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Abstract: The internal transcribed spacer (ITS) region of the 18 S-25 S nuclear ribosomal 
DNA repeat was sequenced from 19 populations of the tribe Lactuceae, including all species 
of dwarf dandelion (Krigia) and five outgroup genera. The incidence of length changes and 
base substitutions was at least two times higher for ITS 1 than ITS 2. Interspecific sequence 
divergence within Krigia averaged 9.62% (1.61%-15.19%) and 4.26% (0%-6.64%) in ITS 1 
and ITS 2, respectively. Intergeneric sequence divergence ranged from 15.6% to 44.5% in 
ITS 1 and from 8.0% to 28.6% in ITS 2. High sequence divergence and homoplasy among 
genera of tribe Lactuceae suggest that the phylogenetic utility of ITS sequence data is 
limited to interspecific studies or comparisons among closely related genera. Trees generated 
from ITS sequences are essentially identical to those from restriction site comparisons of 
the entire nuclear ribosomal (nr) DNA region. The degree of tree resolution differed 
depending on how gaps were treated in phylogenetic analyses. The ITS trees were congruent 
with the chloroplast DNA and morphological phylogenies in three major ways: 1) the sister 
group relationship between Krigia and Pyrrhopappus; 2) the recognition of two monophyletic 
sections, Krigia and Cymbia, in genus Krigia; and 3) the monophyly of the K. occidentalis- 
K. cespitosa clade in sect. Cymbia. However, the two nrDNA-based trees are not congruent 
with morphology/chloroplast DNA-based trees for the interspecific relationships in sect. 
Krigia. An average of 22.5% incongruence was observed among four Krigia data sets. The 
relatively high degree of incongruence among data sets is due primarily to conflict between 
trees based on nrDNA and morphological/cpDNA data. The incongruence is probably due 
to the concerted evolution of nrDNA repeating units. The results from Krigia and the 
Lactuceae suggest that nrDNA data may have limited utility in phylogenetic studies of 
plants, especially in groups which exhibit high levels of sequence divergence. Our combined 
phylogenetic analysis as a total evidence shows the least conflict to each of the individual 
data sets. 

Congruence of  phylogenetic trees generated from different data sets is one way to 



158 K.-J. KIN & R. K. JANSEN: 

examine the robustness of phylogenetic hypotheses. Despite the numerous examples 
of concordance between molecular and morphological data both in the plant and 
animal literature, complete congruence is often not achieved (DOYLE 1992, HAR- 
RISON 1991, HILLIS 1987, MIYAMOTO 1985, SWOFFORD 1991 a). Phylogenetic hy- 
potheses from additional data sets often disagree in minor details and sometimes 
show major conflicts. Therefore, the estimation of the true species phylogeny from 
a single data source or from a single gene tree is a dangerous practice in phylogeny 
reconstruction. If some degree of conflict is encountered among data sets, the 
possible causes of the discrepancies should be identified through rigorous analytical 
methods both in evolutionary process and in tree construction process. 

Some plant genera have been subjected to extensive phylogenetic study using 
several independent lines of data. Krigia (dwarf dandelion) is one such genus. Three 
independent phylogenies were published recently using morphological and cyto- 
logical data (KIM & TURNER 1992) and restriction site comparisons of chloroplast 
(cp) DNA (KIM 84 al. 1992 a) and nuclear ribosomal (nr) DNA (KIM & MABRY 
1991). Those independent data sets provided an opportunity to evaluate new phy- 
logenetic markers and to construct a robust species phylogeny. As a fourth phy- 
logenetic marker for the genus, we have examined sequence variation of internal 
transcribed (ITS) regions of nrDNA repeating units. 

Tandemly repeated nrDNA encodes three ribosomal RNA (rRNA) genes (18 S, 
5.8 S, and 25 S) and each copy contains a transcribed region that is separated by 
a long nontranscribed intergenic spacer (IGS). The transcribed region contains 
three rRNA coding genes along with two internal transcribed spacers (ITSs), which 
occur in the 5'-18 S-ITS 1-5.8 S-ITS 2-25 S-3' order and are transcribed as a single 
precursor rRNA. The two ITSs (ITS 1 and ITS 2) are subsequently removed and 
three rRNA coding regions eventually mature into three rRNAs (reviewed in ROG- 
ERS • BENDICH 1987). 

All three rRNA coding regions are highly conserved both in structure and in 
the level of sequence divergence (LAKE 1985, OLSEN 1987, FIELD & al. 1988, HAMBY 
& ZlMMER 1992). In contrast to the coding regions, numerous studies demonstrated 
that the IGS region experiences more rapid evolutionary change in structure and 
sequence (APPELS & DVORAK 1982, BARKER 8Z; al. 1988, UEKI & al. 1992, YAKURA 
& al. 1984, YAKURA 8Z; NISHIKAWA 1992). 

The ITS region also exhibits a substantial amount of variation both in length 
and sequence (JORGENSEN & CLUSTER 1988, RIESEBERO & al. 1988, SYTSMA & 
SCHAAL 1990, VENKATESWARLU ~; NAZAR 1991). However, it has not been widely 
used for phylogenetic studies because the ITS is too short for restriction site com- 
parisons. Several ITS sequences were reported from various crops and wild plants 
such as rice (TAKAIWA & al. 1985), mustard (RATHGEBER & CAPESIUS 1989), mung 
bean (ScI4IBEL & HEMLEBEN 1989), tobacco (VENKATESWARLU & NAZAR 1991), 
tomato (KIss & al. 1988), melon (KAVANAGH & TIMMIS 1988), oats (CHATTERTON 
& al. 1992 a), barley (CHATTERTON & al. 1992 b), and Populus deltoides (D'OvIDiO 
1992). Unfortunately, none of these studies focused on phylogenetic relationships. 
Three recent studies discussed the phylogenetic utility of ITS sequences in animals 
(GoNZALEZ & al. 1990) and fungi (O'DoNNELL 1992, LEE 8~ TAYLOR 1992). In 
flowering plants, ITS sequences were utilized successfully for examining phyloge- 
netic relationships among the genera of Madiineae group of the family Asteraceae 
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(BALDWIN 1992, 1993). The small size of  the ITS regions (less than 800 bp) makes 
the marker  particularly appropriate to direct sequencing of  amplified D N A  from 
polymerase chain reaction (PCR). In addition, the conserved nature of the sur- 
rounding coding regions of n r D N A  (16 S, 5.8 S, and 25 S) regions allow the con- 
struction of  universal primers that can be used for a wide diversity of  organisms 
from fungi to flowering plants (WHITE & al. 1990). 

In the present paper, we report  on the interspecific and intergeneric relationships 
of  Krigia using ITS sequences. The new ITS data is then compared and combined 
with the three previously published data sets. We also describe the detailed direct 
sequencing strategy from the double strand (ds) amplification products of  the ITS 
region. 

Material and methods 

Source of plant material. Sources of plant material for the 14 populations of Krigia and 
species from five outgroup genera are given in Table 1. All voucher specimens of Krigia 
are deposited in either the Plant Resource Center, University of Texas at Austin (TEX) or 
the Herbarium of Oregon State University (OSC). Ploidy levels for all populations were 
determined from meiotic counts of bud materials (KIM & TURNER 1992). 

Total DNA extraction and purification. Total DNAs were extracted from fresh leaf tissue 
pulverized in liquid nitrogen according to the methods of SAGHAI-MARoOF 8= al. (1984) 
as modified by DOYLE & DOYLE (1987). DNA was extracted from a single individual of 
K. dandelion, K. montana, K. biflora, and K. cespitosa. Because of the small size of each 
individual, up to 15 plants were combined for DNA extraction in K. occidentalis, K. virginica, 
and K. wrightii. DNAs were further purified by cesium chloride/ethidium bromide gradients. 
The concentrations of the DNAs ranged from 20 ng/gl to 80 ng/pl depending on samples. 
The purified DNAs were diluted 10 times with distilled water and 1 gl of each diluted DNA 
(2-8 ng) was used for 100 pl amplification reactions. 

Amplification of ITS region. We amplified the entire ITS region using standard double- 
strand PCR reactions using the primers P 1 and P 4 (Fig. 1) and sequenced both strands 
directly from dsPCR products using four primers (P 1, P 2, P 3, and P 4 in Fig. 1). Direct 
sequencing of dsPCR products is superior to that of single-strand (asymmetric) PCR 
products for two reasons. First, ds amplification typically yields more DNA than asymmetric 
amplification. Second, only a single amplification is required for sequencing both strands. 
Two independent amplifications are necessary for sequencing both strands in asymmetric 
amplification (GYLLENSTEN & ERLICH 1988). Indeed, a single 100 gl ds amplification yields 
sufficient amounts of DNA for sequencing both strands using the four ITS primers (Fig. 1). 

The highest yield of PCR product was achieved using the following conditions. The 
100gl PCR reactions contained (in order of addition) 70.5 gl sterile water, 10 pl of 10 x 
Taq polymerase reaction buffer, 2 mM (8 ~tl of 25 mM stock) magnesium chloride solution, 
0.2 mM (2 pl of 10mM stock) of each dNTPs (total 8 pl), 0.25 gM (1 pl of 25 gM stock) of 
each primer (total 2 pl, P 1 and P4 in Fig. 1), 2.5 units (0.5 gl of 5 units/p0 of Taq DNA 
polymerase, and 2-8 ng (1 gl of 2-8 ngAtl ) of purified total DNAs. We obtained identical 
amplification results using either Taq DNA polymerase (Perkin-Elmer or Promega) or Tfl 
DNA polymerase (Epicentre Tech.). For multiple sample amplifications, all of the reaction 
components were premixed, 99 pl of the premixed solution was aliquoted to each tube and 
DNA was added last. The premixed solution without template DNA was used as a negative 
control. 

