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The phyloBenetic relationship of the Korean endemic genus, Hanabusaya, to other campanulaceous genera has been 
controversial since it was described by Nakai in 1911. Three genera of Campanuloideae, S~mphyandra, Adenophora, 
and Campanula, have been considered closely related by various taxonomists on the basis of anther shape, 8ross 
morphology, and pollen characters, respectively. We have tested these competing taxonomic hypotheses using the 
internal transcribed spacer (ITS) sequences of nuclear ribosomal DNA from 12 taxa representing 7 genera of Campan- 
ulaceae. The molecular phylogen )' indicates strongly that Hanabusaya is more closely allied to Adenophora than to 
Campanula or Sympln/andra. The phylngenetic affinity of Hanabusaya and Adenophora is supported by a 100% boot- 
strap value and a high decay index (13). The average sequence divergence value (Kimura's 2-pararneter method) 
between Hanabusaya and the Adenophora species is 2.58. The value is significantly (about ten times) lower than the 
ones observed between Hanabusaya and the species of Campanula (average of 23.52) and between Hanabusaya and 
Symphyandra (24.95). The ITS sequence phylogeny sugEests that some morphological characters, such as fused 
anthers and corolla shape, are homoplastic in the Campanulaceae genera. 
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Hanabusaya asiatica Nakai (Campanulaceae) is a 
well known endemic in Korea. The species was first 
described as Symphyandra asiatica by Nakai (1909) 
because of its synantherous stamens. However, Nakai 
(1911) segregated the species into a new genus, 
Hanabusaya, based on its distinctive morphological 
characters, such as the absence of basal leaves and 
appendages between the calyx lobes. Nakai (1921) 
added another species to the genus, Hanabusaya 
latisepala, but this species is considered a variety of H. 
asiatica (Lee; 1996). 

Since Lee's (1969) brief statement that H. asiatica is 
very similar to Adenophora remotiflora, there have 
been several systematic studies employing various 
approaches including morphology (Yoo and Lee, 
1995, 1996), palynology (Lee et al., 1986, 1988; Lee, 
1988), and randomly amplified polymorphic DNA 
(RAPD) (Yoo et al., 1997). Unfortunately, most of the 
studies have centered on emphasizing the unique 
nature of H. asiatica and on confirming the segrega- 
tion of the species as a distinct endemic genus. A 
notable exception was the study by Lee et al. (1986) 
which proposed that the species might be conge- 

*Corresponding author; fax +82-361-256-3420 
e-mail ydkim@sun.hallym.ac.kr 

neric with Campanula, although this idea was aban- 
doned in a later study (Lee et al., 1988). Thus, the 
phylogenetic affinity of H. asiatica to other campanula- 
ceous genera, especially to Symphyandra, Campan- 
ula, and Adenophora remains unresolved. 

In this paper, DNA sequences from the internal 
transcribed spacer (ITS) regions of the nuclear riboso- 
mal repeat are analyzed to infer the phylogenetic 
relationship of 14. asiatica with putatively related gen- 
era. We selected the ITS regions because they have 
been useful phylogenetically in a wide range of k~xa 
at generic and specific levels (Baum et al., 1994; Bald- 
win et al., 1995; Downie and Katz-Downie, 1996; 
Kim and Jansen, 1996; Suh et al., 1996; Yuan et al., 
1996; Francisco-Ortega et al., 1997; Alice and Camp- 
bell, 1998). Taxonomic and evolutionary implications 
of the molecular phylogeny are also discussed. 

MATERIALS AND METHODS 

Plant Samples, PCR and Sequencing 

Twelve taxa representing seven genera were 
selected to reconstruct the ITS phylogeny of H. asiat- 
ica and putatively related genera, including Campan- 
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Table 1. Taxa in the Campanulaceae examined for ITS of nuclear rDNA. W,ucher specimens an. dep~sited at the HAU 
(Hallym University Herbarium), SKK (Sung Kyun Kwan University t4erbarium), and BH (Bailey F Iortorium). 

Faxa W)uc:her 
Hanabusaya asiaUca Nakai 
Aden~phora remotillora (S. et Z.) Miq. 
Adenol)hora erecta S. lee. I. Lee et S. Kim 
Adenc~phora wawreana Zahlbr. 
Aden~ ~phora c omnopili flia Fisch. 
Campanula punctata Lain. 
Campanula glomerata L. 
Asyneuma japf~nicum Miq. 
Edraianthus graminifolius (L.) A. DC. 
Symphyandra hofrnannii Pant. 
Codonc~p.sis pilosa (Ft.) Nannf. 
Codon~Jpsis lanc(~;lata (S. el Z.) Traulv. 

