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Phylogenetic position of Raphanus in relation to Brassica
species based on 5S rRNA spacer sequence data
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Abstract. Based on RFLP analysis, two evolutionary lineages for Brassica diploid species have been proposed. These
are (I) the “nigra” lineage and (II) the “rapa/oleracea” lineage. The phylogenetic relationship of Raphanus species
to these two lineages is still unclear because chloroplast and mitochondrial DNA genomic restriction site variation
suggests that Raphanus is more closely related to the “rapa/oleracea” lineage, whereas nuclear RFLPs and other
lines of evidence suggest that Raphanus belongs to the “nigra” lineage. Here, we present evidence of the intergenic
spacer of nuclear 5S rRNA to support that Raphanus is more closely related to the “nigra” lineage than to the “rapa/
oleracea” lineage. Genetic polymorphism within species is also discussed.
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Introduction

Brassica is one of the most important plant groups, con-
taining species widely used in our daily life. Brassica rapa
(n=10), B. nigra (n=8), and B. oleracea (n=9) are the three
basic groups with three amphidiploid species, B. napus
(n=19), B. juncea (n=18) and B. carinata (n=17) derived
from interspecific hybridization between pairs of these
diploid species, B. rapa x B. oleracea, B. rapa x B. nigra
and B. nigra X B. oleracea, respectively (U, 1935). Based
on chloroplast DNA (Warwick and Black, 1991),
mitochondrial DNA (Palmer and Herbon, 1988), and
nuclear DNA variation (Song et al., 1988; 1990) the phy-
logenetic relationships in Brassica and its related genera
have been proposed. Brassica species can be divided into
two evolutionary pathways: the “nigra” lineage and the
“rapa/oleracea” lineage. Raphanus is thought to be closely
related to the Brassica species. However, its relation to
either lineage remains unsolved. Based on chloroplast and
mitochondrial DNA restriction site variation (Warwick and
Black, 1991; Palmer and Herbon, 1988), Raphanus was
proposed to be more closely related to the “rapa/oleracea”
lineage, but nuclear RFLPs and other RAPD data have
suggested that Raphanus is more closely related to the
“nigra” lineage (Song et al., 1990; Thormann et al., 1994).

5S rRNA genes are arranged in tandom arrays in the
nuclear genome with highly conserved regions, separated
by the non-transcribed intergenic spacer (IGS) that may
vary in length or sequence between and even within spe-
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cies (Gerlach and Dyer, 1980; Long and Dawid, 1980).
IGS evolves rapidly and is informative at the level of genus
and species, so it has been chosen to study the phylogenetic
relationships between and within genera (Appels et al.,
1989, 1992; Baum and Appels, 1992; Mclntyre et al.,
1992; Moran et al., 1992; Playford et al., 1992; Reddy and
Appels, 1989; Udovicic et al., 1995). Bhatia et al. (1993)
demonstrated great polymorphism in IGS within B. rapa
and related species. However, the phylogenetic relationship
of Raphanus to these two lineages has not been studied
using IGS sequences. Here we present data from the IGS
of nuclear 5S rRNA to support the hypothesis that
Raphanus is more closely related to the “nigra” lineage.

Materials and Methods

Plant Material

A total of twelve accessions of plant materials, which
include seven accessions of B. rapa, one accession of B.
oleracea, two accessions of R. sativus, one accession of
Rorippa indica and one accession of Lepidium virginicum
were used for PCR amplification of 5S rRNA sequences
(Table 1). Among them, four accessions were provided by
the Asian Vegetable Research and Development Center
(AVRDC), and rest of them were collected by the authors.
Also, another six 5S rRNA sequences from Genbank,
which include sequences from B. rapa (X60723), Eruca
sativa (X63524), B. nigra (X65710, X65711), Sinapis alba
(X56866) and Arabidopsis athaliana (M65137) were used
in this study (Bhatia et al., 1993; Campell et al., 1992;
Capesius, 1991; 1993; Singh et al., 1994).
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Table 1. Different accessions of Brassica and its related species used in phylogenetic analysis of 5S rRNA sequence.

Abbr. Species Subspecies Cultivar or accession Sources
Brel B. rapa chinensis 20 days Pai-Tai Sc?
Bre2 B. rapa chinensis Chin-Chiang Pai-Tai Sc?

Bre3 B. rapa chinensis Peng-Hop Pai-tai B00049®
Brpl B. rapa pekinensis Chinese cabbage Sc?
Brp2 B. rapa pekinensis Chinese head cabbage Sc?
Brp3 B. rapa pekinensis Dwarf leaf Chinese cabbage B00026°
Brrl B. rapa rapifera Goseki B00475°
Brf B. rapa Field mustard X60723¢
Boc B. oleracea capitata Sc?