Reaction mixtures were sealed with one or two drops of mineral oil to prevent evap- 
oration during thermal cycling. For complete denaturation of the template DNA, the first 
cycle used a longer denaturation time (3 min) than the normal cycle (1 min) at 95 °C. Each 
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A) P1 ~ P3 

i { r D N A ~  ITS1 I,.,SrO,,I 
200 bp ~ P2 

ITS 2 

P4 

B) 
P I ~  

GGAAGTAAAA GTCGTAACAA 66"FTTCCGTA GGTGAACCTG CGGAAGGATC 18S 

ATTG TCGAAC CCTGCAAAGC AGATACGACC CGCGAACTTG TACCCATAAT 

CTGGAGTCAG CGATATTGGC TATTGGCCTT TGTCCCTGGC ACCCTGTCGG 

CATATGTTTG TGGTGCACCG TTTGGGATGC CACGGATGTT ATGTCGGCGC 

TATAACAAAC CCCGGCACGA ATGTGCAAGG AAAACCAAAA ACTGAGAAGG 

ACGCGTCTAA TATTGCCCCG TTCGCGTGTG CCTGTTGCGT GGCCTCCTTG 
t 

AAATCAICAAA CGACTCTCGG CAACGGATAT TTCGGCTCTC GCATC6ATGA 
I 

AGAACGTAGC GAAATGCGAT ACTTGGTGTG AATTGCAGAA 
P3 

CATCGAGTTT TTGAACGCAA GTTGCGCCCA AAGCCATCCG 

P2 
TCCCGTGAAC 

GCTGAGGGCA 

ITS1 

5.8 S 

CGCCTGCCTG GGCGTCACGC ATCGCTCGCC CCCAACCATG 

GGATGCTTGG TATCGGGGCG GATATTGGCC TCCCGTGCTT 

TGGCCTAAAT CGGAGTCACC TTCGGTGGAC GCACGACTAG 

AAAGACCCTC GTCTTGTGTT GTGTGTCGTA AGCTGTGAGG 

ATGAAGACCC CAATGTGTGT CTTGCGACGA TACTTCGACC 

GTCAGCGGGG ACTACCCGCT GAGTTTAAGC ATATCAATAA 
P4 

CATTCTCATG 

TTGGTGTGGT 

TGGTGGTTGA ITS2 

GAGGCCCTTC 

GCGACCCCAG 

GCG~AG~A 25 S 

Fig. 1. Internal transcribed (ITS) regions of 18 S-25 S nuclear ribosomal DNA. A Diagram 
showing the general structure of ITS region and primer positions (P 1 P 4). B Sequence of 
ITS region in Krigia biflora. The complete sequence between two amplifying primers, P 1 
and P 4, is 706 base pairs (bp) in length including 32 bp of 18 S rDNA, 252 bp of ITS 1, 
164 bp of 5.8 S rDNA, 220 bp of ITS 2, and 38 bp of 25 S rDNA. The underlined sequences 
indicated the four sequencing primers. P 3 is complementary to P 2. The sequence of P 2 
(P 3) in K. biflora is identical to the primer sequence. Sequences for P 1 and P 4 were not 
verified from K. biJlora. P 1, P 2, P 3, and P4 correspond to the ITS 5, ITS 2, ITS 3, and 
ITS4, respectively, of WHITE & al. (1990) (see also BALDWIN 1992) 

of the 30 cycles consisted of 1 min at 95 °C to denature template DNA, 1 rain at 55 °C to 
anneal primers to denatured template DNA, and 45 sec at 72 °C for primer extension. 
Primer extension time was gradually increased by 3 sec intervals during each cycle. After 
30 cycles the PCR reactions were incubated at 72 °C for 7 min to complete primer extension. 

Purification of PCR products. Small amounts of PCR products (5 lal) were visualized 
with ethidium bromide after agarose gel electrophoresis using a mini-gel system. Only a 
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single band of 700 basepair (bp) was detected and no detectable length variation was 
observed among species and genera. Typically 5 lal of PCR product shows a stronger signal 
than 1 lag of HindIII digested lambda DNA marker under the UV light. 

PCR-generated DNAs were purified by electrophoresis through low-melting agarose 
gel matrix using 1 x TAE buffer. After staining the gel with ethidium bromide, the agarose 
block containing DNAs was excised from the gel using a razor blade under low wavelength 
(370 nm) UV light. Concentrated DNA (30 gl, approximately 1/3 of original PCR reaction 
volume) was recovered using the GeneClean II system according to manufacturer's protocol 
(Bio 101 Co.). 

Sequencing of ITS region. Sequences were generated by standard dideoxy chain 
termination reaction using Sequenase (version 1.0, U.S. Biochemical). We modified the 
Sequenase protocol (version 1.0) using the snap-cooling method of WINSHIV (1989). First, 
microcentrifuge tubes containing annealing mixtures (7 lal of purified DNA template 
DNA - approximately 2 lag, 1 lal of 25 gM primer-  0.25 laM, 2 gl of 5 x Sequenase reaction 
buffer) were placed in boiling water for 3 rain to denature the template DNAs and the tube 
was transferred immediately into an ice bath for 5-15 rain to anneal the primers to the 
template DNAs. Second, the labeling reactions were done in the ice bath rather than at 
room temperature for 5min (the labeling reaction components are the same as in the 
Sequenase protocol). Third, the termination reactions were carried out at 40 °C. 

Both strands were sequenced using four ITS primers (Fig. 1). Reactions with two reverse 
primers, P 2 and P 4, worked well with standard reaction conditions mentioned above. 
However, reactions with the two forwarding primers, P 1 and P 3, showed weaker sequencing 
signals. This is probably due to the secondary structures of nrDNA sequences near the 
priming sites toward to primer extension orientation (see VENKATESWARLU & NAZAR 1991). 
The inclusion of dimethyl sulfoxide (DMSO) in the sequencing reactions greatly enhanced 
the sequencing signals for these two primers (see WINSHIV 1989). DMSO concentrations 
of 10% were added to the annealing, labeling, and termination mixes. DMSO also improved 
DNA yield of PCR amplification in some samples. Similar effects may also be achieved 
with the addition of formamide (ZHANC & al. 1992) or the anionic detergent tergitol (type 
NP-40) (BECHMANN & al. 1990, WANG & al. 1992) both in amplification and in sequencing. 
The addition of 11~1 of Mn buffer (0.1 M MnCI2 and 0.15 M Sodium isocitrate) to each 
labeling reaction greatly enhanced the sequencing signal close to the primers. 

DNA sequences were separated on a 6% acrylamide gel using wedge-shaped spacers. 
In order to read the entire ITS region, long and short gels were run for each sample. The 
short gel was run until the bromphenol blue dye migrated to the bottom of the gel. The 
long gel was electrophoresed for 12 h at 1400 volts. Sequencing reactions with Mn buffer 
were electrophoresed less than 2.5 h at the same voltage. Gels were fixed in 10% glacial 
acetic acid for 15 rain, transferred to 3 MM Whatman paper, vacuum dried at 80 °C for 
8h and exposed to Kodak XAR X-ray film for 12-48h. 

Sequence alignment of ITS region. The sequence boundaries among two ITS regions 
and three coding regions (18 S, 5.8 S, and 25 S) of nuclear rDNA were determined by 
comparison with the published sequences from Oryza sativa (TAKAIWA & al. 1985) and 
Viciafaba (YOKOTA & al. 1989). Sequences were edited using the EyeBall Sequence Editor 
(ESEE, provided by E. CABOT) and aligned using Clustal V (provided by D. HI,GINS) 
program with gap adjustments. The 19 new sequences from this study were deposited in 
GenBank (see Table 1 for the accession numbers). Both unaligned and aligned sequences 
are also available from the senior author. 

Outgroup selection. Five representative genera of the tribe Lactuceae were selected as 
outgroups, including Lactuca, Stephanomeria, Agoseris, Microseris, and Pyrrhopappus. Lac- 
tuca and Stephanomeria are traditionally classified in two different subtribes, Crepidinae 
and Stephanomeriinae, respectively (STEBBINS 1953). All other genera are included in the 
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subtribe Microseridinae with Krigia. The Stephanomeriinae is the closest subtribe to the 
Microseridinae (STEBBINS 1953, JANSEN & al. 1991). 

Phylogenetie analysis of ITS sequences. Parsimony analyses were performed with unor- 
dered parsimony using PAUP (version 3.0 r, SWOFFORD 1991 b) on a Macintosh Quadra 
700. The branch-and-bound algorithm (HEyI)Y & PENNY 1982) was used to find the shortest 
trees in all analyses except bootstrapping. Bootstrap analyses (FEI~SENSTHN 1985) were 
performed using 1000 replicates and the heuristic search algorithm with the mulpars options. 
Decay analyses (HILLIS & DIXON 1989) were performed until all branches collapsed. The 
evolutionary direction of sequence changes was inferred by outgroup comparison using 
multiple outgroups. After initial parsimony analyses, multiple populations from the same 
species were removed. As a result, the data matrix was reduced to 12 taxa, including seven 
ingroup species and five outgroup genera, for further phylogenetic analyses. 

Sequence divergence values between species were calculated by the two-parameter 
method (KIMURA 1980) using the DNADIST program of PHYLIP (version 3.4, FELSEN- 
STEIN 1991). This method allows for the correction of multiple substitutions and differential 
transition/transversion probability based on empirical observation from the data. The ratio 
was set at 1.0 based on the actually observed frequencies (KIMURA 1981) in the maximum 
parsimony tree. As a result, it was assumed that there is an equal probability of independent 
change at all sites (JuKES & CANTOR 1969). The composition of the four nucleotide bases 
( A : C : G : T )  was also set to the actual ratios in the data pool. The neighbor joining tree 
was constructed from the corrected sequence divergence using the NJ program (version 
2.0, SAITOU & NEI 1987). 

