 29 bp. Subrepeat Il consists
purified PCR products was performed with T4 ligase of seven copies of another 60-bp repeat unit. However,
using pT7blue T-vector (Novagen Co.) and transformedhe sequences of this repeat unit, termed 60 bp-c, are
to the DH5« cell line. The clone, p15HRD, was digested complementary to the 60-bp repeat units of subrepeat I.
with several restriction enzymes and the resulting frag-The first 60 bp-c repeat unit is truncated by about 30 bp
ments were subcloned into pGEM 3Z(+). Overlappingnucleotides at the'%end. Immediately downstream from
clones were sequenced with an automatic sequenceubrepeat Il is subrepeat IV, which includes three copies
(ALF Express Co.) and the Sequenase Version 2.0 kibf 391-bp repeat units. The last 30-bp sequence toward
(USB Biochemicals Co.). Sequences were analyzed ughe 3 end of each of the 391-bp repeat units is exactly
ing the MacDNASIS Version 3.0 program (Hitachi Soft- the same as that of 60 bp-c.
ware Engineering Co.) and aligned by the FASTA (Pear- The complementary primary structures of subrepeats |
son 1990) and the Clustal V (Higgins et al. 1992)and lll suggest the potential secondary structure of the
programs. IGS. Recent computer-based analyses of the IGS in eu-
Long PCR amplification of the IGS region resulted in karyotes proposed conservation of the potential second-
one band on the PAGE gel, suggesting tBajaponica  ary structure. Moreover, a few of them revealed exten-
has no length variation of the IGS. The total length of thesive regions of self-complementarity that could generate
IGS was revealed as 5376 bp when theBd of the 28S  an extensive secondary structure in the IGS (Linares et
rDNA coding region and the’'5end of the 18S rDNA al. 1991; Hancock and Dover 1990; Baldridge et al.
coding region were determined by alignment with the1992). We could deduce a stem—loop structure from the
sequences dDaphnia pulex, Drosophilia melanogaster, sequences of subrepeats I, Il, and Ill, where subrepeat |
and the calanoid copepodialamus finmarchicus and Ill are responsible for the stem and subrepeat Il for
(Crease 1993; Tautz et al. 1988; Drouin et al. 1987;the loop. Consequently, the observation that a similar
Nelles et al. 1984). It is the longest among the IGSportion of the last unit (A5) of subrepeat | and the first
known in arthropods. The overall primary structure of unit (C1) of subrepeat Ill was deleted may reflect the
the IGS is organized into two nonrepetitive regions sepainvolvement of these motifs in the same evolutionary
rated by one repetitive region as shown in Fig. 1. Down-events. Additionally, taking into account the truncated
stream from the 3end of the 28S rDNA, a 1195-bp 142-bp repeat unit, it is interesting to note that the ter-
nonrepetitive region occurs, which is followed by a re- minal repeats are less homogenized than the internal re-
petitive region and then another nonrepetitive region ofpeats. This fact was also observed in the IGS of the
813 bp. The repetitive region is 3332 bp long and ismosquito,A. albopictus(Baldridge and Fallon 1992).
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The structural proportion of the four subrepeats is,, $ 3 orototype
about 62% of the entire IGS sequence, which is almost
twice that of Daphnia, 34.3% (Crease 1993). Sequence R & (1) foversion
similarities among the 60-bp repeat units of subrepeat | c )

5 < 3 (2) unequal crossover

(60 bp-a, 60 bp-b) and those of subrepeat Il (60 bp-C)s D X 3
ranged from 85 to 87%. The high similarity values
among the three kinds of 60-bp repeat units and theig g % 3 (3 Cand C arrangement
complementary sequences enabled us to consider the ex- cc
istence of one ancestral common prototype sequence - DL eeeeeeees NG & (4 first tandem repeat
the formation of the repetitive region. We suggest the 60 AB cc
bp-c repeat unit of subrepeat Ill as a prototype for the® P K & (8) formation of A and B form
other 60-bp repeat units (60 bp-a and 60 bp-b), the 142- c
bp repeat unit of subrepeat Il, and the 391-bp (repeat -——PPEPEIEPD - AIAAKIKIIKIKKI - &
unit) of subrepeat IV, since the similarity value of 60 (6) second tandem repeat
bp-c/60 bp-a or 60 bp-c/60 bp-b is higher than that of 60 B R
bp-a/60 bp-b and the last 30-bp sequence toward the 3 -—-PPEPEPEPD -~ JKIKKIKKKKKKKKKKKKK - &
end of the 391-bp repeat unit is exactly the same as that (7) random mutation of tandem C
of 60 bp-c. Furthermore, our -assumpti.on thfat all subre- (a2) (@s1bp)
pearts of the IGS in the swimming crab,Japonrca,werel 5. 1B N
derived from one prototype, 60 bp-c, gave us an idea (8) formation of protolypes of
about sequence alignments among several subrepeats of 142bp and 391bp
different lengths. The 142- and the 391-bp repeat units 142bp a91bp
were split into three and eight parts, respectively, bYs A pspspis i <kKKKKKE S S>3
referring to maximum alignment with tandem ¢3-60-bp (9) third tandem repeat

repeat units. The overall similarity values between subrig 2. A model demonstrating how the subrepeats in the IGS region
repeat Il and three copies of 60 bp-c and between subsf the swimming crab could be derived from a common ancestor. The
repeat IV and eight copies of 60 bp-c are 52.2 and 53.29gumbers in parenthesésdicate each step for completing the structure.