Rsl R. sativus Mei Hwa radish Sc?

Rs2 R. sativus Meei-Nong radish Sc?

Es E. sativa X63524¢
Bnl B. nigra X65711¢
Bn2 B. nigra X65710¢
Sa S. alba X56866¢
Ri R. indica Sc?

At A. thalina M65137¢
Lv L. virginicum Sc?

2S¢ = Collected by the authors.
®Accession no. from AVRDC.
‘Accession no. for 5S rRNA sequence from Genbank.

DNA Isolation and Amplification

Genomic DNA was isolated from 2 g fresh leaves taken
from 2-3 plants for each accession grown in the growth
chamber according to the method described by Junghans
and Metzlaff (1990). This DNA was then used as template
for PCR amplification of 5S rRNA repeat based on two
primers from Sinapis alba (Capesius, 1991). For PCR re-
action, DNA was first denatured at 94°C for 4 min prior
to the start of each PCR cycle. The complete PCR mix-
tures in 100 ul contained 100 ng DNA containing 10 mM
Tris HCL, pH 8.3, 50 mM KCI, 0.1 mg/ml gelatin, 1.5 mM
MgCl,, 0.1 mM dNTP, 0.2 uM primer, and 0.5 unit taq
polymerase. Amplification was performed using DNA
Thermal Cycler (Perkin Elmer Cetus, Model 2400). DNAs
were amplified for 35 cycles of 1 min at 94°C, 45 sec at
55°C, 1 min at 72°C and one final cycle of 5 min at 72°C.
The PCR products were then run on 1% agarose gels.
Amplified bands representing monomer and dimer of the
5S rRNA genes were cut and purified with JETpure kit
(Genomed Inc, NC, USA). These fragments were then
ligated with pBluescript 11, Sk- (Stratagene, CA, USA) and
transformed into E. coli XL-1 cells. The clones were then
sequenced with ABI 373 automated sequencer (Applied
Biosystem, NJ, USA).

Data Analysis

The 1GS sequences from different accessions were
aligned using the “MEGALIGN” program of Lasergene
system (DNASTAR Inc. Madison, WI, USA) and manual
adjustment. The distance between each pair of sequences
(OTUs) was then determined by Kimura’s two-parameter
method (1980) using the “Mega” program (Kumar et al.,
1993). Bootstrap values were also obtained with the same
program.

