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Comparative DNA sequencing of the chloroplast gene 
matK was conducted using 41 Trillium taxa and two out- 
group taxa (Veratrum maackii and He/onias bullata). A 
total of 1608 base pairs were analyzed and compared., and 
then there were 61 variable (36 informative) sites among 
Trillium species. Fifteen insertion/deletion events (indels) 
of six or fieen base pairs were also detected. 
Phylogenetic analyses of the sequence data revealed that 
the subgenus Phyllantherum (sessile-flowered species) 
forms a distinct monophyletic group, whereas the subgenus 
Trillium (pedicellate-flowered species) does not form a 
monophyletic group, and is composed of three distinct 
groups and three basally located species in the tree: (1) the 
€rectum group, (2) the Grandiflorum group, and (3) the 
Pusillurn group and (4) the three species, including T. 
govanianum, T. undulatum, and T. rivale. T. rivale appears 
to be the most basally diverged and a very specialized taxon 
among the ingroup members. Our matK data indicated 
that the closest relative of the subgenus Phy//antherum is 
the Grandiflorum group. The results are concordant with 
the results of the RFLP analysis of cpDNA and also more or 
less with those of the cladistic analysis of morphological 
characters. 
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The genus Trillium (Trilliaceae) contains ca. 48 related 
species in temperate eastern Asia and eastern North Amer- 
ica, as well as western North America (Samejima and 
Samejima 1987, Soukup 1980, Fukuda et a/. 1996, Zomlefer 
1996, Case and Case 1997). The majority of Tri//jum species 
are associated with the ancient Arcto-Tertiary deciduous 
forests, which have persisted with dramatic changes in 
geographical ranges since the early Tertiary period in the 
northern hemisphere but especially in the North American 
continent during the Pleistocene Ice Age (Li 1952, Axelrod 
1966, Delcourt and Delcourt 1981, 1983, Tiffney 1985). 
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Today, each species of Trillium is restricted to one of three 
geographical areas-eastern Asia, western and eastern 
North America. All 38 North American species are diploid 
(2n=10), except for the rare triploids (Darlington and Shaw 
1959). In contrast, only one of the ten Asian species, T. 
camschatcense Ker-Gawler (= T. kamtschaticum Pallas), is 
diploid. The remaining species are allopolyploids showing a 
complex polyploid series of 2n=15,20,30 with combinations 
of different genomes (Haga 1937,1951, Haga et a/. 1974, 
Kurabayashi 1958). 

The genus consists of two subgenera: one comprises the 
pedicellate-flowered (erect and declinate) species (subgenus 
Trillurn), while the other includes the sessile-flowered 
species (subgenus Phy//antherum Raf.). The pedicellate 
members are distributed in both eastern Asia and North 
America, whereas all the sessile species are limited to North 
America, occurring in both the western and eastern United 
States (Freeman 1975, Samejima and Samejima 1987, Case 
and Case 1997). These Trillium species have long been 
studied from various standpoints including comparative 
morphology (Gates 1917, Berg 1958, Freeman 1975, lhara and 
lhara 1978, Samejima and Samejima 1987), cytogenetics and 
karyology (Bailey 1951, 1954, Haga and Kurabayashi 1954, 
Dyer 1964a, b, c, Utech 1980), speciation at the intra- and 
inter-population levels (Kurabayashi 1958, Haga et a/. 1974, 
Fukuda and Channel1 1975, Fukuda and Grant 1980, Fukuda 
and ltou 1996), pollen morphology (Takahashi 1982,1983, Wei 
1995), life history characteristics and population biology 
(Kawano et a/. 1986,1992, Kawano 1994, Ohara and Kawano 
1986a, b, Ohara and Utech 1986,1988, Ohara 1989, Ohara et 
a/. 1990), molecular systematics and evolutionary considera- 
tion based on chloroplast DNA (cpDNA) variation (Kato et a/. 
1995a, b) and cladistic analyses of morphological characters 
(Kawano and Kato 1995). All of these earlier studies were 
critically reviewed by Zomlefer (1996). 

In the present study, the chloroplast gene matK that 
encodes the maturase for splicing the precursor of the 
tRNALyS (UUU) (Neuhaus and Link 1987) was sequenced to 
provide molecular characters for inferring phylogenetic rela- 
tionships. According to Olmstead and Palmer (1994), among 
20 chloroplast genes (> I  kbp in length) that are useful in 
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molecular systematics, the matK gene is known to have the 
highest overall nucleotide substitution rate. Therefore, the 
sufficient size (-1,500 bp) and the high rate of substitutions 
makes the gene a valuable source of information for addres- 
sing systematic and evolutionary questions at a range of 
taxonomic levels, from closely related species to the generic, 
familial, and even supra-familial levels (see Steele and 
Vilgalys 1994, Johnson and Soltis 1994,1995, Soltis et al. 
1996, Liang and Hilu 1996, Hilu and Liang 1997). 

The objectives of this study are to clarify more rigorously 
the inter- and intra-subgeneric relationships in Trillium (using 
41 Trilium and 2 outgroup taxa) based upon the sequence 
data of the matK gene and also to compare the results of 
these molecular data with those of both cladistic analyses of 
morphological characters (Kawano and Kato 1995) and RFLP 
analyses of cpDNA (Kato et al. 1995a). An overall attempt 
will also be made to shed light upon the evolutionary history 
of this very interesting genus of Arcto-Tertiary origin. 