Cladistie analyses of combined data. Three other types of data were published previously 
from the same taxa of Krigia and the outgroup genera. The earlier data sets include 35 
morphological and chromosomal characters (K~M & TURNER 1992), 252 cpDNA restriction 
site changes (KIM & al. 1992 a) and 50 nrDNA restriction site characters (KIM & MABRY 
1991). TWO rDNA restriction site changes (characters no. 34 and 37) were removed before 
combining the data sets because they occur within ITS regions. All other nrDNA restriction 
site variants occur in the IGS region. Various combinations of the four data sets were 
analysed using PAUP. In order to identify the phylogenetic signal in the reduced data sets 
(HILLIS 1991), the skewness of tree-lengths distribution was determined using the exhaustive 
search option of PAUP in all individual data sets and in a combined data set. The four 
data sets were also combined directly as a single matrix and then parsimony and bootstrap 
analyses were performed with the same search options employed for the ITS data alone. 
The degree of character congruence among data sets was evaluated by the MICKEVICH & 
FARR~S (1981) index and the MIYAMOTO index (see SWOFFORD 1991 a). Individual tree 
topologies from the four different data sets were also combined in two different ways: 1) 
the character re-coding method (DOYLE 1992), and 2) the combinable consensus method 
(BREMEN 1990). For character re-coding, all trees were weighted equally rather than treating 
the molecular data set as a single character. 

Results 

Length variation and base composition of ITS region. Complete sequences of  the 
ITS region were generated for 19 taxa, including all species of  Krigia and five 
outgroup genera. The ITS regions vary in length from 632 bp (Agoseris) to 636 bp 
(Pyrrhopappus), including 164bp of  the 5.8 S r R N A  gene (Table2). The length of  
ITS 1 ranges from 246 bp (Agoseris) to 253 bp (Pyrrhopappus). The length of  ITS 2 
ranges from 218 bp (Microseris) to 222 bp (Agoseris). 

Sequence alignments required 20 and 5 independent insertion/deletion mutat ions 
in ITS 1 and ITS 2, respectively (Fig. 2). Eighteen of  the 20 length mutations in 
ITS 1 and four of  the mutat ions in ITS 2 are one or two bp insertions/deletions. 
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Table 2. Length and G + C content variation of ITS region from various higher plant 
groups. References: 1. VENKATESWARLU & NAZAR (1991), 2. KISS & al. (1988), 3. D'OvIDIO 
(1992), 4. RATHGEBER & CAPESIUS (1989), 5. KAVANAGH & TIMMIS (1988), 6. CHATTERTON 
& al. (1992a), 7. CIJATTERTON & al. (1992b), 8. TAKAIWA & al. (1985), 9. YOKOTA & al. 
(1989), 10. SCHIE~EL & HEMLEBEN (1989), 11. BALDWIN (1992). All others are from the 
present study. *Members of Asteraceae 

Taxa, reference ITS 1 ITS 2 5.8 S 

Length G + C % L e n g t h  G + C %  Length G + C 
% 

Nicotiana rustica ~ 
L ycopersicon esculentum 2 
Populus deltoides 3 
Sinapis alba 4 
Cucumis melo 5 
Arena sativa 6 
Hordeum vulgare 7 
Oryza sativa 8 
Oaucus carota 9 
Vigna radiata a° 
Vicia faba 9 
*Madiinae (12 Taxa) 11 

*Krigia spp. (7 species) 

*Lactuca sativa 
* Agoseris heterophylla 
* Microseris Iaciniata 
* Pyrrhopappus grandiflorus 
* Stephanomeria pauciflora 

216 69.4 217 65.4 163 55.4 
217 67.7 217 70.5 163 53.4 
220 66.8 207 69.5 164 55.4 
265 50.6 188 54.3 163 52.8 
216 55.6 237 60.2 163 58.9 
219 56.2 213 62.4 163 58.9 
218 56.9 217 62.2 163 60.7 
194 (5) 72.7 233 77.3 163 (4) 59.5 
215 49.4 224 52.3 164 54.2 
205 60.0 220 59.1 163 52.8 
235 51.9 208 49.6 164 50.6 
255- 47.7- 216- 49.5- 164 51.2- 
261 51.4 223 53.0 53.7 
251- 52.0- 220 55.0- 164 54.9- 
254 53.2 57.7 56.1 
251 53.8 221 55.1 164 54.9 
246 52.0 222 53.2 164 56.1 
253 53.4 218 54.8 164 55.5 
253 52.6 219 55.7 164 54.3 
252 54.0 220 56.8 164 55.5 

The longest length mutat ion was an eight-bp deletion in the ITS 1 of Agoseris  
(coordinates 87-94 in Fig. 2). In addition, two three-bp deletions were detected in 
the ITS 1 of Lactuca  (223-225) and the ITS 2 of  Microser is  (640-642). Ten length 
mutations were hypothesized within Krigia and all of  these are one or two bp 
insertions/deletions. The G + C content in the ITS region of  the Lactuceae  is slightly 
greater than 50% with a narrow range of  variation in ITS 1 (52-54%), ITS 2 (55- 
58%), and 5.8 S gene (54-56%). 

Polymorphic nuclear ribosomal DNA. D N A  of  the hexaploid K. montana was 
isolated from a single individual, nevertheless, the hexaploid showed polymorphic 
sequences at 20 sites (coordinates 82, 91, 102, 104, 105, 119, 147, 153, 156, 218, 
268, 319, 430, 431, 500, 512, 528, 603, 613, and 672 in Fig. 2). All of  these sites 
differ between the two parental species, K. montana and K. biflora, and the hexaploid 
shows a combined sequence. The two parental species also show two single-base 
pair differences in length at positions 106 and 556 (Fig. 2). The hybrid shows the 
double sequence bands from these positions because of  the different length of 
n r D N A  repeating units in the parents. 
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18S ~ ITS1 
111111111122222222223 333333333444444444455555555556 666666666777777777788888888889 
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DAN1 TTTCCGTAGGTGAACCTGCGGAAGGATCAT TGTCGAACCCTGCAA-AGCAG-AGACGACC CGCGAACTTGTACCCATAATCGGGAGTCAG 

DAN2 .......................................................................................... 

MONt .......................................................................................... 

MONh ................................................................................. K ........ 

B!Fd ................................................................................. T ........ 

BIFt ................................................................................. T ........ 

VIRd .......................................................................................... 

VIRt .......................................................................................... 

OCC ....................................................... y ................ TAT.C ....... W .... T 

WRII ....................................................... y .................. T.C ....... W .... T 

WR!2 ....................................................... y .................. T.C ....... W .... T 

CESI ......................................................................... AT.C ........ T...T 

CES2 ......................................................................... AT.C ........ T...T 

CES3 ......................................................................... AT.C ........ T. . .T 

PYR ................................................................... A ..... AT.C ....... TT.G.T 

AGO ............................................. C ..... C ............... AA ....... C ..... A.TC .... 

MIC ................................................ GG ...... T ......... GAG ....... A.TAT ...... TG. 

STE ..................................................... A-. ...... T .... A ........ C. .C ........ G. 

LAC .............................................. G ...... A-. ...... T .... A .... A...C..CG...T.A.C. 

iiiiiiiiiiiiiiiiiiiii iiiiiiiiiiiiiiiiiiiiiiiiiiiiii iiiiiiiiiiiiiiiiiiiiiiiiiiiiii 

999999999000000000011111111112 222222222333333333344444444445 555555555666666666677777777778 

123456789012345678901234567890 123456789012345678901234567890 123456789012345678901234567890 

DAN1 GGATATTGGCTCTGT-CCTTTGTCCCTGAC ACCCTGTCGGCATATGTTTGTGGTGCCCCG TTAGGAATGCCACGGATGTCATGTCGGCGC 

DAN2 .......................................................................................... 

MONt ............................................................................... T .......... 

MoNh S .......... M.KKG ............ R ........................... M ..... W..R ............. T .......... 

BIFd C .......... A.TGG ............ G. 

BIFt C .......... A.TGG ............ G. 

VIRd ............................ G. 

VIRt ............................ G. 

OCC .............. G ...... A. . .A. .GA 

WRII .............. G .......... A..GA 

WRI2 .............. G .......... A..GA 

CESI .............. G .......... A..GA 

CES2 .............. G .......... A..GA 

CES3 .............. G .......... A..GA 

PYR ........ A ..... G .......... A..GA 

AGO .... . . . .AT.T..G.T..C ..... AC... 

MIC 

STE 
LAC 

.......................... A ..... T..G ............. T .......... 

.......................... A ..... T. .G ............. T .......... 
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DAN1 ATTAACAAACCCCG-CACGCAATGTGCCAA G A A A A A ~ - C T G A G A A G G A C G C G T C  CAATTTTGC--CCCGTTTCCGGTGTGCTT- 

DAN2 .......................................................................... ................ 

MONt TA ............ G .... - ....... -.. . G ............................ T... A ............ CG. - ......... 

MONh TA ............ G .... - ....... -.. .G ..... M ...................... T...A ............ CG.- ...... Y.. 

BIFd TA ............ G .... - ....... -.. .G ..... C ...................... T...A ............ CG.- ...... C.. 

BIFt TA ............ G .... - ....... -. . .G ..... C ...................... T. . .A ............ CG.- ...... C. . 

VIRd .............. G .... - ....... -.. .G ............................................. C ............ 

VIRt .............. G .... - ....... -.. .G ............................................. C ............ 

OCC CC ...... C .......... G .............................. C ...... T.. T.-..G.A.GT..G...CG ........... 

WRII TC ...... C .......... G.R.R ...................................... W.G ........ G...CG ........... 

WRI2 TC ...... C .......... G.R.R ...................................... W.G ........ G...CG ........... 

CESI TC ...... C .......... G ........... G ........... A .................... A ........ G...CG ........... 