Results and Discussion

The 5S rRNA gene in Brassica and related genera is
119 bp long. (Bhatia et al., 1993; Campell et al., 1992;
Capesius, 1991; 1993; Singh et al., 1994). A forward
primer, 5’-GGATGGGTGACCTCCCGGGAAGTCC-3’
(positions from 81 to 105 of 5S rRNA) and a reverse
primer, 5’-CGCTTAACTGCGGAGTTCTGATGGG-3’
(positions from 58 to 34 of 5S rRNA gene) (Capesius,
1991) were used for amplification of 5S rRNA genes. The
positive clones containing the regions from position 81 to
119 of 5S rRNA, IGS, and the regions from position 1 to
58 of 5S rRNA were sequenced and aligned with other
published DNA sequences in the IGS region (Figure 1).
Immediately following the 3’end of 5S RNA, there is a
T-rich region of about 20 bp (positions 1 to 31) thought
to be required for termination of the 5S rRNA (Hemleben
and Werts, 1988). A GC motif with a consensus sequence,
(G/T)GGGCGG(G/A)(G/A)(C/T), which may be involved
in the regulation of transcription (Bhatia et al., 1993; Hart
and Folk, 1982; Sorensen and Frederiksen, 1991) was
located in the positions from 159 to 174. A putative TATA
box, ATATATA, critical in the initiation of transcription
of 5S rRNA genes (Korn, 1982; Selker et al., 1986), is
found 5’ to the 5S rRNA from the position 394 to 400.
The IGS in the Brassica and its related genera ranges from
367 to 399 nucleotides, and the most divergent region is
from position 206 to 387. In the polymorphic region, Rs1
and Rs2 of R. sativus were found to share the same
nucleotide with “Bn1” and “Bn2” of B. nigra and “Sa” of
S. alba in many locations (positions 36-38, 41, 127128,
168, 170, 172, 215, 235, 249, 251, 258, 275-276, 289-290,
294, 360-363, 365-366, 370), while these two accessions
of R. sativus were found to share same nucleotides with
accessions of B. rapa or B. oleracea in fewer locations
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Majority TTTTTATT TTTTATTT - — - — ~ - - - TTTTTTTA- -CACCTTAAAACGAGTC
1 1 | ]
10 20 3 40 50
(] L
BRC1I.SEQTTTT TAT T T TA|T ala[7|-]- -~ - - - - - TTTTTT A——I—_G]CCT[_[AAAACGAGTC
BRC2.SEQT TTTTATTTTTTATTT - - - — - — - - TTTTTTIAIE alrlc[c]raalelaceacre
BRC3.SEQT TTTTATTTTT TA[A|TT - - - - - - — - TTTTTTTA- - ccrltlaaance c
BRPL.SEQT TTTTATTTTTT[TAITT----- - - - TTTTT ACCTTAAAACG c
BRP2.SEQT TTTTATTTTT TAJATT - - - - - - — - TTTTT glccT AcCGa c
BRP3.SEQT T T T TATTTTTTAARAR|- - - - - — — - TTTTT glcer AcG c
BRF.SEQ TTTTTATTTTT T[T A[T|-|- - -« - - - TTTTT clccT Aca c
BRRI.SEQT TTTTATTTTTTAAITT - - - - - - — - TTTTT glccrT AcG c
Boc.s8g TTTTTATTT[AlT T[r]r v{a]- - - - - - - - Tror[aalT T GGCE ACG c
ES.SEQ TTTTT|- - -« - < |TATTT -~ - - - - - TrTT T[] Acc AcaG c
sa.sgg TrrrTl--lrrTrTrofErTe - - - - - - - - TTTTTTT ala 7T al- a c
BN1.SEQ TTTTT|- -[TfalrTraTTr-- - - - - TTTTT ala o|T Al- A
BN2.SEQ TTT[- - ---- JTTATTT - -~ -~ - — - TTTTT AlaTT Al-a