Y[)K 98-1 (HAU), MI. I lwaak, Korea 
l.ee 4'I (SKK), Mr. Kebang, K~rea 
Lee 44 r Is. Ulleung, Korea 
Lee 20 (SKK), Lushan, ('hina 
l.ee 21 I 98 (SKK), MI. Halla, Korea 
YI)K 98-2 (I-IAU), (]lunchon, Korea 
~AF0')O722, AF09(1723 
YI)K 98-5 (HAU), (,al)y.ng , Korea 
r. Ay, rs 88-195 ll31 I), cultwated 
T. Ay,,rs 88-225 (Bit), r 
Y[)K 96-I (HAUL MI. N~rak, Korea 
YDK 96-7 (HAUL ('hulwon, Korea 

*The sequence of Campanula glomeraza was obtained from Ihe Genbank. 

ula, .Symphyandra, and Adenophora (lhble 1). Two 
speci{~ from C(x:lonopsis were (hosen ,is outgroups 
because the genus has been shown to be one of the 
basal members of Campanulaceae (Cosner, 1993). 
Total genomi( DNA was i~)lated from fresh leal tissue 
using a modified CTAB procedure (Doyle and Doyle, 
1987), followed by |)urification using ultracentrifuga- 
tion in a cesium chloride/ethidium bromide gradient. 
The nucleotide sequence of the ITS regions of 
nuclear rDNA was determined directly from the PCR 
products using the snap-chill method (Winship, 
1989). PCR was carried (~ut in a 100 uL reaction con- 
taining about 50-100 ng of template DNA, 10 uL of 
10X reaction buffer, 2.5 units of ExTaq (lhkara Co.), 8 
uL of 200 uM dNTPs in an equimolar ratio, and 50 
pmol of each primer. The PCR and sequencing prim- 
ers were identioal to the ones designed by White et 
al. (1990) except ITSI, which differed by the two 
underlined bases (5'-GGAA( ;GAGAAC;TCGTAA- 
CAAGG-3'). Five percent DMSO was added for some 
difficult DNA samples which pro(luced fuzzy or dou- 
ble bands under initial PCR amplifying conditions. 
The thermal cycler was programmecl to perform an 
initial 3 min denaturati()n at 95"C, 1 min annealing at 
50"C, and 1 min extension at 72"C. This was fol- 
lowed by 30 cycles with 1 min denaturation at 95"C, 
1 min annealing at 50"C and 1 min extension at 
72"C. The product was terminated with a final exten- 
sion for 10 rain at 72"C and s.aking at 15"C. I~) 
remove unused amplifying primers and dNTPs, the 
PCR producl was purified by a Genedean kit (Bio 
101) according to the manufacturer's protocol. The 
purified double stranded DNA was secluenced using 
the Sequenase (ver. 2.0, USB), "~S and the four 
sequencing primers (While et al., 1990L For some 

DNA samples, dlTP was used in place of dGTP k) 
prevent ba~ compression. 

Sequence and Phylogenetic Analyses 

The boundaries of ITS 1, Ihe 5.8S cox:ling region, 
and ITS 2 were determined by comparison with 
known sequences (Suh et al., 1993; Kim and Jansen, 
1994). ITS sequences were aligned using ClustalW 
(ver. 1.6, Thompson et al., 1995). Gaps introduced 
from the alignment were treated as missing charac- 
lers in subsequent analyses. N,quence distance val- 
ues, neighb()r-joining (Saitou and Net, 1987), and 
maximum parsimony (bran(h and bound option) 
frees were (~btained using PAUP (ver. 4.0bl, Swof- 
lord, 1998). To evaluate the degree of support for 
given cla(les, the bootstra t) (Felsenstein, 1985) and 
(lec,'~y analy~es (Bremer, 1988; Donoghue et al., 
1992) were performed using PAUP (vet. 4.0t)1, Swof- 
lord, 1998) and AutoDe(ay tw~r. 4.0.1, Eriksson, 
1998), resp(~ liw~ly. 

RESULTS 

O)mplete and aligned DNA sequences of the ITS 
regions for H. asiatica and related taxa are provided in 
Figure 1, and their charac.h?ristics are summarized in 
1able 2. Alignment of ITS sequences introduced 66 
gaps (mainly due to aligning ~quenc:es of C(~onop- 
sis species) and resulted in a malrix of 554 nuclei)tide 
sites. Of the 554 sites, 241 sites were variable and 182 
sites were phylogenetically informatiw,. 

Fitch parsimony analysis resuhed in a fully resolved 
single most parsimonious tree (Fig. 2). ]he tree had a 
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T,~dc)le 2. Size and G + C% of ITS t and 2 of H. asiatica and 
related taxa. 