Materials and Methods 

Plant samples 
Forty-one taxa of Trillium were sampled and analyzed in 

the present study (Tablel). The proportion of species 
sampled within each subgenus are 19/25 (subgenus Trillium) 
and 22/23 (subgenus Phyl/antherum). Veratrum maackii 
Regel (Melanthiaceae) and Helonias bullata L. 
(Heloniadaceae) (Takhtajan 1997) were used as outgroups for 
the following reasons. First, the choice of Paris and Daiswa 
as outgroups for both molecular (Kato et a/. 1995a) and 
morphological studies (Kawano and Kato 1995) of Trillium 
posed a question, because the results thus far obtained 
suggest that they may be possible ingroup taxa (i.e., within 
Trillium) in studies of both rbcl (Kato et al. 1995b) and matK 
as well as ITS region of nrDNA in the Trilliaceae (Kazempour 
Osaloo and Kawano 1999). Second, several molecular 
analyses (Kato et a/. 199513, Davis 1995, Chase et al. 1995, 
Kawano et al. unpubl. data on the Liliiflorae sensu Dahlgren 
et al. 1985) suggested an unexpected relationship of the 
Trilliaceae with certain members of the Melanthiaceae. 

Voucher specimens of the plants analyzed are deposited 
in the herbaria of Kyoto University (KYO) and the Carnegie 
Museum of Natural History (cM). All Trillium and outgroup 
matK sequences used in this study were registered in the 
DNA Data Bank of Japan (DDBJ) (Table 1). 

DNA extraction 
Total genomic DNA was extracted from silica gel-dried 

leaves using the modified CTAB method of Doyle and Doyle 
(1987). In many cases, the same DNAs used in recent 
cpDNA restriction site analysis (Kato et al. 1995a) were used 
in the present study to generate matK sequences (Table 1). 

Polymerase chain reaction (PCR) 
The matK gene was amplified using the Taq polymerase 

(Toyobo) and primer pair, trnK-FF74 and trnK-2R (Fig.1). 
For the PCR amplification, each reaction mixture (1OOpl) 
contained 54 p I of sterile water, 10 pl of lox Taq polymerase 

reaction buffer (Toyobo), 10 pl of 25 mM MgC12,16 pl of 1.25 
mM dNTPs (Toyobo), 4 p l  of each of the two primers (40 
pmol), 0.4 pl (2 units) of Taq polymerase (Toyobo), and 2 p I of 
genomic DNA template (20-50 ng). Amplification was done 
in a DNA Thermal Cycler (Perkin Elmer Cetus) for 35 cycles. 
Each PCR cycle proceeded in the following manner: (1) 1 
rnin at 94 C to denature the double-stranded template DNA; 
(2) 2 rnin at 50 C to anneal primers to single-stranded DNA; 
and (3) 3 min at 72 C to extend primers. The first cycle was 
preceded by an initial denaturation step of 2 min at 94 C, and 
a final extention at 72 C for 7 rnin followed completion of the 
35cycles. Each set of reactions was monitored by the 
inclusion of a negative (no template) control. To remove 
unused amplifying primers and dNTPs, the PCR product was 
electrophoresed in a 1% agarose gel (using 1 x TAE as the 
gel buffer) stained with ethidium bromide, and then excised 
under low wave length UV light with a scalpel. The gel slice 
containing the DNA fragment was transferred to a 1.5 ml 
microcentrifuge tube and the DNA was recovered from the 
agarose gel using the Gene Clean I1 Kit (Bio 101, Inc.) 
according to the manufacturer’s instruction. The purified 
DNA was resuspended in 20p1 of sterile water. 

DNA sequencing 
Purified double-stranded DNAs were then used in cycle 

sequencing reactions that were conducted using the PrismTM 
Dye Deoxy Terminator Cycle Sequencing Ready Reaction Kit 
(Applied Biosystems). The cycle sequencing reaction mix- 
ture contained 80 ng of template DNA, 8 pl of terminator 
premix, 3.2 pl of primers (3.2 pmol), and the appropriate 
amount of sterile water for a total volume of 20pl. The 
cycle sequencing involved 25 cycles of denaturation for 30 
sec at 96 C, annealing for 15 sec at 50 C, and extension for 
4 min at 60 C; reactions were then held at 4 C. The follow- 
ing sequencing primers were used: trnK-FF74, matK-AF, 
matK-BF, matK-TFI, matK-TF2 and matK-CF for sense 
strand, trnK-2R, matK-8R, matK-TR, matK-TR2, and matK- 
AR for antisense strand. The internal primers matK-TFI, 
matK-TF2, matK-TR, and matK-TR2, were designed based 
on the amplified region of primers, matK-BF and matK-R of 
Ooi et al. (1995) for the two distantly related species of 
Trillium, i.e., T. camschatcense and T. sessile. The location 
and base composition of each of the primers used in this 
study are given in Table 2. 

Following the cycle sequencing, the reactions were pur- 
ified using the Ethanol Precipitation Protocol l (according to 
the Perkin Elmer Corporation’s instruction protocol, revision 
A, August 1995) to remove unincorporated dye terminators 
and then completely dried in a vaccum. The reaction 
pellets were resuspended in 6 pl of loading buffer [five parts 
of deionized foramide to one part of a mixture of 25 mmol/ 
I EDTA and blue dextran] and analyzed in an ABI Prism 
TMsn DNA Sequencer using 50% Long Ranger (a gel solu- 
tion) run in 1x TBE buffer. 

Data analysis 
The matK sequences were visually aligned with SeqEd 

(version 1.0.3, Applied Biosystems, Inc.); the few insertion/ 
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Tablel. Taxa included in the matK sequencing analyses 

31 

Taxa Locality DDBJ accession Collector(s) 
~ 

Eastern Asiatic species : 
1. T. apetalon Makino Japan : Toyarna, Ehcu-miyazaki 
2. T. camschatcense Ker-Gawler Japan : Hokkaido, Sarnani-cho 
3. T. govanianum Waliich ex Royle Bhutan : Himalayas, Shin-gonpa 
4. T. smallii Maximowicz Japan : Hokkaido, Kojima Island 
5. T. tschonoskii Maximowicz Japan : Hokkaido, Hakodate-yama 

6. T. catesbaei Elliott U.S.A. : Cult. in Knoxville garden 
7. T. cernuum L. U.S.A. : Wisconsin, Iron Co. 
8. T. erectum L. U.S.A. : Pennsylvania, Westmoreland Co. 
9. T. flexipes Rafin. U.S.A. : Illinois, Jackson Co. 