RS1.SEQ TT T T T Alrrerfrlrer- - - - - - - TTTT ————— alr |t Tlelanace
RS2.SEQ TTTT T TA’I‘.TT ———————— T rleT Tl- - -|- - AlaT|rrlglannce
L.sgg TTTTTTTT T[T T|C rlecrrrrcglrrTTT ala o|Tg] alaa
RI.SEQ TTTTATTTTTG ———————— @TTTT arjreo[- - - - -2 G
ar.seg rlelr T ra ratlelr v r[aAl- - - - - - - - TTTTT Torfe - - - - - - - GT
Majority TA - - AACTTGAAAACCTCATAACTTTTGAACCGTGAGG-AACTACGTCGC
1 T | T |
60 70 80 90 100
I 1 1 1 1
BRC1.SEQT & - - AACTT CCCCATAACTTTTGAACCGTGAGG—AAli'TAIEIGTCGC
BRC2.SEQT A - - AACT T CCTCATAACTTTTGAACCGTGAGG-AAA/TACGTCGC
ERC3.SEQT A - - A A[A|T T CCTCATAACTTTTGAACCGTGAGG-AACTACGTCGC
BRP1.SEQT A - ~-AACTT CcTCcATAACTTTTGAACCG[Jeace-aalaraltercec
BRP2.SEQT A - - AACT T cclclcATAACTTTTGAACCGTGAGG-AACTACGTCGC
BRP3.SEQT A - - AACT T CCTCATAACTTTTGAACCGTGAGG-AACTACGTCGC
BRF.SEQ TA - -AACTT CCTCATAACTTTTGAACCGTGAG[-]-AACTACGTCGC
BRR1.SEQT A - - AACTT CCTCATAACTTTTGAACCGTGAGG -AACTACGTCGC
Boc.sEQ T[g]- -aacTT CCTCATAACTTTTGAACCG[Bl6AGG-AACTACGTCGC
ES.SEQ TA--AACTT clrccaraacrrrroaaccerc[rec-aacraccallcalr
sh.sEg Tcl- -aacTrT ccr[relraacTTrTeAACCGTGAGG-AACTACGlocale
BN1.SEQ T|C|- -AACTT CCCCATAACTTTTGAACCGTGAGD—AACTACGCCGG
BN2.SEQ T|c|--AaacTHT CClC|lCATAACTTTTGAACCGTGAG|-|-AACTACG|clcale
Rs1.sE0 Tic|- - afTle T T cciclcataacrrrrrlaaccercacc-anfaracelccse
RSZ.SEQA— alrlc T T ceiclcaTaacTTTTGcAACCGeTG[Tjec-AACTACG|AlcGC
wv.sEg |clale cla|r|c T T c TCTAACTTTGAACCGT. [Aal-aacrlgcelecrao
RT.SEQ T[C]- - TT calTclglraacTrrreaacce[ceace-aacTacelccale
AT.sEQ [aJla--aacrTr c caraacrrrrfacglaccercac[ccaalacrTrolslch -
Majority - CCATAGC A TCGGAAAGCCCCAGABA---CCATAA-TG--GGCGQ
L] ] ¥ 1 1
110 120 130 140 150
] 1 1
BRC1.SEQ- CCATAGCACCATTTCGGAAAGCCCCAGAAA - - -CCATAA-TC. . ~GoCoG
BRC2.SEQ- CCATAGCACCATTTCGGAAAGCCCCAGAAA---CCATAA-TG--GGCGG
BRC3.SEQ~ CCATAGCACCAT TTCGGAAAGCCCCAGAAA-~-CCATAA-TG--CGCGG
BRP1.SEQ- CCATAGCACCATTTCGGAAAGCCCCAGAAA--~CCATAA-TG--GGCGQ
BRP2.SEQ- CCATAGCACCATTTCGGAAAGCCCCAGAAA---CCATAA-TA]--GGecaa
BRP3.SEQ - CCATAGCACCATTTCGGAAAGCCCCAGAAA---~CCATAA-TG--GGCGaGa
BRF.SEQ - CCATAGCACCATTTCGGAAAGCCCCAGAAA---CCATAA-TG--GGCGG
BRR1.SEQ - C[AlA TAGCACCAT T TCGGAAAGCCCCAGAAR - --CCATAA-TG- -GG CGo
BoC.SEQ -ccaTAaGCcAchlaTrTTcecaArAGfelcccacaan-- [fcaraa-[Ale--cecce
Es.sEQ [flccarTaalcaccarTrTcecanAa ccclcalaan---ccaTaalr[r- - cccal
SALSEQ -CCATAGCACCATTTCGGAR A cccicalaaa---ccarlca-[ae- - sfc|clale
BN1.SEQ -CCATAGCACCATTTCGGARAA ccclcalaaa---ccarlea-lale--clrcee
BN2.SEQ -CCATAGCACCATTTCGGARAA ccclcalaaa---ccartlca-lale- -glnicea
RS1.SEQ - CCA|ClAGCACCATTTCGGAAAGCCCC|CAlAAA---CCATITT-lalG--alr
RS2.8EQ - CCA|CIAGCACCATTTCGGAAAGCCCClcAlaaAa---ccoarler AG——GCCAG
v.seg [cle Accaccalplrrcocaaraccccec|oadale T c[- c|alc a 1 ccclale
RT.SEQ —CCA’I‘ACCTTTCGGAAAGCCCCAGGAA alclrcca G
aT.sEQ  -[-Tg|T AcclrfrrTcoeanancccclalelale ccltrcce AG ¢