TAXA 
ITS1 ITS2 

length G+C% length G+C% 

Hanabusaya asiatica 275 58.2 269 57.2 
Adenophoracoronopifolia 275 58.5 269 56.2 
Adenophora wareana 274 58.4 269 56.6 
Adenophora erecta 274 57.7 269 56.5 
Adenophora remotiflora 274 58.4 268 57.1 
Campanula punctata 274 60.9 266 63.6 
Campanula glomerata 272 62.4 263 61.6 
Asyneumajaponicum 278 55.1 268 52.2 
Edraianthus graminifolius 273 63.0 266 61.7 
Symphyandra hofmannii 270 58.5 264 62.1 
Codonopsis pilosa 253 64.0 236 59.8 
Codonopsis lanceolata 255 62.3 235 59.6 
*after alignment 282 - 272 - 

Figure 1. Aligned DNA sequences of the ITS regions in 
185-265 nuclear ribosomal DNA from the 12 taxa exam- 
ined. ITS 1 ranges from position I to 282; ITS 2 extends from 
position 283 to 554. Sequences of the 5.85 subunit are 
excluded. Hyphens are gaps required for alignment. Dots in 
the sequences denote same nucleotide state as the first 
taxon, H. asiatica. Taxon abbreviations are: HAS (H. asiatica), 
ACO (Adenophora coronopifolia), AWA (Actenophora wawre- 
ana), AER (Adenophora erecta), ARE (Adenophora remoti- 
flora), AJA (Asyneuma japonica), CPU (Campanula punctata), 
CGL (Campanula glomerata), EGR (Edraianthus graminifolius), 
SHO (Symphyandra hofmannii), CPI (Codonopsis pilosa), CLA 
(Codonopsis lanceolata). 

Figure 2. The single most parsimonious tree of H. asiatica 
and related taxa based on ITS sequence data. Numbers 
above branches are nucleotide changes. Numbers below 
branches represent bootstrap support (percentage) and 
decay indices, respectively. 

length of 340 steps with a consistency index (CI) of 
0.84 excluding uninformative characters and reten- 
tion index (RI) of 0.91. The ingroup taxa were 
divided into two major cladesl which consisted of 
Adenophora/Hanabusaya/Asyneuma and Campanula/ 
Symphyandra/Edraianthus. H. asiatica and the species 
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Table 3. Pairwise sequence distance belween taxa examined. Absolute distances are shown above the diagonal, and 
sequence divergence values (X100) by Kimura's two parameter method are below the diagonal. 

I 2 3 4 5 6 7 8 9 10 11 12 

1 HAS - I 0 1 } 15 11 (}4 106 108 106 1 12 132 134 
2 ACO 3.01 - } () 13 (~7 113 115 112 11() 137 I.]5 
3 AWA 2.44 0.56 - ~) 1() 66 !11 113 110 117 137 135 
4 AER 2.82 1.69 1.12 - 12 6,1 111) 112 109 114 134 132 
5 ARE 2.25 1.87 1. ~,0 1.68 -- ~.)r~ 1 (18 110 107 112 134 1 i]4 
6 AJA 12.82 13.48 13.27 12.84 13.28 - 125 127 122 127 142 14(') 
7 CPU 22 .90  24.72 24 .19  21].94 23 .42  27.9(I -- 4 30 29 129 130 

8 CGL 24.14 25.19 24.(13 24.39 24.12 30. }!; ?,.07 - 31 31 13(I 131 
9 EGR 23.30 24.88 24.41 24.1% 23.6"] 27.~i3 5.83 6.95 - 411 133 136 

10 SHO 24.95 2h.84 2(,.28 25.46 24.91] 2(9.01 5.h7 6.58 8.0I - 128 128 
11 CPI 34.58 36.24 36. ~2 :]5.27 35.29 38.03 33.75 LUI6 34.96 ~,3.83 - 22 
12 CLA 35.10 35.;}4 35.41 34.4(1 35.12 i]7. 12 33.95 ~,3.01 35.91 ~3.69 4.69 - 

Refer Figure 1 for taxon abbreviations. 

of Adenophora formed a strong monophyletic group 
as indicated by a 100% |xx)tslrap wflue and a decay 
index of 13.1-he clade consisting of ('ampanula and 
Symphyandra was remotely related to H. asiatk:a. 

The nucleotide sequence dislance calculated by 
Kimura's 2-parameter methcx| (Kimura, 19801 varied 
from (I.56 to 38.03 (1able 3). The ~quence distance 
values between H. asiatica and ~lher species ranged 
from 2.25 (A. remotillora) to 35.10 (C lancc~k,ta). 
The topology of the neighbor-joining tree (not shown) 
was identical to that of the parsim~)ny tree. 