CES2 TC ...... C .......... G ........... G ........... A .................... A ........ G...CG ........... 

CES3 TC ...... C .......... G ........... G ........... A .................... A ........ G. ..CG ........... 

PYR CA ................. G ........... G ..... G...T.. - ........ G.AT ..... T.A.C ......... ACG ........ G.. 

AGO ................... G.C.C ....... G .... T.TT .... - ......... T ....... T.G.CA ......... CG ....... TG. . 

MIC ................... G.C ......... G .... T.TT .... - ................... A.C .......... CG ........... 

STE T ............. G .... GC .................. T. .- ............ C.TCA -GGCA ............. G ........ G. . 

LAC . .A.CA ........ G ..... T .......... G .......... -. - .......... A.TA. . .G...C ........... G ........ G.A 

Fig. 2 
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ITS1 ~ 5.8S 
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VIRd .......................................................................................... 

VIRt .......................................................................................... 

OCC .......................................................................................... 
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CES2 .......................................................................................... 

CES3 .......................................................................................... 

PYR .... GT...A ................................................................................ 
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BIFd ..................................................................... CT ................... 

BIFt ..................................................................... CT ................... 

VIRd ..................................................................... CC ................... 

VIRt ..................................................................... CC ................... 

OCC .......................................................................................... 
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CESI ..................................................................... CC ................... 

CES2 ..................................................................... CC ................... 

CES3 ..................................................................... CC ................... 

PYR ..................................................................... TT ......... T ......... 

AGO ......................................................... G ........... CT ................... 

MI C ..................................................................... CT ................... 

STE ................................................................. T...AA .............. G .... 

LAC ......................................................... G ........... CT ................... 
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DNAI CGTCACGCATCGCTCGCCCCCAACCATGCA TCC-TTATGGGATGCTTGGCATCGGGGCGG AGATTGGCCTCCCGTGCCTTTGGTGTGGTT 

DAN2 .......................................................................................... 

MONt ............................... T...C ...................................................... 

MONh ............................... T...C ............. y ........... K ............... y ............ 

BIFd ............................... T...C ............. T ........... T ............... T ............ 

BIFt ............................... T...C ............. T ........... T ............... T ............ 

VIRd .......................................................................................... 

VIRt .......................................................................................... 

OCC ........... R ................... T ............. C ............... T .............. MT ..... CA ..... 

WRII ........... R ................... T .................... T ........ T ............... T ..... CA ..... 

WRI2 ........... R ................... T .................... T ........ T ............... T ..... CA ..... 

CESI ............................... T ............................. T ............... T ..... CA ..... 

CES2 ............................... T ............................. T ............... T ..... CA ..... 

CES3 ............................... T ............................. T ............... T ..... CA ..... 

PYR ........... R .............. A .......... C .............. T ........................ T ....... C .... 

AGO ........... R ......... C ......... T.C .... A ..... AGC...T.T .............. T ......... T..GT...C .... 

MIC ........... A..T ...... C ........... TA.T ....... A ................ T ..... A ...................... 

STE ................................. CC..AA .......... TG .................................. C .... 

LAC ................. T...C ..... A.C ...CC..C..TTG..A...TG.T ........ T.A ............. T.G..T.TC .... 

Fig. 2 
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DAN1 GGCCTAAATCGGAGT-ACCTTCGGTGGACG CACGACTAGTGGTGGTTGAAAAGACCCTCG TCCTGTGTTGTGCGTCGTAAGCTGTGAGGG 
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DNAI AGGCCCTTCATGAAGACCCCAATGTGGTGT CTTGCGACGATGCTTCGACCGCGACCCCAG GTCAGCGGGGACTACCCGCTGAGTTTAA 

DAN2 ........................................................................................ 

MONt ........................................................................................ 

MONh ......................................... R .............................................. 

BIFd ......................... - ............... A .............................................. 

BIFt ......................... - ............... A .............................................. 

VIRd ........................................................................................ 

VIRt ........................................................................................ 

OCC ........ G.W .............. - .............................................................. 

WRII ........ G.W .............. - ........... YT ......... Y ....................................... 

WRI2 ........ G.W .............. - ........... YT ......... Y ....................................... 

CESI ........ G ................ - .............................................................. 

CES2 ........ G ................ - .............................................................. 

CES3 ........ G ................ - .............................................................. 

PYR G ....... G ........... T .... ATC.. .A..T ..................................................... 

AGO .T.A.T..G .......... T..C...TC.. .C.TG ..................................................... 

MIC ..... T..G---. ......... C.. - .A ............................................................ 

STE ........ GT ............... - ..... C.A ........... G .......................................... 

LAC TA ..... CATCA ........ AT... ATC ..... CG.. T .................................................. 

Fig. 2. Aligned sequences of the internal transcribed spacer region from 19 taxa of Krigia 
and outgroups. Complete sequences between two amplifying primers (P 1 and P 4 in Fig. 1) 
are aligned to maximum identity with minimal gap adjustments. Nucleotide positions start 
at the end of amplifying primer P 1. Dots (.) indicated matched sequences to the first taxon 
and bars ( - )  indicated the gaps. Species abbreviations are given in Table 1. Polymorphic 
sites are represented by following symbols: R -- A or G, Y -- C or T, M -- A or C, K -- G 
orT, W = A o r T ,  S = C o r G  

A total of  13 ambiguous polymorphic sites was detected from all other species. 
The majority (9/13) of  these are ambiguous nucleotides within the purine (A or G) 
or the pyrimidine (C or T) bases. The other four are ambiguous between purine 
and pyrimidine bases. 

Sequence divergence of the ITS region. Aligned sequences between the two am- 
plifying primers (P 1 and P 4 in Fig. 1) included 718 positions. No  sequence variation 
was observed for the first 32 bp (the 3' end of  18 S rRNA coding region) and the 
last 38 bp (the 5' end of  25 S r R N A  coding region). These regions and all ambiguous 
gap sites were removed prior to the calculation of  sequence divergence and phy- 
logeny reconstruction. A total of  238 variable sites was detected from the ITS 
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regions. More  than half  (55.9%) of these variable sites (142/238) were in ITS 1 
compared  to 36.6% (87/238) in ITS 2 and only 3.8% (9/238) in 5.8 S rDNA.  

Sequence divergences among 12 taxa in ITS 1, ITS2,  and whole ITS regions 
are given in Table 3. 

Phylogenetic analyses of ITS sequence. A total of 262 variable sites was detected, 
130 of  which were phylogenetically informative. The distribution of  the number  of 
informative positions by region was 60.8% (79/130) for ITS 1, 36.2% (47/130) for 
ITS2,  and 3.0% (4/130) for 5.8S. 

A pars imony analysis of  the ITS sequences of  18 taxa (without the hybrid K. 
montana) generated a single most  pars imonious tree with a length of  405 steps 
(including autapomorphies) ,  a consistency index of  0.62 (excluding au tapomor-  
phies), and a retention index of  0.71. The hybrid taxon, hexaploid K. montana, was 
added by hand  to this tree (Fig. 3). Inclusion of  a hybrid taxon to the data matrix 
resulted in six equally most  pars imonious trees with the same branch lengths (trees 
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K. dandelion 2 
K. virginica (d) 
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K. montana (t) 
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K. biflora (d) 
K. biflora (t) _ 
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Section 
Cymbia 

O u t g r o u p s  

Fig. 3. A single most parsimonious tree of Krigia and outgroups. All gap sites were treat 
as missing characters. The numbers without parentheses above (arabic) and below (italic) 
the node indicate the number of mutations and the decay index, respectively. The numbers 
in parentheses represent the percentage of times that a monophyletic group occurred in 
1,000 bootstrap replicates. The hybrid taxon (hexaploid K. montana) between tetraploid 
K. montana and diploid K. biJlora was added to the tree by hand after the PAUP analysis. 
The symbol in parentheses after species name indicate diploid (d), tetraploid (t), and 
hexaploid (h) 
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not shown). The strict consensus tree had one unresolved branch at the basal node 
of K. biflora and K. montana (cf. McDADE 1992). 

Decay analyses were continued until all nodes collapsed to assess the robustness 
of  each clade. At tree lengths of 406, 407, 408, 409, 410, 411, and 412 steps, there 
were 7, 15, 15, 15, 52, 147, and 316 equally parsimonious trees, respectively. All 
internal nodes collapsed at nine steps longer than the most parsimonious tree. 
Bootstrap values of  internal nodes ranged from 45% to 100%. Exclusion of multiple 
populations from the data matrix did not change either the tree topology or the 
number  of  steps supporting internal nodes, however, it generated slightly different 
decay indices and bootstrap values (Fig. 4). Similar analyses using only the ITS 1 
and ITS 2 (without 5.8 S) sequences also generated the same tree topology as that 
of  full ITS data set. 
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92 
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8 ~  K. dandelion 

6 ( 4 7 ) r ~ . ~ 2  K. virginica 
1 1 ~ K  " montana 

, ~ /  13 K. biflora 
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I I 6.895 Pyrrhopappus 
I 6.208 . . . 
11.470 I ~ Microserls 

I 8.074 Agoseris 
6.598 

S te pha no me ria 
14.638 Lactuca 

Figs. 4-5. Phylogenetic trees of seven species of Krigia and five outgroup genera using ITS 
sequence data. - Fig. 4. A single most parsimonious tree from reduced data set. Exclusion 
of multiple populations from data matrix (Fig. 2) resulted the same tree topology compared 
to full data set (see Fig. 3 for more detailed tree description). - Fig. 5. Neighbor-joining 
tree showing the relative distances among branches. Relative distances of the nodes and 
branches are given as 100 x value 
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Outgroup selection also did not change the tree topology for ingroup taxa. 
Pyrrhopappus was identified as a sister genus to Krigia using Lactuca as an outgroup. 
Inclusion or exclusion of any of the five outgroup genera did not affect the tree 
topology in Krigia if Pyrrhopappus was included. Agoseris and Microseris form a 
monophyletic clade among outgroup genera. Stephanomeria of the subtribe Ste- 
phanomeriinae was positioned as a sister genus to the subtr]be Microseridinae. 