37
42
38
39
38
38
37
38
42
34
37
37
31
34
35
50
32
32

84
89
85
86
85
85
83
85
89
g1
84
83
77
81
82
99
79
80

127
i32
128
129
128
128
126
128
132
126
127
126
120
124
125
148
124
127
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Majority - TGAATAGGGGG - - — - - CGGCAATTTTTCGGGC-CCAAATTCAGCCGTTT
1 1 ] T 1
160 170 180 190 200
1 1 1 L 1
BRC1.SEQ - T G A A Glc [AATTTTTCGGGC-|T[CAAATTCAGCCGTTT 169
BRC2.SEQ - T G A A glelcARPTTTTCGGGC-|P|CAAATTCAGCCGTTT 175
BRC3.SEQ - T G A A glc-laarTTTTCCEEGC -|T|CAAATTCAGCCGTTT 170
BRP1.SEQ - T G A A GIC-AATTTTTCGGGC-|T{CAAATTCAGCCGTTT 171
BRP2.SEQ - T G A A G gic-laarrTrrclcecc-|rflcarnaTTCcAaGecceTT T 170
BRP3.SEQ - T G A A e GIC-|AATTTTTCGGGC-|T/CAAATTCAGCCGTTT 170
BRF.SEQ -[clc a a G GIC-|[AATTTTTCGGGC-|T/CAAATTCAGCCGTTT 168
BRR1.SEQ - T G A A G Gle-laarTTTTCGGGC-|TcAAATTCAGe [T T T 170
BOC.SEQ - T G A A G ccolAlaarTrrTCcceec-ClIJAAATTCAGCCGTTT 174
Bs.sEQ [c]|T ¢ a[1] a [eclelarrrrldcecfalelclccaaarecldsclrelgdrr 171
SA.SEQ -TGAA G ceclelalcltrrrrcecealec-ccanarTcacecaTTT 169
BN1.SEQ -~ TGAA el GGCCATTTTTCGGC—CE'AAATTCGCCGTTT 168
BN2.SEQ - TG A A el cceclcjlaTrrTTTCclalcec-clalaaaTrrclglcccer T 162
RS1.SEQ - TG A A G GCC|ClATTTTTCG|AlGC-CCAAATTCAGCCGTTT 166
RS2.SEQ - TG A A el ceclglATTTTTCG C-CCAAATTC CCGTTT 167
LV.SEQ A A A ceclccalrTrTTCOG clrlc ¢ a afr]T Tfr cTTlT T2l 197
RI.SEQ c GGCITGA|TTTTCGGG CE]AAATTT cle |t T|a| 174
AT.SEQ clelalclalacrrrrccarrellelrrfrrrler ccladcleclala altr olr cclrr Tia 177
Majority - TG-ACCCTCAAACGGGCTGCGGAAAGT TATGGCCCGTAAAAAAG -ATCG
] 1] T 1 ]
210 220 230 240 250
1 1
BRCL.SEQ- TG -ACCCTCAAACGGG|TTGCGGAAAATTATGGC|AICGTAARAARAG -ATCG 216
BRC2.SEQ-TG-ACCCTCAAACGGGCTGCGGAAAGTT[NTGac|alca[caaannnac-arce 222
BRC3.SEQ-TG-Aacccrcalglaclaleccreccealanacrrarcoc|alce TAAAAAAG-ATCG 217
BRP1.SEQ- TG - ACC[IJTCAAACGGGCTGCGGAAAGT TATGGC|AlCGTAAAAAACG -ATCG 218
BRP2.SEQ- TG -ACCCTCAAARCGGGCTGCGGAAAGT TATGGCA(CGTAAAAARAG - AlCJCG 217
BRP3.SEQ- TG -AcclalrcalglacececcTrececanncerrarcecclalce TARAAAAG -ATCG 217
BRF. SEQ —G—ACCCTCAAACGGGCTGCGGAAAGTTATGGCACGTAAAAA—ATCG 215
BRR1.SEQ- TG - ACCCTCAAACGGGCTGCGGAAAGTT T[GTGGCC|AlCGTAAAAARAG-ATCG 217
BOC.SEQ - TG-ACCCTCAAACGGGCTCGC[Alcaaaa[d GGGACAAA clela 222
ES.SEQ -Tc[TaccerT ccclaelr T laaltle T e ¢lalc e AARA AGTC 219
SA.sEQ -TG -afelce ¢ecTa|Taaaalcalr GelalcceTAanA G-AT 216
BNL.SEQ - TG - AlgjccT cccrfcrielalaalealr cclalclaleraan ¢ - alc 215
BN2.SEQ - TG - AlglccT ¢ GcrlcTclalaajcalr ¢ clajclaleTana AT 209
RS1.SEQ - alglccT cecraclecaalrer GGGCTGTAA AT 213
RS2.SEQ -|alc - alelccT cecralrcleaalrler G clg/c ¢ e Tlgla AT 214
LV. SEQ G T G tlc |efr ¢lal- -] aalccleaalaa alc 245
RI.SEQ - TG TlrrecealslcfclarrTre A Ta -Jclelelc 7a cc 221
AT.SEQ  -[alc ?iT T Ccgle claTTTCrC A calelc|T ajr A cc 224
Majority AAAGCGGATTTTCAGGG TG T TTT TCATGCT P TCTTAACGCCGT TAACCT C
1 T ) 1 T
260 270 280 290 300
1
BRC1.SEQAAACGCGGATT|CITCA[A|[GG TG T T T TTGATGCT T TN TTAACGCCG T TAACCTC 266
BRC2.SEQAAAGCGGATT|ICITCAGGGTGTTTTTGATGCTTTCTGlaAAcCGCccaTTaACCETC 272
BRC3.SEQAAAGCGGAT T|C|TCAA/GGTGT T T TTGATGCTTTCT TAACGCCGT TAACCTC 267
BRPl.SEQAAAGCGATTQTCAAGGTGTTT’I‘TGATGCTTTTTAACGCCGTTAACBTC 267
BRP2.SEQAAAGCGGATTT TCAAIGG TG T TTTTGATGCTT TCTTAACGCCGT TAACGCTC 267
BRP3.SEQAAAGCGGAT T TTCAAIGGTG T T TTTGATG[AITT TCTTAACGCCGET TAACCTC 267
BRF.SEQ AAAGCGGAT T|CITCAIAGG TG T TTTTGATGCT T TCTTAACGCCCT TAACCTC 265
BRRI.SEQAAAGCGGA T T|C/TCA|lAlGG TG T T TTTGATGC TT TCTTAACGCCGT TAACCTC 267
Boc.sEo [Jaafrlcecarrrrcace[rrerrrrrcarecrrreTrTAACGTClAlTTAAC G T G 272
ES.SEQ AATCTGGGTTTTCCGGTGTTTCATTGAATTCT——ACT— -|r[a]a alT)c T ¢ 264
sa.sEQ [GlalTaalgirTelrTre|TlcceTaTr|alT |- - —TTcaAlT[TT T alricla alr 1T ¢ 261
BN1.SEQ |G{A|T T|claaTalrTTe|TlesereTrTr T T|T TTcCclT|TT T alrfc clalr 7|t ¢ 263
BN2.SEQ |g[A|lT T|claaTAlTTTC|rleceTraTr T T T TTccelr|TT T alT|c cla|r T|T ¢ 257
RS1.SEQ |G|A|T ¢|cgleTalTT T Clc GGTGT’I‘T ¢ clag|r|r|T[a a|r|c|a afa o|T[1] 258
rRs2.5EQ (¢|la|TalcelcrgrTrelclceeTarT T T|T 6 cla glr|r|T|C alr|cfa alT ajT ¢ 2860
v.seg aafclgleacr(rrr T cTcls T T[c o Plrrrcfeglalg - - - - - - - ale|c clc 1] 288
RI.SEQ AACCTTGTﬂTTTA glacreglr T ATTGCTH A TC 271
AT.SEQ AAA[TTACTTeTTcalalclca o[rler e olr TrTlTiT Ticlalr|c cla T calaalsfe o 274
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Majority GAT G CACT TTTTTCGCTGGAAACAAAACGGCAAGAAAAA -- - -TCATGTG