respectively. These values can be obtained from averag ¢ X In stép 2 indicates a crossover between two strantisei@e-
ents a complementary sequence to C. d$terisksn step 7 represent

ing the Sim”arity values of each alignment set since eacrFandom mutations and threctanglesin step 8, which encompass three
set value does not fluctuate severely. Moreover, thesand eight copies of C, represent prototypes for the 142- and the 391-bp
alignment pairs suggest the construction of the 142- andubrepeats respectively. For the complete IGS structure, symbols, and
391-bp repeat units from several copies of 60 bp-c aftefumbers of the elements, see Fig. 1.

each 60 bp-c unit mutated independently (Fig. 2). The

sequences of 60 bp-a, 60 bp-b, and 60 bp-c were probsess proposed above should be reinforced with the de-

ably conserved because of their functional importancejermination of more full sequences of various species

such as the formation of the secondary structure. both closely and remotely related. Such data will allow
Based on the observations of the sequence similaritieghe discovery of other IGS structural features concerning

among the subrepeat units, we roughly infer the overalthe evolutionary relationship among repeat elements and

evolutionary process for the formation of the repetitiveshed more light on understanding the evolutionary

region of the IGS in the swimming carl§;. japonica  mechanism of the formation of the repetitive region.

(Fig. 2). At first, the chromosome containing the proto-
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a tandem array of repeat structure (step 6). Finally, three

and eight copies of the 60-bp repeat unit, of W_h'_Ch theBaldridge GD, Fallon AM (1992) Primary structure of the ribosomal

sequence was already mutated (step 7), were joined to- pNa intergenic spacer from the mosquitades albopicusDNA
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sequence of the IGS in Decapoda, the evolutionary pro- Aedes albopictugSkuse). Genetics 121:539-550



809

Crease TJ (1993) Sequence of the intergenic spacer between the 28&urtif VL, Rae PMM (1985)In vivo transcription of rDNA spacers in

and 18S rDNA-encoding genes of the crustacé&ephnia pulex. Drosophila.Nucleic Acids Res 13:3221-3239
Gene 134:245-249 i Nelles L, Fang B-L, Volckaert G, Vaderberghe A, De Wachter R

Drouin G, Hofman JD, Dolittle V;F (19ﬁ7) Urg;ual ”bOSOTaI_ lTNA (1984) Nucleotide sequence of a crustacean 18S ribosomal RNA

?_Sgégzggzr:éa“on in copepods of the gediadanus.J Mol Bio gene and secondary structure of eukaryotic small subunit ribosomal
S RNAs. Nucleic Acids Res 12:8749-8768.

Gerbi SA (1985) Evolution of ribosomal DNA. In: Macintyre RJ (ed) ) » . .
Molecular evolutionary genetics. Plenum Press, New York, pp Pearson WR (1990) Rapid and sensitive sequence comparison with
419-517 FASTP and FASTA. In: Doolittle RF (ed) Molecular evolution:

Hancock JM, Dover GA (1990) Compensatory slippage in the evolu- ~ Computer ana}lysis of protein and nucleotide sequences. Academic
tion of ribosomal RNA genes. Nucleic Acids Res 18:5949-5954 Press, San Diego, CA, pp 63-98

Hemleben V, Ganal M, Gerstner J, Scheibd K, Torres R (1987) Orga-Reeder RH (1989) Regulatory elements of the generic ribosomal gene.

nization and length heterogeneity of plant ribosomal RNA genes.  Curr Opin Cell Biol 1:466-474

Ipnr; E?T (338(36(1) Architecture of eukaryotic genes. VHC, Weinheim, Rogers SO, Bendich AJ (1987) Ribosomal RNA genes in plants: vari-

Higgins DG, Bleasby AJ, Fuchs R (1992) Clustal V: Improved soft- g%"gg_'g;g py number and in the intergenic spacer. Plant Mol Biol
ware for multiple sequence alignment. CABIOS 8:189-191 o )

Linares AR, Hancock JM, Dover GA (1991) Secondary structure con-Soller-Webb B, Tower J (1986) Transcription of cloned ribosomal
straints on the evolution of Drosophila 28S ribosomal RNA expan- ~ RNA genes. Annu Rev Biochem 55:810-830
sion segments. J Mol Evol 35:381-390 Tautz D, Hancock JM, Webb DA, Tautz C, Dover GA (1988) Com-

Mandal R (1984) The organization and transcription of eukaryotic ri-  plete sequences of the rDNA genes@fosophila melanogaster.
bosomal RNA genes. Prog Nucleic Acids Res Mol Biol 31:115-160 Mol Biol Evol 5:366—-376