The two sections of genus Krigia, Krigia and Cymbia, form monophyletic line- 
ages. Within sect. Cymbia, K. cespitosa and K. occidentalis form a monophyletic 
clade and their sister species was K. wrightii. Within sect. Krigia, the perennial 
species K. dandelion and the annual species K. virginica form a terminal mono- 
phyletic clade. A closely related species pair, K. biflora and K. montana, remained 
as independent lineages rather than forming a clade. 

Neighbor joining analyses also generated a tree topology identical to the par- 
simony tree (Fig. 5). Evolutionary distances of internal nodes and terminal branches 
were largely heterogeneous. 

Gap treatments and tree topology. A total of 25 independent insertion/deletion 
mutations was observed from the aligned ITS data set (Fig. 2). Thirteen of these 
are potentially phylogenetically informative (coordinates 55, 106, 195, 200, 208, 
223, 224, 225, 261,275, 484, 556, and 656 in Fig. 2). 

To investigate the possible impact of gaps on phylogenetic tree construction, 
we treated the gaps in three different ways: 1) gaps were simply coded as missing 
characters; 2) gap regions were excluded; and 3) gap areas were excluded and were 
coded as unweighted binary characters (present or absent). 

The previous section described the results of phylogenetic analyses using the 
first option (all gaps as missing characters). Removing gap areas from the data 
matrix (the second option) generated a single most parsimonious tree with a length 
of 397 (including autapomorphies), a consistency index of 0.62 (excluding aut- 
apomorphies), and a retention index of 0.71 (Fig. 6). The tree topology, CI, and 
RI (Fig. 6) were identical to that of the first option (Fig. 3). 

In the third option, all 13 gap areas were removed and 13 binary characters 
were added to the data matrix. The homology of three (coordinates 223, 224, and 
225) of 13 characters is somewhat ambiguous. This data matrix contains 705 aligned 
nucleotide sites and 13 binary characters (data not shown). Phylogenetic analyses 
generated two most parsimonious trees with a length of 424 steps (including aut- 
apomorphies), a consistency index of 0.61 (excluding autapomorphies), and a re- 
tention index of 0.71 (Fig. 7). The two trees show different topologies for members 
of the sect. Krigia. One of the trees has the identical topology to that of the first 
and second options (Figs. 3 and 6). However, the second tree has a novel ITS 
topology showing the [(K. dandelion, K. virginica) (K. montana, K. biflora)] rela- 
tionships, which was not observed in trees from any other type of data, including 
cpDNA (KIM & al. 1992a) and morphology (KIM & TURNER 1992). The strict 
consensus tree of the two trees shows totally unresolved relationships among the 
members of sect. Krigia (Fig. 7). 

The ambiguity in gap coding in Krigia argued for deleting all potentially syn- 
apomorphic gap areas (the second option) from the data matrix in subsequent 
phylogenetic comparisons. 
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Figs. 6-7. Phylogenetic trees of ITS data based on the different gap treatments. The arabic 
number above and the italic number below the node indicate the number of mutations and 
the bootstrap percentage from 1,000 replicates, respectively. The symbol in parentheses 
after species name indicate diploid (d), tetraploid (t), and hexaploid (h). - Fig. 6. A single 
most parsimonious tree of Krigia and related genera. All synapomorphic gap areas were 
excluded from data matrix prior to tree construction. The tree has identical topology, 
consistency index and retention index compare to that of  the Fig. 3. - Fig. 7. The strict 
consensus tree from two equally parsimonious trees. All synapomorphic gap areas were 
removed and added as a binary characters (present or absent) to the data matrix 

Phylogenet ic  analyses of combined data. To  simplify the individual  da ta  sets, all 
mul t ip le  popu la t i ons  o f  the same species were r e m o v e d  and  Pyrrhopappus was 
selected as a single ou tg roup .  The  reduced  da ta  sets have a substant ia l ly  smaller  
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number of synapomorphies than the full data sets (Table 4); nevertheless, parsimony 
analyses of each reduced data set showed tree topologies identical to the full data 
set (Fig. 8 A-D). There are 10,395 possible trees in the reduced unrooted eight taxon 
analyses using exhaustive search options. All data sets showed strong skewness of 
tree-length distribution, indicating that there is strong phylogenetic signal in all 
reduced data sets (Table 4). The skewness of the tree-length distribution varies from 
gl = - -  1.112 in cpDNA data to gl = - 0.639 in ITS data. 

The combined morphology, cpDNA, nrDNA restriction site, and ITS sequence 
data set contained 205 synapomorphic characters, including 18 morphological 
characters, 47 ITS nucleotide positions, 12 nrDNA restriction sites, and 128 cpDNA 
restriction sites. Phylogenetic analyses of the combined data resulted in a single 
most parsimonious tree with 250 steps and a consistency index of 0.83 (Fig. 8 E). 
The combined data show a strong skewness of the tree-lengths distribution 
(gl = - 0.979). The tree from the combined data had the same two monophyletic 
sections, Krigia and Cymbia, that were present in trees from all individual data 
sets (Fig. 8). Within sect. Cymbia, there was good congruence between the combined 
tree and each of the individual trees. Within sect. Krigia, two monophyletic species 
pairs were identified. The K. dandelion-K, virginica clade in the combined data was 
present in the ITS sequence and nrDNA restriction site trees. However, this group 
was not supported by the morphological or the cpDNA data. In contrast, the K. 
biflora-K, montana clade in the combined data occurred in both the cpDNA and 
morphological trees. This group was not supported in either the ITS or the nrDNA 
trees. Thus, both conflict and congruence were observed between the combined 
tree and each of the individual trees. 

The combinable consensus tree topology among four individual trees collapsed 
at the base of sect. Krigia (Fig. 8 F). The combinbed tree topology using the character 
re-coding method (DOYLE 1992) generated two equally parsimonious trees. Their 
strict consensus tree was identical to the combinable consensus tree (Fig. 8 F). 

Character ineongruenee within/among data sets. Different degrees of character 
incongruence were observed in each of four data sets (Table 4). ITS and rDNA 
data show more character conflict than morphological and cpDNA data. When 
all data sets are combined there are 45 extra steps on the best fitting tree (R = 205, 
L = 250, Table 4, Fig. 8 E), which is defined as total character incongruence. Nearly 
half (21/45) of the character incongruence in the combined data set originated from 
ITS data set (Table 4). Another 18 extra steps were required for the rDNA, mor- 
phological, and cpDNA data. These 39 extra steps explain the character incon- 
gruence within the individual data sets, which leaves six additional steps originating 
from incongruence among the four data sets (Table4). As a result, 13.3% (6/45) 
of the total character incongruence is due to the disparity among four data sets 
(IMF value of MICKEVICt-I & FARRIS 1981, Table 5). The IMF index may underestimate 
the character incongruence among data sets (SwoFFORD 1991 a). In particular, the 
value will generate an inaccurate estimate of character incongruence when the 
number of characters in each data set is unbalanced, which is the case in four Krigia 
data sets (Table 4). 

As an alternative method MIYAMOTO suggested a procedure for partitioning 
between from within data set incongruence (see SWOFFORD 1991 a, IM index). In 
order to calculate the IM index, each data set was mapped onto the trees computed 



T a b l e  3. S e q u e n c e  d ive rgences  o f  I T S  r e g i o n  f r o m  Krigia species a n d  o u t g r o u p  genera .  

O b s e r v e d  n u m b e r s  o f  n u c l e o t i d e  d i f fe rences  (pa i rwise  c o m p a r i s o n s )  a re  s h o w n  a b o v e  the  

d i a g o n a l  a n d  s equence  d ive rgences  c o r r e c t e d  fo r  m u l t i p l e  subs t i t u t ions  us ing  t w o - p a r a m e t e r  

m e t h o d  (KIMURA 1980) are  g iven  b e l o w  the  d i agona l .  M u l t i p l e  p o p u l a t i o n s  fo r  the  s a m e  

species are  n o t  i n c l u d e d  in this table .  Species  a b b r e v i a t i o n  a re  g iven  in T a b l e  1 

A. ITS 1 distance matrix 
DAN MON BIF VIR OCC WRI CES PYR AGO MIC STE LAC 

DAN - 8 19 4 31 28 28 42 50 45 48 66 
MON 0.0327 - 11 8 30 27 24 38 50 44 48 68 
BIF 0.0806 0.0454 - 16 34 32 27 41 53 47 53 71 
VIR 0.0161 0.0327 0.0674 - 30 27 25 37 49 42 51 68 
OCC 0.1350 0 . 1 3 1 9  0.1519 0.1319 - 23 15 43 57 56 58 76 
WRI 0.1227 0.1190 0.1437 0.1194 0.0991 - 17 41 49 50 58 74 
CES 0.1198 0.1026 0 .1169  0.1074 0 .0621  0.07t6 - 36 54 49 55 72 
PYR 0.1897 0 . 1 7 0 8  0 .1869  0.1670 0 .1946  0 .1871  0.1578 - 55 62 71 83 
AGO 0 . 2 3 8 3  0 . 2 4 1 3  0.2594 0 .2359  0.2804 0 .2355  0 .2592  0.2642 - 46 58 67 
MIC 0.2054 0 . 2 0 2 8  0 .2198  0 .1926  0.2677 0 .2363  0 .2264  0.2999 0.2182 - 63 79 
STE 0.2217 0.2225 0.2507 0 .2391 0 .2799  0 .2838  0 .2600  0 .3548  0 .2900  0.3096 - 67 
LAC 0.3308 0.3477 0.3666 0 .3463  0.4012 0.3910 0 .3725  0 .4458  0 .3525  0 .4226  0.3411 - 