] T T L] I

310 320 330 340 350

1 L 1 L 1
BRC1.SEQGA TGAJACT T ITTT - |CGCTGGAAACAAAACGG CAAGARAAR |- — - o TCATGCe 310
BRC2.SEQGAGCACTTTTTTCGCTGAAACAAAGGAAGAAAA ————— TCATGTG 317
BRC3.SEQGATGCACTTTTT|-|CGCT|C/GAAACAARAACGGCAAGARARR | |- - - TcartTelde 311
BRPL.SEQGATGCACTTTTT(-co[t)Tce[T/AACAAARACGGCARGARRR|-]- - - - TCATGTG 311
BRP2.SEQGAT(A|CACTTTITT|-(CGCT[C]CAAACAAAACGGCAAGAARRA| |- - - - TCATGG 311
BRP3.SEQGA TG CACTTTT T|-|CGCT|C/GAAACAARAACGGCAAGARARR| |- - - - TcaTclce 311
BRF.SEQ GATGCACT TTTT|-[CGCT|C]GAARCAAAACGGCAABAAAAA----TCATGTG 310
BRRL.SEQGATGCACTTTT T|-|c G C T|c AAACAAAACGGCAAGAAAAD————TCATGTG 311
BOC.SEQ GAaTGcAacTTTACCcGCcAaGAAAAAMaAaaacalelrcacanaal|----TcaTrerTo 317
ES.SEQ Tlalc afalr e ralT][ccTrecan a a afrle[d] AACTAAA—--ECATczos
Sh.SEQ AT T v[c alT T|T T G|T[T ¢ ¢|a ale c|a G eTTaaan-[ral-Tcafaelcle 304
BN1.SEQ |c|a T TrlaalTT|c TAlTG a alc|a A CTAAAACTA—TCAAGTG306
BNZ.SEQ |C|A T TrTaAlTT|cTAlT G aalcla A crlanlelaalcral- TealajeT e 300
RS1.SEQ [C{A T TTrlca|Tlecalrc ale T A alala a afc ¢ t[rfalsjc T ¢ 304
RS2.SEQ {T|A T TTrlea|TlecalTa AlT T A Alalaaaaa T|7|alslec T e 310
LV.SEQ GAT r[clr Tlc|T clc g|T alcc G alc tlale clale a alale T e 330
RI.sEQ [a]ala caaccalac cTaG ! TaT|alc T|a|lT T clealere 315
ar.sgg  clT|T - ---cagr|ale[t - - - - ccg G Tcc-cmralca clegle Te 310
Majority GG CCCCACGGCCTTACACTTGG-ATTGGCCGAGAA-- - -AAGGATATATA