10. T. grandiflorum (Michaux) Salisb. U.S.A. : Pennsylvania, Westmoreland Co. 
11. T. nivale Riddell U.S.A. : Pennsylvania, Westmoreland Co. 
12. T. pusi//um Michaux USA. : North Carolina, Sokes Co. 
13. T. rugelii Rendle 
14. T. simile Gleason U.S.A. : Tennessee, Porters Creek, 

15. T. sulcatum Patrick USA. : North Carolina, Burke Co. 
16. T. undulatum Willdenow U.S.A. : Pennsylvania, Westmoreland Co. 
17. T. vaseyi Haribson 

18. T. ovatum Pursh USA. : California, Del Norte Co. 
19a. T. rivale S. Watson U.S.A. : California, Del Norte Co. 
19b. T. rivale S. Watson U.S.A. : Oregon, Takilma, Siskiyou Nat. For. 
19c. T. rivale S. Watson U.S.A. : Oregon, Josephine Co. Eight Dollar Rd. 

........................................................................................................................ 
Eastern Nwth American pedicellate-flowered species : 

Japan : Cult. in Bot. Gard. of Hokkaido Univ. 

Great Smoky Mountains 

Sweden : Cult. in Gotenburg Bot. Gard. 
Western North American pedicellate-flowered species : 

..................................................................... 
Eastern North America1 sessile-flowered species : 

20. T. cuneatum Rafin. U.S.A. : 
21. T. decipiens Freeman U.S.A. : 
22. T. decumbens Hahison U.S.A. : 
23. T. discolor Wray ex Hooker U.S.A. : 
24. T. foetidissimum Freeman U.S.A. : 
25. T. lancifolium Rafin. U.S.A. : 
26. T. ludovicianum Harbison U.S.A. : 
27. T. luteum (Muhl.) Haribson U.S.A. : 
28. T. maculatum Rafin. U.S.A. : 
29. T. recurvaturn Beck U.S.A. : 
30. T. reliquum Freeman U.S.A. : 
31. T. sessile L. U.S.A. : 
32. T. stamineum Harbison U.S.A. : 
33. T. u n d e w d i i  Small U.S.A. : 
34. T. viride Deck U.S.A. : 
35. T. viridescens Nuttall U.S.A. : 

36. T. albidum Freeman USA. : 
37. T. angustipetalum (Torrey) Freeman USA. : 
38. T. chloropetalum (Torrey) Howell USA. : 
39. T. chloropetalum var. giganteum U.S.A. : 

40. T. kutabayashii Freeman U.S.A. : 
41. T. petiolatum Pursh U.S.A. : 

Westem North American sessile-flowered species : 

(Hooker & Arnot) Munz 

S. Yoshida et a/. 
H. Kato*t 
S. Umezawa 
S. Kawano et a/. 
S. Kawano et a/. 

J. Freshour 
S. Kawano et a/.* 
S. Kawano et a/.* 
M. Ohara et a/. 
S. Kawano et a/. * 
F.H. Utech 
S. Kawano et a/. 
Unknown* 
S. Kawano 

S. Kawano et a/.* 
S. Kawano et a/.* 
Unknown 

S. Kawano et a/.* 
S. Kawano et a/.* 
K. Hayashi et a/. 
S. Kawano et a/. 

Georgia, Rabun Co. 
Florida, Jackson Co. 
Alabama, Shelby Co., Cahaba River 
South Carolina, McCormick Co. 
Louisiana, West Feliciana Parish 
South Carolina, McCormick Co. 
Louisiana, Rapides Parish, Alexandria 
North Carolina, Graham Co. 
Georgia, Early Co., Dly Creek 
Arcansas, Newton Co. 
Georgia, Columbia Co. 
Pennsylvania ; Westmoreland Co. 
Mississippi, Lauderdale Co., Kewanee 
Florida, Gaden Co., Flat River 
Missouri, Washington Co. 
Arkansas, Washington Co. 

California, Sonoma Co. 
California, Stanislaus Nat. For. 
California, Santa Cruz Co. 
California, Santa Cruz Co. 

California, Del Norte Co. 
Washington, Chelan Co. 

M. Ohara et a/. 
M. Ohara et a/.* 
M. O h m  et a/. 
M. Ohara et a/. 
M. Ohara et a/.* 
M. Ohara et a/.* 
M. Ohara et a/. 
M. Ohara et a/.* 
M. Ohara et a/.* 
M. Ohara et a/.* 
M. Ohara et a/.* 
S. Kawano et al.*t 
M. Ohara et a/.* 
M. Ohara et a/. 
M. Ohara et a/.* 
S. Kawano et a/.* 

M. Ohara et a/.* 
S. Kawano et a/. 
M. Ohara et a/.* 
S. Kawano et al. 

M. Ohara et a/.* 
M. Ohara et a/.* 

. . . . . . . 

...... 

number 

ABO17378 
ABOl7379 
ABOl7391 
ABO17408 
ABOl7411 
.....___..._....... 

ABOl7380 
ABOl7381 
ABOl7388 
ABOl7389 
ABOl7392 
ABO17398 
ABOl7401 
ABOl7405 
ABOl7407 

ABOl7410 
ABOl7413 
ABOl7414 

ABOI 7399 
ABOl7404 
ABOl7404 
Am17404 
.....____..._....... 