B. ITS2 distance matrix 
DAN MON BIF VIR OCC WRI CES PYR AGO MIC STE LAC 

DAN - 2 8 0 11 14 12 20 35 23 17 45 
MON 0.0090 - 6 2 11 14 12 22 35 25 19 47 
BIF 0.0368 0.0274 - 8 11 14 12 23 37 29 21 42 
VIR 0.0000 0.0090 0.0368 - 11 14 12 20 35 23 i7 45 
OCC 0.0513 0 . 0 5 1 3  0 .0510  0.0513 - 7 3 24 37 29 24 46 
WRI 0.0664 0.0664 0.0660 0 .0664  0.0324 - 8 25 37 30 27 47 
CES 0.0559 0 . 0 5 5 9  0 .0555  0.0559 0 .0136  0.0370 - 25 38 30 23 46 
PYR 0.0963 0 . 1 0 6 5  0 .1118  0 .0963  0 .1173  0.1236 0.1221 - 33 32 22 21 
AGO 0 . 1 7 6 8  0 . 1 7 6 8  0 .1883  0 .1768  0.1889 0 .1908  0 .1940  0.1670 - 34 32 52 
MIC 0.1141 0.1247 0.1452 0 .1141  0.1457 0 .1526  0.1506 0 .1648  0.1741 - 32 52 
STE 0,0804 0 . 0 9 0 3  0 .1005  0.0804 0 .1163  0.1330 0.1106 0 .1072  0.1607 0.1618 - 41 
LAC 0.2355 0.2474 0 .2187  0 .2355  0 .2435  0 .2521  0 .2423  0 .2150  0 .2765  0 .2861 0.2117 - 

C. Combined ITS 
DAN MON 

DAN - l0 
MON 0.0214 - 
BIF 0.0595 0.0369 
VIR 0.0085 0.0214 
OCC 0.0946 0.0928 
WRI 0.0956 0.0936 
CES 0.0892 0.0802 
PYR 0.1444 0.1398 
AGO 0 . 2 0 8 5  0.2098 
MIC 0.1616 0.1653 
STE 0.1518 0.157t 
LAC 0.2841 0.2982 

D. ITS region (ITS 1, ITS 2, 
DAN MON 

DAN - 10 
MON 0,0160 - 
BIF 0.0457 0.0290 
VIR 0.0063 0.0160 
OCC 0.0695 0.0681 
WRI 0.0701 0.0686 
CES 0.0657 0.0591 
PYR 0.1070 0.1036 
AGO 0 . 1 5 1 5  0.1522 
MIC 0.1170 0.1194 
STE 0.1177 0.1215 
LAC 0.2094 0.2187 

1 and ITS 2 distance matrix 
BIF VIR OCC WRI CES PYR AGO MIC STE LAC 
27 4 42 42 40 62 85 68 56 111 
17 10 41 41 36 60 85 69 67 115 

- 24 45 46 39 64 90 76 74 113 
0.0527 - 41 41 37 57 84 65 68 113 
0.1024 0.0928 - 30 18 67 94 85 82 122 
0.1057 0 .0938  0.0669 - 25 66 86 80 85 121 
0.0872 0.0827 0.0390 0.0551 - 61 92 79 78 118 
0.1505 0 .1328  0.1574 0.1566 0.1409 - 88 94 93 124 
0.2245 0 .2071  0 .2355  0 .2139  0 .2275  0.2168 - 80 90 119 
0.1837 0 .1549  0.2082 0.1960 0 .1900  0 .2344  0.1970 - 95 131 
0.1759 0.1600 0 .1981  0.2086 0 .1858  0 .2291  0 .2254  0.2366 - 108 
0.2928 0.2916 0 .3223  0 .3218  0 .3078  0 .3285  0 .3147  0 .3551  0.2767 - 

and 5.8 S rDNA) distance matrix 
BIF VIR OCC WRI CES PYR AGO MIC STE LAC 
28 4 42 42 40 63 86 68 69 115 
18 10 41 41 36 61 86 69 71 119 
- 26 46 47 41 67 92 77 79 116 
0.0423 - 41 41 37 60 86 66 72 118 
0.0768 0.0681 - 30 18 68 95 85 86 126 
0.0791 0 .0687  0.0493 - 25 67 85 80 89 124 
0.0675 0 .0608  0.0289 0.0408 - 64 94 80 82 123 
0.1146 0.1019 0 .1161  0.1154 0.1080 - 91 96 98 130 
0.1639 0 .1519  0 .1698  0 .1530  0.1664 0.1608 - 81 95 122 
0.1340 0 .1137  0.1494 0 .1408  0.1387 0 .1709  0.1428 - 99 135 
0.1366 0.1235 0 .1503  0.1574 0.1419 0.i738 0 .1705  0.1768 - 116 
0.2124 0.2159 0.2345 0.2319 0 .2267  0 .2425  0.2266 0.2552 0.2123 - 
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A. ITS 
8 

100% 

K. dandelion 
K. virginica 
K. montana 
K. biflora 

K. occidentalis 
K. cespitosa 
K. wrightfi 
Outgroups 

3 

93% 1 

47% 

5 

76% 

B. rDNA 

C. Morphology 

3 

I" 
93% 

D. cpDNA 

K. virginica i 
K. dandefion 17 
K. montana s 

K. biflora I Ioo~ 
K. occidentalis 

K. cespitosa ~ ' ~  se I 
K. wrightii I 1 ° ° ~  
Outgroups 

E. Combined tree - Data 

S 13 

F. Combinable concensus tree 
K. dandefion 
K. virginica 
K. montana 

K. biflora 
K. occidentalis 

K. cespitosa 
K. wrightii 
Outgroups 

Fig. 8. Maximum parsimony trees showing the relationships among seven species of Krigia 
from various data sets. Numbers above the node indicate the numbers of changes supporting 
the nodes and the percentages below the node represent the bootstrap values. A ITS sequence 
data (this paper). B Nuclear ribosomal DNA restriction site data (K~M & MABRY 1991). 
C Morphological and cytological data (KIN & TURNER 1992). D Chloroplast DNA re- 
striction site data (KIM & al. 1992 a). E Tree derived from combined data set of A, B, C, 
and D. F Combinable consensus tree topology of four trees (A-D). The strict consensus 
tree from character recoding analyses (DOYLE 1992) generated the identical topology to 
the tree F 

for the other data sets and the number  of extra steps than minimum numbers of  
synapomorphies was calculated from all possible combinations of data sets (t value 
in Table 5). The within-data-set incongruence was also calculated from all possible 
combinations of  two data sets (s value in Table 5). Finally, the total character 
incongruence was calculated by adding all possible combinations among four data 
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T a b l e  4. S u m m a r y  o f  p a r s i m o n y  ana lyses  on  Krigia d a t a  sets. Al l  i n f o r m a t i o n  is de r ived  

f r o m  r e d u c e d  d a t a  sets unless  o the rwi se  ind ica ted .  O n l y  s y n a p o m o r p h i e s  were  used  in 
p a r s i m o n y  ana lyses  

I T S  r D N A  M o r p h o l o g y  c p D N A  C o m b i n e d  
( IGS)  

130 28 24 159 341 M i n i m u m  n u m b e r  o f  s y n a p o m o r p h i e s  

(full  d a t a  sets) 

M i n i m u m  n u m b e r  o f  s y n a p o m o r p h i e s  (R)  47 12 18 128 205 
( r educed  d a t a  sets) 

L e n g t h  o f  m o s t  p a r s i m o n i o u s  t rees  (L) 68 17 23 136 250 

N u m b e r  o f  ex t r a  s teps (s) 21 5 5 8 45 
N u m b e r  o f  equa l l y  p a r s i m o n i o u s  t rees  1 1 3 1 1 

C o n s i s t e n c y  indexes  (CI)  0.735 0.707 0.783 0.941 0.832 

R e t e n t i o n  indexes  (RI )  0.766 0.737 0.844 0.963 0.878 

Skewness  o f  t r ee - l eng th  d i s t r i b u t i o n  - 0.639 - 0.804 - 0.805 - 1.112 - 0.979 

(gl va lue)  

F i g u r e  i l lus t ra t ing  c o n s e n s u s  t ree 8 A 8 B 8 C 8 D 8 E 

T a b l e  5. C h a r a c t e r  i n c o n g r u e n c e  a m o n g  Krigia d a t a  sets. I n c o n g r u e n c e  b e t w e e n  d a t a  sets: 

e n u m b e r  o f  ex t r a  s teps t h a n  m o s t  p a r s i m o n i o u s  t ree r e q u i r e d  to c h a n g e  the  t ree t o p o l o g y  

f r o m  r o w  to  c o l u m n ,  i n c o n g r u e n c e  w i th in  d a t a  set: s n u m b e r  o f  ex t r a  s teps t h a n  m i n i m u m  

n u m b e r s  o f  s y n a p o m o r p h i e s  (see T a b l e  4) r e q u i r e d  to c h a n g e  the  t ree t o p o l o g y  f r o m  r o w  

to c o l u m n ,  t = e + s, M MIYAMOTO i n c o n g r u e n c e  i ndex  (I M value ,  SWOVVORD 1991 a), 
F MICKEVICH & FARRIS (1981) i n c o n g r u e n c e  index  (IMF va lue)  

F r o m  I T S  r D N A  M o r p h o l o g y  c p D N A  C o m b i n e d  

T o  ( IGS)  

I T S  - e = 0 e = 5 e = 6 e = 5 
s = 21 t = 5 t = 10 t = 14 t = 50 

- M = 0.000 M = 0.277 M = 0.194 M = 0.083 

r D N A  e = 0 - e = 5 e = 6 e = 5 

t = 21 s = 5 t = 10 t = 14 t = 50 

F = 0.000 - M = 0.444 M = 0.409 M = 0.138 

M o r p h o l o g y  e = 5 e = 3 - e = 0 e = 2 

t = 2 6  t = 8  s = 5  t = 8  t = 4 7  

F = 0.103 F -- 0.300 - M = 0.000 M = 0.074 

c p D N A  e =  1 e = 3  e - - 0  - e = 0  

t = 22 t - -  8 t = 5 s = 8 t = 45 

F = 0.033 F = 0.188 F = 0.000 - M = 0.000 

C o m b i n e d  e =  1 e = 3  e = 2  e = 0  - 

t = 22 t = 8 t = 7 t = 8 s = 45 

F = 0.015 F = 0.057 F = 0.038 F = 0.000 - 
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sets using the following formula: IM = [ ( 2 6 + 2 2 +  1 0 + 1 4 + 8 + 8 +  10 
+ 14+21 + 5 +  5 +  8 ) -  (21 + 5 +  8 +21 + 5 +  5 +  8 +  5 + 2 1 +  5 +  5 + 8)]/ 
(26 + 22 + 10 + 14 + 8 + 8 + 10 + 14 + 21 + 5 + 5 + 8) = (151-117)/151 
= 0.225. 