1 T 1 T T

360 370 380 390 400

1 1
BRC1.SEQ(C[G CCCcCAlAlG GCCTTACACTTGG -ATTGGCCO|C|GAA - - - CAAGGATATATRA 355
BRCZASEQGGCCCACGGCCTACA~IZ|GGCGCGAA————AAGGATATTA 354
BRC3.SEQ[C]6 C C CCACGGCCTTACACTIGG-ATTGGCCC|GGAA--- -AAGGATATATA 356
BRP1.SEQG G CCCCACGGCCTTACACTTGG-ATTGGCCG|G(GAA----AAGGAT[GTATA 356
BRP2.SEQIC|G CCCCACGGCCTTACACTTGG-ATTGGCCG|C/GAA----AAGGATATATA 356
BRP3.SEQIC|G CCCCACGGCCTTACACTTGG-ATTGGCCG|C|GAA----AAGGATATATA 356
BRF.SEQ [cJeccclJacecccorTacacTree-AaTToccco|c|lGAA- - - AAGGATATATEA 354
BRR1.SEQGG CCCCACGGCCTTACACT TGG-ATTGGCCG|GGARA----AAGGATATATA 356
BOC.SEQ GG CCCCACGGCCTTACACTTGG-AaTTGlclccoacalcel---aa[tcararanr(d 6
ES.SEQ GGFCCCACGCTAATCCAE[T—EETGATGAGGAAAACGAAGGATATATT 355
sa.sE0 Goalcltlcacalcanalrlcr|lacT[de e - alalTelrfccealc ala - - _|a TaTaTlg 350
BN1.SEQ G G|T|cccace|caanr|crlacT|c|lec-alaltlcr|ccealealalcsl-|a TATATA 354
BN2.SEQ G GlIjcccacagicaan|r|criact|clee -alalrelrccealce - - TATATA 345
RS1.5EQ G G C clalca colcaaa|ric 7|a ¢ rlclalr]- 2T o[c 7|c[cle alr -fa] TaTaT[g 350
RS2.8EQ GGecclalcacglcaaajr|cT|ac lcle|r|-a T rle vlclee alr -|a TATAT|G 356
LV.SEQ GGACTCCEGCAAGGAAGCCCTCGATGACGG -le TaTaT|e 377
RT.SEQ GGACCCACAGTGAATGATFC——CFGTGTCCGAG -la TATAT|g 360
AT.SEQ GGACCCACGGCGAATGGTTCATCAAC-TCTTCAAA———QAAGATATATA 356
Majority GAATCGAGAGTGATGTACTAAC

1 1

410 420

I L
BRC1.SEQG A A|A A G ATGTACTGTC 377
BRCZ.SEQ G A A[A AG aTeTACT|e[ac 376
BRC3.SEQ G A A|A e ATGcTacT|glac 378
BRP1.SEQG A A|A L ATGTACT|GlAC 378
BRP2.SEQ G A AlG e ATGTACT|GTC 378
BRP3.SEQ G A A|A ag ATGTACT|GTC 378
BRF.SEQ G A A|A ac aTerTacTle[ac 376
BRR1.SEQ[N|A a|a ac ATGTACT|gAC 378
BOC.SEQ G A A|A AG ATGTACTA A[T] 385
ES.SEQ GAAT[TTCcleac ATGTACTAAC 377
SA.SEQ GAATCGAGAG ATGTACTAAC 372
BN1.SEQ GAATCGAGAG ATGTACTAAC 376
BN2.SEQ GAATCGAGAG ATGTACTAAC 367
RS1.sEQ G & A T[T|a[cleac ATGTACTAAC 372
RS2.SEQ G A A T|T|G|clecAc ATGTACTAAC 378
LV. SEQ TITTCACT ATGTACTAAC 399
RI.SEQ aTi7|c|T ATACTAAC 382
AT. SEQ arirelcaTrT ATA[TACTAAC 378

Figure 1. Alignment of IGS sequences begins at the position 1 and ends at the position 422. Different OTUs are indicated in Table 1.



158

(positions 45-46, 67, 122-123, 157, 227, 328, 332-333,
337, 353, 375). For example, in location 38, all accessions
of B. rapa and B. oleracea have nucleotide “C,” while all
accessions of B. nigra, S. alba, and R. sativus have nucle-
otide “T.”

The distances between different OTUs (sequences) were

Botanical Bulletin of Academia Sinica, Vol. 39, 1998

construct a phylogenetic tree among these OTUs and the
bootstrap test was performed to determine the bootstrap
confidence level (BCL) for each node of the constructed
tree (Figure 2). Great polymorphism was observed within
B. rapa; however, the distances between OTUs within spe-
cies are always smaller than those between species (Table

2 and Figure 2). Two accessions (Brp2 and Brp3) of ssp.
pekinensis are clustered with two accessions of ssp.
chinensis (Brcl and Bre3) before clustering with Bef; then

determined at the level of nucleotide substitution using
Kimura’s two-parameter method (Table 2). The neighbor
joining method (Saito and Nei, 1987) was then used to

100

100

Boc
Es
100 - Rsl
b R
3 Sa
5 Bnl
100 Bn2
Lv
L r Ri

93 L At

Figure 2. A NJ tree is constructed using the sequence divergences estimated with Kimura’s two-parameter method. BCL values are
labeled to indicate the percentage of trees that support the node.

Table 2. Number of substitutions per nucleotide site in the intergenic spacer of 5SS rRNA genes calculated with Kimura’s two-parameter
method (Kimura, 1980).