ABO17384 
ABOl7385 
ABO17386 
ABOl7387 
ABOl7390 
ABOl7394 
ABOl7395 
ABOl7396 
ABOl7397 
ABOl7402 
ABOl7403 
ABOl7406, 
ABOl74G9 
ABOl7412 
ABOl7415 
ABO17416 

ABOl7376 
ABOl7377 
ABOl7382 
ABOl7283 

ABO17393 
ABOI 7400 

Outgroup taxa : 
42. Helonias bu//ata L. U.S.A. : 
43. Vetatrum maackii Regel Japan : 

Virginia, Augusta Co., Blue Ridge S. Kawano et a/. ABO17375 
Gifu, Nyukawa-mura H. Kato ABOl7417 

* and t designate DNA samples used previously for RFLP analysis of cpDNA (see Kato et a/. 1995a) and rbcL sequencing (see Kato et 
a/. 1995b), respectively. 
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f +  + +  f 
AR TR2 TR1 8R 2R 

Fig.1. Relative position of the PCR amplification and sequencing primers used in this study. Arrows 
indicate the direction of strand synthesis. Boxed areas represent coding region. 

Table 2. Location and base composition of amplification and sequencing primers used in this study 

Primer 5’ sequence 3 Location* Designed by 

frnK- FR4 
matK-AF 

matK-TF1 

matK-CF 
trnK-2R 
matK-8R 
matK-TR1 

matK-AR 

mtK-BF 

mtK-TF2 

mtK-TR2 

ATACCCTGTCGG ACCATATTG 
CTATATCCACTATCVTCAGGAGT 
TCAG AAGGTITGCAGTCATTGTGG 
TAGTCAAATCCTTCAATGCTGG 
TGTACTAATAAATCCTCGGCGG 
TGACCGATITGGGCGTATATGCAG 
AACTAGTCGGATGGAGTAG 
AAAGTTCTAGCACAAGAAAGTCGA 
CCGCCGAAGG ATTTATTAGTACA 
CCAGCATTGAAGGATITGAACTA 
CTGTTG ATACATCGA 

676-697 
804-828 

1059-1083 
1 252- 1 274 
1793-1 81 5 
1966-1990 
2573-2555 
21 04-2081 
181 5-1 793 
1 274- 1 252 
956-941 

Yoshida and Hayashi unpubl. 
Ooi et a/. 1995 
Ooi et a/. 1995 
Kazempour Osaloo and Murakami** 
Kazempour Osaloo and Murakami** 
Yoshida and Hayashi unpubl. 
Steele and Vilgalys 1994 
Ooi et a/. 1995 
Kazempour Osaloo and Murakami** 
Kazempour Osaloo and Murakami** 
Yoshida and Hayashi unpubl. ’ 

* Location indicates the Start and end nucleotide positions relative to the tobacco sequence (Sugita et a/. 1985). 
* *  These primers were designed in this study. 

deletion events (indels) did not hinder alignment. Each indel 
was treated as a missing character or scored conservatively 
as a single evolutionary event in separate analyses. We 
employed two different methods for phylogeny reconstruc- 
tion: maximum parsimony (Fitch 1971,1977) and neighbor- 
joining (Saitou and Nei 1987). 

Phylogenetic analyses using the maximum parsimony 
method were performed with PAUP version 3.1.1 (Swofford 
1993). The most parsimonious trees were obtained using 
the heuristic search option involving 100 replications of ran- 
dom addition sequence and tree-bisection-reconnection 
(TBR) branch-swapping. All characters were specified as 
unweighted. To obtain confidence limits for various clades, 
a bootstrap analysis (Felsenstein 1985) was conducted. 
Bootstrap values with 1,000 replications were calculated 
using the heuristic search option (with TBR branch-swap- 
ping and simple addition sequence algorithms). 

For the neighbor-joining method, the computer program 
PHYLIP, version 3.57 c (Felsenstein, 1995), was used. To 
obtain the consensus neighbor-joining tree, the following 
procedures were conducted: Kimuras (1981) two-parameter 
estimates of the number of nucleotide substitutions per site 
(between sequences) were calculated using the DNADIST 
program of PHYLIP. A transition/transversion ratio of 1.0 
was used. The resulting distance matrix was then analyzed 
by the NEIGHBOR program of PHYLIP to obtain the tree. 
The SEQBOOT program of PHYLIP (1,000 replicates) was 
used to assign a bootstrap confidence value to each branch 
of the tree. 

Results 

We analyzed the matK sequences for 41 taxa of Trillurn 
and for two outgroup taxa. The alignment of 43 entire matK 
sequences provided a matrix of 1,608 base pairs (bp). Among 
the ingroup taxa, variable positions are more frequent in the 
5’ half of the gene than in the 3’ half, with 54% of all variable 
sites occurring between positions 1 and 778. Of the 61 
variable sites, 36 (59%) are phylogenetically informative. 
Among trilliums, T. rivale, recorded the highest autapomor- 
phic nucleotide sites (14 bp). T. govanianum, T. undulatum 
and T. pusillurn had 8,4, and 2 autapomorphic nucleotide 
sites, respectively. The matK sequence divergence from 
pairwise comparisons of Trillium species ranged from 0 to 
1.82% (Table 3). Fifteen insertion and deletion events 
(indels) of 6 or 15 bp were detected. Of these 15 indels, 
eight (six 6 bp insertions, and two 6 bp deletions) are unique 
to and shared by two or more Trillium species (Table4). 
These indels were used to construct the phylogenetic trees. 
It is noteworthy that within Trillium, there is a higher number 
of nucleotide substitutions (49 bp) among the pedicellate- 
flowered species than among the sessile-flowered species 
(12 bP). 