D I S C U S S I O N  

The ITS sequence data indicate a very dose phylo- 
genetic relationship between Hanabusaya and Ade- 
nophora. This is a rather surprising because very few 
characters have been proposed Io support a close 
relationship between these two genera. rhe paucity 
of morphological characters supporting a sister group 
relationship b~ween Hanabusaya and Adenophora is 
due, at least in part, to the fad that m(~sl previous 
studies on Hanabusaya were (lesigned Io justify its 
endemic status. These previous studies provided lim- 
ited discussion on the phylogenetic relationship of the 
genus (Lee el al., 1988; Y~x) and [.ee, 1995, 1996; 
Yoo el al., 1997). We found that .~ome of the ('harar 
ters examinect previously, such as micromorpholoh~ / 
of pollen (Lee el al., 1988) and seeds (Yoo and Lee, 
19951, may indeed support sister group relationship 
between Hanabusaya and Adenophora. 

It is noteworthy that the average ~ u e n c e  distance 
between Hanabusaya and Adenophora is 2.63, which 
is substantially lower than the distance belween Ihe 

Iwo spec:ies of Codonopsi.s (4.69). In spite of the 
slrong support for a close relationship between the 
two genera in the ITS tree, Hanabusaya is markedly 
differenl from Adenophora in floral (synantherous) 
and vegetative (absence c~f ba~al leaves) structures 
(Yoo and Lee, 1996). Furthermore, the four st~cies of 
Adenophora, examined from three sections of the 
genus~ form a strongly supported monophyletic group. 
lhus, the generic circumscription of Hanabusaya and 
Adenophora should be. maintained until more defini- 
tive evidence (i.e., paraphyly of Adenophora) is pro- 
vided from expanded sampling. 

The remote, relationship of I-tanabu.saya and Cam- 
panuhffSyml)hyandra in the IIS tree appears to con- 
lv adicl the previous studies. Fedorov (1957) indicated 
that the general appearance of/q. asiatica is extremely 
similar Io C. punctata. In a morphological cladistic 
analysis (or the Korean Campanulaceae, Yc~) (1995) 
also proposed a sister group relationship between 
~tanabusa),a and Campanula. Moreover, Lee et al. 
(I 986) and Lee (1988) indkaled that the two genera 
are ~ similar in pollen characte~ and they may be 
even congeneric. High sequence divergence (ca. 
23.99) between Hanabu.~aya and the Campanula/ 
.~vmphyandra clade suggesl thai these two lineages of 
(ampanulaceae have b(~n separated for a relatively 
h~ng time. II is evident Ihat the campanulate corolla 
shared by Hanabusaya and Campanula is a 
homoplastic chara(.~er because the former is more 
r related to Asyneuma, which has a deeply 
h ~bed corolla. 

The placement of Hanabusaya and Symphyandra in 
ttiffemnt (lades suggests that svnantherous stamens 
haw ~ evolved independently in these genera. Neo- 
ten~ exlensi(~n of the earlier phases of development 
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into maturity (Takhtajan, 1991), is a possible evolu- 
tionary mechanism for the origin of the synantherous 
condition in those genera. In early stages of floral 
development, the anthers of the campanulaceous 
plants typically form a tube in which pollen is shed 
and through which the style with collecting hairs 
grow. As the flower opens, the closely positioned 
anthers eventually become free and wither in most 
genera of the family (Kovanda, 1985; Mabberley, 
1990). We postulate that the fused anthers in 
Hanabusaya and Symphyandra originated indepen- 
dently by the retention of the juvenile stamen condi- 
tion. The connate anthers are also found in the 
related family Lobeliaceae (Mabberle~ 1990). Diverse 
comparative approaches including developmental 
and molecular genetic studies with more vigorous 
taxon sampling are required to address the evolution 
of this unusual character in the Campanulaceae. 

Our study indicates that ITS sequences are very 
useful for examining phylogenetic relationships of 
Hanabusaya. Recently, Cosner et al. (1994) demon- 
strated that rbcL sequences have utility in determin- 
ing phylogenetic positions of problematic genera (i.e., 
Nemadaclus, Pentaphragma, Cyphia), which have 
often been included in the Campanulaceae. Integra- 
tion of DNA sequence data from expanded sampling 
will provide valuable information on various system- 
atic issues such as familial and generic circumscrip- 
tion, intrafamilial classification, and morphological 
evolution in the Campanulaceae. Additional gene 
sequence data will also help to assess the mode of 
chloroplast genome evolution in the campanulaceous 
genera, which exhibits highly complicated structural 
rearrangements (Cosner, 1993; Cosner et al., 1997). 
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