OTUs Brcl Bre2 Bre3 Brpl Brp2 Brp3 Brrl Brf Boc Rsl Rs2 Es  Bnl Bn2 Sa Ri At Lv
Brel
Bre2 0.095

Bre3 0.046 0.083

Brpl 0.058 0.089 0.055

Brp2 0.046 0.095 0.038 0.072

Brp3 0.043 0.088 0.027 0.063 0.032

Brrl 0.052 0.068 0.027 0.043 0.043 0.038

Brf 0.052 0.083 0.032 0.055 0.044 0.035 0.032

Boc 0.202 0.199 0.181 0.181 0.191 0.177 0.167 0.176

Rsl 0.409 0.396 0.398 0.390 0.403 0.417 0.403 0.401 0.387

Rs2 0.391 0.395 0.385 0.381 0.385 0.398 0.380 0.378 0.382 0.103

Es 0.402 0.379 0.368 0.403 0.359 0.382 0.368 0.386 0.463 0.430 0.364

Bnl 0.384 0.392 0.369 0.364 0.369 0.387 0.369 0.388 0.389 0.269 0.266 0.418
Bn2 0.383 0.392 0.368 0.363 0.377 0.386 0.368 0.373 0.385 0.274 0.272 0.415 0.011

Sa 0.407 0.402 0.378 0.383 0.401 0.396 0.387 0.396 0.403 0.274 0.246 0.428 0.165 0.165
Ri 0.806 0.728 0.737 0.744 0.759 0.750 0.730 0.768 0.752 0.760 0.731 0.803 0.667 0.683 0.649
At 0.812 0.796 0.833 0.790 0.804 0.781 0.798 0.794 0.877 0.819 0.798 0.884 0.834 0.841 0.909 0.544

Lv 0.852 0.771 0.774 0.794 0.793 0.788 0.754 0.773 0.832 0.793 0.746 0.876 0.773 0.767 0.766 0.814 0.742
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they were clustered with Brrl of ssp. rapifera before they
met Brpl of ssp. pekinensis. Brc2 of ssp. chinensis is lo-
cated outside these 7 OTUs. Since most values of BCL
are low for these accessions within B. rapa, the phyloge-
netic relationship among subspecies is hard to determine
on the basis of this DNA sequence. The result may be due
to intensive cultivation and occasional outcrossing between
different subspecies in B. rapa. Nevertheless, 8 OTUs from
B. rapa were grouped into one composite OTU that is sig-
nificantly different from the other OTUs in this study. As
shown by RFLP data (Song et al., 1988; 1990; Thormann
et al., 1994), B. oleracea (Boc) is more closely related to
B. rapa than to B. nigra. Two accessions (Bnl and Bn2)
of B. nigra were clustered with “Sa” of Sinapis alba be-
fore they met two accessions (Rs1 and Rs2) of Raphanus
sativus (Figure 2). The close relation between S. alba and
B. nigra is also reported based on RFLP data (Warwick
and Black, 1991). By using Arabidopsis athaliana,
Rorippa indica, and Lepidium virginicum as outgroups, it
was clearly shown that Raphanus sativus is more closely
related to the B. nigra lineage than to the B. rapa/oleracea
lineage. In Table 2, the average distance between R. sativus
and B. rapa is also significantly larger than that between
R. sativus and B. nigra (0.396 = 0.010 vs. 0.270 + 0.004).
In addition, similar phylogenetic relationships among these
OTUs were also observed in the maximum parsimony tree
based on the branch and bound search method using the
MEGA program (Kumar et al., 1993) (results not shown).
Also, data analysis based on the nucleotide sequences of
the 18S - 258 spacer region showed a similar result (un-
published data). The discrepancy between nuclear DNA
sequence data and chloroplast (or mitochondrial) RFLP
data suggests that R. sativus may have been derived from
hybridization between species belonging to different lin-
eages, as Song et al. (1990) proposed. If this hypothesis
is true, two distinct types of IGS must exist in the
Raphanus with one close to B. nigra and the other close
to B. oleracea/rapa since nuclear DNA sequences are
biparentally inherited. However, no such nuclear DNA
sequences in Raphanus have been found to date.

In conclusion, the IGS of the 5S rRNA gene has been
used succesfully to illustrate the phylogenetic relationships
among Brasssica rapa and its related species. The phylo-
genetic position of R. sativus to the “nigra” lineage was
demostrated. However, the origin of R. sativus may need
to be further studied by using more data from chloroplast
DNA sequences and other nuclear markers to test the views
presented by Palmer and Herbon (1988) and Song et al.
(1990). In addition, due to the intensive cultivation or
hybridization between cultivars or subspecies, it is hard
to determine the phylogenetic relationship among differ-
ent subspecies within B. rapa based on this DNA sequence.
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