Phylogenetic analysis of the matK sequences (excluding 
indels) resulted in four equally parsimonious trees of 304 
steps with a consistency index (CI) of 0.924 (0.819 excluding 
uninformative characters) and a retention index (RI) of 0.916. 
Parsimony analysis of matK sequences plus indels (coded as 
presence/absence characters) produced three most parsi- 
monious trees of 321 steps with a CI of 0.916 (0.806 excluding 
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uninformative characters) and an RI of 0.913. 
The strict consensus of the resulting trees based on both 

analyses exhibited nearly the same topology (Fig. 2). The 
topology of the tree reconstructed by the neighbor-joining 
method (Fig. 3) was similar to that of the strict consensus of 
the most parsimonous trees. The tree topologies shown in 
Figs.2 and 3 give informative pictures of the infrageneric 
groups of Trillium, be., four major groups and three basally 
diverged species that can be recognized within the genus 
Trillium. 

1) The Sessile group (subgenus Phyllantherum), consisting 
of subgroups Recurvatum (including Trillium recurvatum and 
T. lancifolium), Albidum (including 13 species, together with 
the former subgroup making a clade with more than 85% 
bootstrap value), and Decipiens (including T. decipiens, T. 
undennloodii, T. decumbens, T. reliquum, and T. discolor, with 
more than 65% bootstrap value) as well as two species T. 
stamineum and T. petiolatum. Monophyly of the group was 
supported by more than 80% of the bootstrap value in both 
the most parsimonious and neighbor-joining trees. 

2) The Grandiflorum group (supported by a 98% bootstrap 
value) is represented by Trillium grandiflorum, T. nivale, T. 
simile, and T, ovatum. This group is most likely a sister to 
the Sessile clade. 

3) The Pusillum group includes only Trillium pusillum, 
which is a sister taxon to the Grandiflorum-Sessile clade. 

4) The Erecturn group (with more than 65% bootstrap 
value), consists of subgroups Camschatcense (including 
eastern Asian species, Trillium camschatcense, T. apetalon, 
T. smallii, and T. tschonoskii, with more than 75% bootstrap 
value), and Cernuum (including eastern North American 
species, with more than 80% bootstrap value). The latter 
subgroup is, in turn, composed of two subclades: one 
includes T. erectum, T. sulcatum, T. cernuum, T. flexipes, 
and the other comprises T. rugelii, T. catesbaei, and T. 
vaseyi. The Erectum group is clustered basal to the Grandi- 
florum-Sessile and the T. pusillum clade. 

5) The three morphologically and geographically diverse 
species, Trillium govanianum of the Himalayas, T. undulatum 
of eastern North America, and T. rivale of western North 
America, diverge at the base of the tree. However, attention 
should be given to the fact that T. rivale and the majority of 
the pedicellate species share lndel I (Fig. 2 and Table 4), with 
the exception of T. govanianum and T. undulatum. 

Discussion 

The phylogenetic analysis of the entire (1,608 bp or 1,608 
plus 15 indels) matK sequence for 43 taxa provided a robust 
infrageneric-level phylogeny for Trillium (Figs. 2 and 3). The 
results of the present study were compared to two other data 
sets: RFLP analyses of cpDNA (Kato et al. 1995a) and 
cladistic analyses of 22 gross morphological characters and 
one floral fragrance character (Kawano and Kato 1995). It is 
significant that all three trees resulting from the above- 
mentioned data sets (Fig. 8 in Kato et al. 1995a, Figs. 1 and 
2 in Kawano and Kato 1995, cf. Figs.2 and 3) are highly 
concordant in general relationships within Trillium. 

Monophyly and phylogenetic affinities of subgenus 
Phyllantherum 

All these three analyses provide strong support for the 
monophyly of the subgenus Phyllantherum (Sessile group). 
Thus, there is good support for recognizing the subgenus 
Phyllantherum as a distinct lineage. All these data sets also 
support the viewpoints of Berg (1958), who, based on mor- 
phological similarities (e.g., in flower construction) between 
species of the Sessile group, suggested that the group is 
monophyletic. Freeman (1975) suggested on a mor- 
phological and distributional basis that this subgenus can be 
further divided into three groups: I (two species, Trillium 
lancifolium and T. recurvatum), II (the T. sessile group includ- 
ing seven species: T. decipiens, T. decumbens, T. discolor, 
T. reliquum, T. sessile, T. stamineum and T. underwoodifl, 
and 111 (the T. maculatum group including 13 species: T. a/- 
bidum, T. angustipetalum, T. chloropetalum, T. cuneatum, T. 
foetidissimum, T. gracile, T. kurabayashii, T. ludovicianum, T. 
luteum, T. maculatum, T. petiolatum, T. viride, and T. virides- 
cens). 

All three data sets and pollen characters (Takahashi 1982, 
Wei 1995) confirm that two species of Group I, namely, 
Trillium recurvatum and T. lancifolium, which are character- 
ized by basally recurved sepals, strongly incurved anthers, 
slender, elongated rhizomes, and echinate-type exine of the 
pollen, make a monophyletic group consisting of only a pair 
of species. However, these data sets, in particular molecu- 
lar data, do not support the delimitation of either the T. 
sessile or the T. maculatum groups of Freeman (1975) (Figs. 2 
and 3). Indeed, groups11 and 111 sensu Freeman (1975) 
comprise very heterogeneous species assemblages in their 
gross morphology (Kawano and Kato 1995). 