The average IM among all possible combinations of two data sets was 0.221. 
Thus, the average IM may also represent the IM index of the combined data (see 
M value in Table 5). Almost twice as much character incongruence was identified 
using the IM index (22.5%) than the IMF index (13.3%). Up to 44% character 
incongruence was observed between rDNA restriction site data and morphological 
or cpDNA data. ITS data also showed substantial character incongruence with 
morphological and cpDNA data. However, no character incongruence was ob- 
served between either IGS and ITS data, or cpDNA and morphological data. The 
combined data also showed less character incongruence with cpDNA and mor- 
phological data than with ITS and rDNA data (Table 5). 

Topological constraint analyses from one data set to another tree also show 
the degree of conflict between the two data sets (Table 5). However, the number 
of extra steps required to change the tree topology from one data set to the other 
was often asymmetric; for instance, six steps were required from cpDNA data on 
to ITS data, while only one step was needed from ITS data on to cpDNA tree. 
No extra steps were required between either cpDNA and morphological data, or 
ITS and IGS data. In contrast, several steps were required between the two nrDNA 
data sets and morphological/cpDNA data sets. 

Discussion 

Evolution of ITS region. The length of ITS 1 in the Lactuceae (Asteraceae subfam. 
Cichorioideae) is longer than that of ITS 2; the differences ranged from 24 bp to 
35bp. Similar length variation was also reported from the subtribe Madiinae 
(subfam. Asteroideae) of Asteraeeae (BALDWIN 1992) and 20 other genera of tribes 
Heliantheae and Eupatorieae, including Helianthus, Polymnia, Eupatorium, Helen- 
ium, Encelia, Gaillardia, Psilostrophe, Coreopsis, Hymenoxys, etc. (K.-J. K~M & R. 
JANSEN, unpubl.). 

The results from two subfamilies of Asteraceae indicated that ITS 1 is probably 
longer than ITS 2 in all members of the family. This is not always the case in other 
flowering plant families. For example, ITS 1 (235 bp) is 27 bp longer than ITS 2 
(208) in Vicia faba (Fabaceae) while ITS 2 (220) is 15 bp longer than ITS 1 (205) 
in Vigna radiata of the same family (Table 2). Both ITSs show similar size in two 
genera (Nicotiana and Lycopersicon) of Solanaceae and two genera (Avena and 
Hordeum) of Poaceae. However, ITS 1 (194) is 39 bp shorter than ITS 2 (233 bp) 
in a third genus (Oryza) of the Poaceae. The most extreme length difference (77 bp) 
is reported from Sinapsis alba of the Brassicaceae (Table 2). 

In the Lactuceae, length variation is more common in ITS 1 (20 variants) than 
in ITS 2 (5 variants) (Fig. 2). Most of the length variants are one or two base-pair 
insertions/deletions and occur at single direct repeats such as AA(A)A (positions 
46 and 224 in Fig. 2), CC(CC)C (position 250 in Fig. 2) and G(G) (positions 195, 
275, and 656). In addition, length mutations are also located in short direct and 
inverted repeats. The majority of these length variants are probably due to slippage 
during DNA replication (LEvINSON & GUTMAN 1987). 
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Short insertion/deletion mutations are the primary source of length variation 
in Asteraceae (this study and BALDWIN 1992). However, this is not in the case in 
other families. Length variation up to 200 bp was reported from nine genera of 
Fabaceae (JoP,6ENSEN & CLUSTER 1988). Differences of up to 100bp were also 
reported among individuals within a population of Lisianthus skinneri (Gentiana- 
ceae) (SYTSMA & SCHAAL 1990). These large insertions/deletions may be due to 
unequal crossing over of rDNA repeat units (SMITH 1976). Sequence information 
from both groups may help to understand the origin of large length variants. Length 
mutations also occur frequently at different positions even though they have the 
same length. 

ITS 1 changes faster than ITS 2 not only in length but also in sequence. ITS 1 
sequences evolve two times faster than ITS 2 (average sequence divergence 9.6% 
vs. 4.3%, Table3) in Krigia. Up to 44.6% of the sequence difference between 
Pyrrhopappus and Lactuca was in ITS 1, whereas, the difference was only 21.5% 
in ITS 2. Differential evolutionary rates between ITS 1 and ITS 2 were also reported 
from the Madiinae group (BALDWIN 1992), even though the author did not mention 
this fact. In this case, ITS 1 changes approximately 1.5 times faster than ITS 2. The 
reason for different levels of sequence conservation between the two ITS is unclear. 
We can only speculate that the two ITS sequences are under different evolutionary 
constraints. Comparative sequencing from other closely related plant groups may 
help to resolve this question. The high sequence divergence, along with high levels 
of homoplasy in ITS 1, among three subtribes of the Lactuceae raises serious 
concerns about the utility of the ITS 1 sequences in phylogeny reconstruction at 
higher taxonomic levels (above the subtribe level) in Asteraceae. 

The combination of ITS 1, ITS 2, and 5.8 S sequences reduced significantly the 
overall divergence values (Table 3 D). However, combining the sequences does not 
diminish the problems associated with ITS 1. High sequence variability in the ITS 
regions may relate to their structural variability. Recent computer-simulated sec- 
ondary structures of plant ITS sequences (VENKATESWARLU ~; NAZAR 1991) suggest 
that the detailed structure is not strongly conserved except for the core-like features, 
which may act to bring the mature termini into close proximity for splicing. 

Two different ITS types in a hybrid plant. Restriction site analysis of entire 
nrDNA from Krigia demonstrated the existence of two different sizes of the re- 
peating units from the hexaploid K. montana (KIM & MABRY 1991). Uniparentally 
inherited cpDNA data (KIM & al. 1992 b) together with biparentally inherited 
nrDNA data identified the tetraploid K. montana as the paternal genome donor 
and the diploid K. biflora as the maternal one. The presence of the 20 polymorphic 
nucleotide sites and the two length variants that distinguish K. montana and K. 
bifIora in the hexaploid K. montana indicate that the two rDNA types occur in a 
single individual. The ITS results are concordant with earlier studies using nrDNA, 
cpDNA, cytology, and morphology (CHAMBERS 1965, KIN & TURNER 1992). We 
have no information about a possible genetic recombination between the two types 
of nrDNA repeating units in the hybrid genome because our ITS data are based 
on the direct sequencing of amplified DNA. Sequencing of several individual mol- 
ecules through cloning of PCR product may provide an understanding of the 
concerted evolution of the nrDNA repeat in this hybrid polyploid. 
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The lack of length and sequence variation in the ITS region of the tetraploids 
of K. biflora and K. virginica compared with their diploid progenitors support 
previous hypotheses of their autpolyploid origin (CHINNAPPA 1981, KIM • TURNER 
1992). In contrast to nrDNA data, large numbers of cpDNA mutations were 
accumulated in the tetraploid populations (KIM & al. 1992b). The contrasting 
results between cytoplasmic and nuclear genomes may indicate either cytoplasmic 
gene flow without detectable nuclear gene flow (DORADO & al. 1992) or the biased 
gene conversion of nrDNA toward to the diploid rDNA repeat type (Hn.LiS & al. 
1991). 

Phylogenetie comparisons among data sets. The phylogenetic tree obtained from 
the ITS sequences (Figs. 3-5) has complete resolution of species relationships 
(Fig. 8 A) and is congruent with the tree based on nrDNA restriction site data 
(Fig. 8 B). The ITS tree also agrees well with morphological, cytological, and 
cpDNA data with respect to three clades: 1) Pyrrhopappus is a sister genus of 
Krigia; 2) both sections Krigia and Cymbia are monophyletic; and 3) Krigia wrightii 
is a sister species to the K. cespitosa-K, occidentalis group. 

The two most recent classifications (STEBmNS 1953, JEFFREY 1966) of tribe 
Lactuceae recognized two generic groups within the subtribe Microseridinae. Both 
systems group together the two North American genera, Krigia and Pyrrhopappus, 
and a South American genus, Picrosia, based on several morphological and cy- 
tological features (STEBmNS & al. 1953). Pollen morphology provided the most 
conclusive evidence for the close relationships between Krigia and Pyrrhopappus 
because these genera share three unique features, including absence of polar thick- 
ening, symmetrical polar lacunae and narrow parapolar ektexine (FEUER & TOMB 
1977, NORTHIN~TON 1974, KIM & TURNER 1992). Although these shared pollen 
characters are unusual in Microseridinae, the sister group relationship of these two 
genera was not accepted widely for two reasons. First, similar pollen types also 
occur sporadically in other subtribes of Lactuceae (BLACKMORE 1981). Second, 
some workers emphasized the distinctive position of Pyrrhopappus from all other 
genera of Microseridinae because of the occurrence of chalcone compounds (NOR- 
TI-IINCTON 1974, HARBORNE 1977). However, two chalcone compounds were iden- 
tified recently from K. dandelion (K.-J. KIM & T. MABRY, unpubl.). Chloroplast 
DNA restriction site data also supported the monophyly of the two genera (JANSEN 
& al. 1991). Our ITS tree identified Pyrrhopappus as a sister genus of Krigia using 
Lactuca as an outgroup. Thus, ITS data are in agreement with morphological, 
cytological, chemical, and cpDNA data for the sister group relationship of Krigia 
and Pyrrhopappus. 