The present matK gene analysis shows that the four 
sessile-flowered species, Trillium decipiens, T. reliquum, T. 
decumbens and T. undennloodii form a single clade, which 
partially coincides with the previous results obtained based 
on the RFLP analysis of cpDNA, in which only two species, 
T. decipiens and T. reliquum were examined (Kato et al. 
1995). All of these four species shared lndel 111 (Fig. 2). The 
results of cladistic analysis of morphological characters also 
support more or less the above results (Kawano and Kato 
1995). 

Both the matK and cladistic analyses of morphological 
characters confirm that Trillium petiolatum is an exceedingly 
specialized species which is distantly related to the remain- 
ing members of the Sessile group. This species possesses 
a short above-ground stem with long petiolated leaves at the 
ground surface and a unique corrugate-type exine of pollen 
(Takahashi 1982) and grows in xeric rocky habitats (Kawano 
et al. 1992). 

The results obtained thus far clearly show that the 
phylogenetic tree based on matK sequences agrees with the 
RFLP analysis of the cpDNA tree in supporting a close 
relationship between the Grandiflorum and Sessile groups. 
The close affinity between these two groups suggests that 
the Sessile group may have evolved from common ancestors 
of the Grandiflorum group. In light of the past geological 
succession (Chaney 1944, Axelrod 1966) and more recent 
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Table 3. Base pair differences (above diagonal) and number of base substitutions per site (below diagonal), 

T. cam. T. sma. T. ape. T. ere. T. cer. T. rug. T. vas. T. gra. T. niv. T. sim. T. ova. T. pus. 

T. camschatcensel) 
T. smallii 
T. apetalon 
T. erectum2) 
T. cernuum 
T. rugelii3) 
T. vaseyi 
T. grandiflorum 
T. nivale 
T. simile 
T. ovatum 
T. pusillum 
T. recurvatum 
T. lancifolium 
T. sessile4) 
T. albidum 
T. maculatum 
T. luteum 
T. decipiens5) 
T. decumbens 
T. reliquum 
T. discolor 
T. stamineum 
T. petiolatum 
T. govanianum 
T. undulatum 
T. rivale 

- 
0.00 
0.06 
0.26 
0.26 
0.26 
0.26 
0.84 
0.84 
0.91 
0.65 
0.58 
0.71 
0.71 
0.65 
0.65 
0.71 
0.71 
0.71 
0.71 
0.85 
0.71 
0.58 
0.59 
0.98 
0.65 
1.30 

0 
- 

0.06 
0.26 
0.26 
0.26 
0.26 
0.84 
0.84 
0.91 
0.65 
0.58 
0.71 
0.71 
0.65 
0.65 
0.71 
0.71 
0.71 
0.71 
0.85 
0.71 
0.58 
0.59 
0.98 
0.65 
1.30 

1 
1 
- 

0.32 
0.32 
0.32 
0.32 
0.91 
0.91 
0.97 
0.71 
0.52 
0.78 
0.78 
0.71 
0.71 
0.78 
0.78 
0.78 
0.78 
0.91 
0.78 
0.65 
0.65 
0.98 
0.65 
1.36 

4 
4 
5 
- 

0.00 
0.13 
0.13 
0.97 
0.97 
1.04 
0.78 
0.71 
0.84 
0.84 
0.78 
0.78 
0.84 
0.84 
0.85 
0.85 
0.98 
0.84 
0.71 
0.72 
1.11 
0.78 
1.56 

4 
4 
5 
0 
- 

0.13 
0.13 
0.97 
0.97 
1.04 
0.78 
0.71 
0.84 
0.84 
0.78 
0.78 
0.84 
0.84 
0.85 
0.85 
0.98 
0.84 
0.71 
0.72 
1.11 
0.78 
1.56 

4 
4 
5 
2 
2 
- 

0.00 
0.84 
0.84 
0.91 
0.65 
0.58 
0.71 
0.71 
0.65 
0.65 
0.71 
0.71 
0.71 
0.71 
0.85 
0.78 
0.58 
0.59 
1.11 
0.78 
1.56 

4 
4 
5 
2 
2 
0 
- 

0.84 
0.84 
0.91 
0.65 

0.58 
0.71 
0.71 
0.65 
0.65 
0.71 
0.71 
0.71 
0.71 
0.85 
0.78 
0.58 
0.59 
1.11 
0.78 
1.56 

13 
13 
14 
15 
15 
13 
13 
- 

0.00 
0.06 
0.19 
0.78 
0.78 
0.78 
0.71 
0.71 
0.78 
0.78 
0.78 
0.78 
0.91 
0.84 
0.65 
0.65 
1.3 
1.17 
1.76 

13 
13 
14 
15 
15 
13 
13 
0 
- 

0.06 
0.19 
0.78 
0.78 
0.78 
0.71 
0.71 
0.78 
0.78 
0.78 
0.78 
0.91 
0.84 
0.65 
0.65 
1 .a 
1.17 
1.76 

14 
14 
15 
16 
16 
14 
14 
1 
1 
- 

0.26 
0.84 
0.84 
0.84 
0.78 
0.78 
0.84 
0.84 
0.85 
0.85 
0.98 
0.91 
0.71 
0.72 
1.37 
1.24 
1.82 

10 
10 
11 
12 
12 
10 
10 
3 
3 
4 
- 
0.58 
0.58 
0.58 
0.52 
0.52 
0.58 
0.58 
0.58 
0.58 
0.72 
0.65 
0.45 
0.45 
1.24 
0.98 
1.56 

9 
9 
8 

11 
11 
9 
9 

12 
12 
13 
9 
- 

0.65 
0.65 
0.59 
0.59 
0.65 
0.65 
0.52 
0.52 
0.65 
0.59 
0.52 
0.52 
1.05 
0.92 
1.63 

- 
The italic numbers denote that the same sequence is present in the following species, respectively. 
I) T. tschonoskii 

3, T. catesbaei 
4, T. cuneatum, T. ludovicianum, T. viride, T. viridescens, T. foetidissimum, T. angustipetalum, T. kurabayashii, T. chloropetalum var. 