The two sections of Krigia (Cymbia and Krigia) are readily distinguished from 
each other by several morphological and cytological features (StuNNERS 1947, KIM 
& TURNER 1992). Some earlier workers emphasized the distinctive morphological 
features of the two groups and treated them as separate genera (GRAY 1886, 
STANDLEY 1911). Section Cymbia is easily recognized by its reflexed phyllaries, a 
self-compatible breeding system and reflexed style branches. The section includes 
only three annual species: K. cespitosa, K. wrightii, and K. occidentalis (SHINNERS 
1947, KIM & TURNER 1992). Section Krigia, which is characterized by erect phyl- 
laries and a base chromosome number of 5, includes an annual species, K. virginica, 
and three perennial species, K. montana, K. biflora, and K. dandelion. Chloroplast 
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DNA data strongly support the monophyly of the two sections (KIM & al. 1992 a). 
The monophyly of sect. Cymbia was always stronger than the sect. Krigia in both 
cpDNA and morphological trees. The distinctness of the two sections was also 
indicated by the high level of cpDNA sequence divergence. Similar results are also 
observed with the ITS sequence data. The average sequence divergence between 
the two sections was 11.5% in ITS 1 and 5.8% in ITS 2. This value is comparable 
to some generic differences in the subtribe Madiinae (BALDWIN 1992). More ITS 
sequence data from diverse plant groups may provide a more accurate estimate of 
the range of sequence divergence within and between genera. The ITS sequence 
data also show strong agreement with morphological and cpDNA data with respect 
to the monophyly of the two sections and the level of divergence between them. 

Relationships among the three species of sect. Cymbia were unresolved in the 
morphological tree (Fig. 8 C) even though they are readily distinguished by achene 
morphology and chromosome number. All three species (K. wrightii, K. occidentalis, 
and K. cespitosa) have unique chromosome numbers in the genus (n = 9, 6, and 
4, respectively). Both cpDNA and nrDNA restriction site data provided support 
for the sister species relationship of K. occidentalis and K. cespitosa (Fig. 8 B, D). 
ITS sequence data also supported the monophyly of the group comprising these 
two species. As expected, the combination of morphological data with other data 
set improved the resolution in sect. Cymbia. 

Complete congruence of the ITS tree with other lines of evidence with respect 
to the three major clades within Krigia and to generic relationships demonstrate 
the utility of ITS sequence data for examining phylogenetic relationships at the 
intergeneric, intersectional, and interspecific levels. 

Limits of phylogenetic utility of ITS sequence data. Despite significant congruence 
of the ITS sequence data with other data sets, the ITS tree is substantially different 
from morphological and cpDNA trees for the species relationships of sect. Krigia. 
The three perennial species in the section (K. dandelion, K. montana, and K. bifiora) 
do not form a monophyletic lineage in the ITS phylogeny because the annual 
species, K. virginica, is nested within the perennial group. In contrast, the three 
perennial species form a strong monophyletic group in the morphological phylo- 
geny. The perennial species share several derived characters, including many bristles 
and scales (more than 20), whereas the annual species (K. virginica)has only five 
scales and bristles (KIM & TURNER 1992). All three morphological characters which 
defined the perennial node are not related functionally with each other. Monophyly 
of the perennial species require three additional steps than the most parsimonious 
tree in ITS data. 

Within the perennial clade, a sister species relationship between K. biflora and 
K. montana was firmly established by both morphological and cpDNA evidence. 
Cytological and breeding experiments further support the close relationships be- 
tween these two species (CHAMBERS 1965, CI4INNAPA 1981). However, ITS data do 
not indicate a sister group relationship between K. biflora and K. montana because 
the K. virginica-dandelion clade was nested within these two species. Monophyly 
of the K. montana-biflora clade requires only one additional step than the most 
parsimonious ITS tree. No conflict was observed between ITS data and IGS data 
even though they show slightly different degree of resolution. Conflict among data 
sets may due to homoplasy or different evolutionary constraints among data sets. 
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A higher level of homoplasy was observed for ITS (CI = 0.74) and nrDNA data 
(CI = 0.70), compared to morphological (CI = 0.78) and cpDNA data (CI = 0.94). 
As is often the case, the number of characters did not affect to levels of homoplasy 
in the four Krigia data sets, all of which have the same number of taxa (SANDERSON 
& DONOGnUE 1989). Most of the homoplasy in the two nrDNA-based data sets 
is concentrated in the two monophyletic nodes in sect. Krigia. Thus, the distribution 
of homoplasy may be one of causes of the different tree topologies in the two 
nrDNA phylogenies. The congruent nature of homoplasy between the two nrDNA- 
based data sets may reflect similar constraints on the evolution of the nrDNA 
repeat. This is not a surprise because concerted evolution is well known in nrDNA 
repeating units (DOVER 1982, HILLIS & al. 1991). In this situation, all nucleotide 
positions in the nrDNA repeating units are highly dependent on each other. The 
results from Krigia suggest that the nrDNA-based data may have an intrinsic 
weakness for the phylogenetic reconstruction in some plant groups. Our results 
also indicate that conflict between nrDNA and cpDNA data reported from several 
plant groups may not always be caused by the uniparentally inherited chloroplast 
genome. 

Combining the data in Krigia. There has been substantial controversy about how 
different data sets should be combined in phylogenetic analyses (BULL & al. 1993). 
One possible method is the consensus approach, but this has not been widely 
accepted because it usually results in less resolved trees than the individual data 
sets. Of the several available consensus methods, combinable component analysis 
usually generates more resolved trees (BREMER 1990). Our combinable component 
consensus tree, however, showed unresolved relationships among four species of 
the sect. Krigia because of the conflict between nrDNA tree(s) and cpDNA/mor- 
phological tree(s). 

Alternatively, tree topologies from each data set can be coded as an ordered 
multistate character or multiple binary characters (DOYLE 1992) and then the 
combined recoded data matrix can be re-analyzed using tree construction programs. 
This approach permits flexibility for weighting different trees. The combined tree 
from four Krigia trees using this approach resulted in a topology identical with 
that of the combinable component consensus (Fig. 8 F). 

The most frequently used combining method is the direct combination of dif- 
ferent data sets so that all of the characters are considered in tree construction 
(e.g., total evidence, MIYAMOTO 1985, H n i i s  1987, KLU~E 1989, DONO~m:E & 
SANDERSON 1992). Total evidence provides the best estimate of the phylogeny if 
different data sets are not in conflict with each other. If different data sets show 
significant conflict, however, total evidence may result in an unacceptable tree 
topology (SwoFFORD 1991 a, SHAFFER & al. 1991, BULL & al. 1993). 

The phylogenetic tree of Krigia derived from combining the four data sets shows 
both congruence and incongruence with the trees generated from the individual 
data sets (Fig. 8). Unresolved relationships among the three species of sect. Cymbia 
in morphological data (Fig. 8 C) were fully resolved in all three molecular data sets. 
Thus, the direct combination of morphological and molecular data provided an 
improved resolution for the morphological phylogeny. Complementary resolution 
is best achieved in this case by combining the cpDNA and morphological data. 
Unresolved relationships among three branches of sect. Krigia in the cpDNA tree 
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and unresolved relationships among the three species of  sect. Cymbia in the mor- 
phological tree were completely resolved by combining these two data sets. 

Direct combinat ion of  the ITS data with morphological  or c p D N A  data shows 
a mosaic tree topology from individual trees for the species relationships of  sect. 
Krigia (Fig. 8 E). The monophyly  of  the K. montana-K, biflora branch in the com- 
bined data set(s) is due to the morphological  and/or  c p D N A  data. In contrast, the 
monophyly  of  the K. dandelion-K, virginica clade in the combined data is influenced 
primarily by the ITS data. The high degree (up to 44%) of  character conflict 
between the n rDNA-based  data and the cpDNA/morphologica l  data indicate that 
the direct combinat ion of  the four data sets may result in an incorrect tree topology 
even though a combined data set shows the least conflict to each of  individual data 
set (Table 5). We believe that the monophyly  of  K. dandelion and K. virginica in 
the combined data is unlikely and it may due to concerted evolution of  the n r D N A  
repeat. Our data suggest that careful character analyses of  each data set is necessary 
prior to combining the data sets. 

Note added in proof: 

The degree of (in)congruence between data sets can be calculated by the indices of IMF 
(MIcKEWCn & FARRIS 1981) or IM (SwoFFORD 1991 a). However, examples in both papers 
are only for calculations using two data sets. In the current paper, we applied the two 
methods to four data sets. Because of requests from other laboratories, below we provide 
calculations for the four data sets used in this paper. 

IMV = Between data set incongruence/Total incongruence 
= [Total incongruence - Within data set incongruence]/Total incongruence 
= [Number of extra steps in combined data (St) - Sum of number of extra steps from 

each data set]/St . . . . . . .  (see Table 4) 
= [ 4 5 - ( 2 1  + 5 + 5 + 8 ) ] / 4 5  
= [45 - 39]/45 
=0.133 

IM = [Y~ t -- ~ S]/~ t . . . . . . .  (see Table 5 for the definitions of t, s, and e. There are 12 
possible combinations for four data sets.) 

= Y~ e/Y. t (because t = s + e) 
= 34/151 
= 0.225 
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