T. sulcatum and T. flexipes 

chlorqoetalum, and T. chloropetalum var. giganteum 
5, T. undemmdii 

Quaternary vegetational changes (Davis 1983, Delcourt and 
Delcourt 1981), one of the centers of speciation for the 
sessile-flowered group could have been in the Coastal Plain 
and adjacent areas. The modern ranges of the eastern 
sessile-flowered species (Samejima and Samejima 1987, 
Case and Case 1997) are centered in several areas, i.e. 
Coastal Plain, Ozarkian uplands, southern Applachians and 
Cumberland Plateau (Samejima and Samejima 1987, Kawano 
1994). 

The very close similarities in gross morphology, cpDNA, 
matK and ITS (Kazempour Osaloo and Kawano 1999) 
sequence variation among all the sessile-flowered species 
and their geographical as well as ecological ranges suggest 
a relatively recent divergence of this group. 

Phylogenetic affinities, and evolutionary divergence of sub- 
genus Trillium 

It is noteworthy that both cladistic analysis of mor- 
phological characters and molecular (i.e., cpDNA and matK 

sequences) data suggest that the subgenus Trillium (pedicel- 
late-flowered species) has diverged several times in its 
evolutionary history, resulting in at least two or three major 
lineages and three basally diverged species that are well 
differentiated and separated phylogenetically. In contrast to 
the subgenus Phyllanfherum, members of the subgenus 
Trilium are highly variable in both gross morphology and 
cpDNA restriction site patterns as well as matK gene 
sequences. This is consistent with the hypothesis which 
suggests that at least several pedicellate-flowered species 
within subgenus Trillium have had more ancient origins than 
sessile-flowered species (Freeman 1975, Kawano and Kato 
1995). However, speciation is still taking place in the 
pedicellate group through hybridization and polyploidization 
among some Asiatic species (Haga 1937, 1951, Kurabayashi 
1958) as well as North American species (Case and Case 
1997). 

Since all of the species in the genera Paris, Daiswa, and 
Kinugasa that are related to Trillium share a common char- 
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given as 100Xd, calculated according to Kimura (1981) 

T. rec. 

11 
11 
12 
13 
13 
11 
11 
12 
12 
13 
9 

10 
- 

0.00 
0.06 
0.06 
0.13 
0.13 
0.39 
0.39 
0.52 
0.45 
0.26 
0.26 
1.30 
1.11 
1.77 

T. Ian. 

11 
11 
12 
13 
13 
11 
11 
12 
12 
13 
9 

10 
0 

~ 

- 

0.06 
0.06 
0.13 
0.13 
0.39 
0.39 
0.52 
0.45 
0.26 
0.26 
0.30 
1.11 
1.77 

T. ses. 

10 
10 
11 
12 
12 
10 
10 
11 
11 

12 
8 
9 
1 
1 

- 

- 

0.00 
0.06 
0.06 
0.32 
0.32 
0.45 
0.39 
0.1 9 
0.19 
1.24 
1.04 
1.70 

T. alb. 

10 
10 
11 
12 
12 
10 
10 
11 
11 

12 
8 
9 
1 
1 

0 

~ 

- 
0.06 
0.06 
0.32 
0.32 
0.45 

0.39 
0.1 9 
0.1 9 
1.24 
1.04 
1.70 

T. mac. 

11 
11 
12 
13 
13 
11 
11 
12 
12 
13 
9 

10 
2 
2 
1 
1 
- 

0.00 
0.39 
0.39 
0.52 
0.45 
0.26 
0.26 
1.30 
1.11 
1.77 

T. Lut, 

11 
11 
12 
13 
13 
11 
11 
12 
12 
13 
9 

10 
2 
2 

1 
1 
0 

~ 

- 

0.39 
0.39 
0.52 
0.45 
0.26 
0.26 
1.30 
1.1 1 
1.77 

T. des. 

11 
11 
12 
13 
13 
11 
11 
12 
12 
13 
9 
8 
6 
6 
5 
5 

6 
6 

~ 

- 
0.00 
0.1 3 
0.19 
0.26 
0.26 
1 .30 
1.11 
1.77 

T. dec. 

11 
11 
12 
13 
13 
11 
11 
12 
12 
13 
9 
8 
6 
6 
5 
5 
6 
6 
0 

~ 

- 
0.1 3 
0.1 9 
0.26 
0.26 
1.30 
1.11 
1.77 

T. re/. 

13 
13 
14 
15 
15 
13 
13 
14 
14 
15 
11 
10 
8 
8 
7 
7 
8 
8 
2 
2 

~ 

- 
0.32 
0.39 
0.26 
1.31 
1.24 
1.77 

T. dis. 

11 
11 
12 
13 
13 
12 
12 
13 
13 
14 
10 
9 
7 
7 

6 
6 
7 
7 
3 
3 
5 

- 

- 
0.32 
0.32 
1 .30 
1.11 
1.77 

T. sta. 

9 
9 

10 
11 
11 
9 
9 

10 
10 
11 
7 
8 
4 
4 

3 
3 
4 
4 
4 
4 
6 
5 

- 

- 

0.1 3 
1.17 
0.98 
1.63 

T. pet 

9 
9 

10 
11 
11 
9 
9 

10 
10 
11 
7 
8 
4 
4 

3 
3 
4 
4 
4 
4 
4 
5 
2 

- 

- 
1.18 
0.98 
1.64 

T. gov. T. und. T. riv. 

15 
15 
15 
17 
17 
17 
17 
20 
20 
21 
19 
16 
20 
20 
19 
19 
20 
20 
20 
20 
20 
20 
18 
18 
- 

1.11 
1.77 

10 
10 
10 
12 
12 
12 
12 
18 
18 
19 
15 
14 
17 
17 
16 
16 
17 
17 
17 
17 
19 
17 
15 
15 
17 
- 

1.50 

20 
20 
21 
24 
24 
24 
24 
27 
27 
28 
24 
25 
27 
27 

26 
26 
27 
27 
27 
27 
27 
27 
25 
25 
27 
23 
- 

acter- a single pedicellate flower-, and furthermore the taxa 
of the above genera diverge at the basal position of the tree 
(Kazempour Osaloo and Kawano 1999). It is presumed that 
ancestral species of the genus Trillium were represented by 
pedicellate-flowered members. Indeed, we know now that 
Paris, Daiswa, and Kinugasa share a number of site changes 
in the matK gene of cpDNA and ITS, and because of this 
these genera are clustered basally at the in-group positions 
in the tree for the genus Trillium (further detailed discussions 
in Kazempour Osaloo and Kawano 1999). 

Available evidence also suggest that Trillurn undulatum, 
T. govanianum and T. rivale in particular had earlier diver- 
gence from ancient ancestors of the pedicellate Trillium, 
since they are always basally situated in the trees (Kato et a/. 
1995a, Kawano and Kato 1995). The gross morphology of T. 
undulatum is characterized by undulated petals possessing a 
showy, reddish purple painted base, definitely petiolated 
leaves, a slender ellipsoid ovary with a thin but conspicuous- 
ly three-parted stigma and a brilliant scarlet red berry and 

seeds with an oily elaiosome (ornithochory plus myrmecho- 
chory) (Ihara and lhara 1978, Kawano et a/. 1992, Kawano 
1994, Kawano and Kato 1995) as well as pollen with ver- 
rucate-type exine (Takahashi 1982). 

Trillium rivale, like T. undulatum, is a peculiar species that 
is characterized by long petioles, an exceedingly elongated 
peduncle at the fruiting stage which reaches the ground, an 
ovary with a short but thick style and a three-parted stigma, 
and a characteristic chromosome D (which has a short arm 
with a thread-like elongation between metaphase and 
anaphase) (Warmke 1937, Samejima and Samejima 1987). 

The matK sequence patterns of Trillium undulatum (2X), T 
rivale (2X) (Warmke 1937, Bailey, 1954, Fukuda et a/. 1968, 
Samejima and Samejima 1987), and T. govanianum (4X) 
(Haga and Watanabe 1966) (see following discussion) show 
greater variability than the remaining Trillium species, be. 
synapomorphic site changes with and without homoplasy as 
well as autoapomorphies (Fig. 2), when compared to the 
remaining trilliums and even related genera. As a whole, T. 
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Table 4. Characteristics of the 15 insertion/deletion events (indels) inferred in the multiple alignment of matK sequences in 41 taxa of 
Trillium relative to the reference taxon, Veratum maackii 

Size Phylogenetically 
lnde' RN (bp) Informative Sequence region* Taxa 

I 

II 

111 

IV 

V 

VI 

VII 

Vlll 

IX 

X 

XI 

VII 

Xlll 

XIV 

xv 

15 

45 

114 

1 47 

336 

354 

363 

570 

573 

588 

771 

771 

807 

1,458 

1,533 

6 

6 

6 

6 

15 

6 

6 

6 

6 

6 

6 

6 

6 

6 

15 

yes 

no 

yes 

no 

no 

no 

Yes 

yes 

yes 

yes 

no 

no 

no 

no 

no 

CAA------ GGA 
. . .  T T A C A A  . . .  
C A A C A A C A C T T C  

. . .  ------ . . .  
G G T  

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

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

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

A A A  
. . , C A A A T A  . . . 

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

T T A  
. . G A A T T T T  . . . 
A A A C C T A T T T A C  
. .  T------ . c .  

GTT------ G T G  
, A .  A T A G A T  . , . 

G T T A G A A T G G T G  

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

T T T C C T T T T A C T  
c . .  

A A T ---___ 
T T T --_--_ 

CCA ___________-___ 

. . .  --_-_- . . .  
ATA ---___ 
A A T -_--__ 
T T T -_____ 

A ______ . . .  . .  
--_--- . . .  

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

. . .  T C T T T A G A T T G G T C A . G A  
A A T  ___-_------ ---- 

Erectum, and Grandiflorum groups, 
T. pusillum and T. rivale 
T. pusillum 

T. decipiens, T. underwoodii, 
T. decumbens, and T. reliquum 
All Trillium species 

All Trillium species 

All Trillium species 

T. erectum, T. sulcatum, T. cernuum, 
T. flexipes, T. rugelii, T. catesbaei, and T. vaseyi 
T. erectum, T. sulcatum, T. cernuum, 
T. flexipes, T. rugelii, T. catesbaei, and T. vaseyi 
T. camschatcense, T. apetalon, 
T. tschonoshii, and T. smallii 
T. reliquum, and T. petiolatum 

T. maculatum 

All Trillium species 

All Trillium species 

All Trillium species 

All Trillium species 

* Dash represents missing base; dot indicates that the same nucleotide present in the reference taxon is also present in the species 
containing the indel. RN=reference nucleotide (the position of the last nucleotide preceding the indel in unaligned sequences of the 
reference taxm). 

rivale has the highest variability in its matK and ITS 
sequences relative to other members of the Trilliaceae 
(Kazempour Osaloo and Kawano 1999). This taxon diverges 
at the base of both matK and ITS trees. 

Gates (1917) postulated that Trillium rivale was possibly 
derived from T. ovatum through a dwarf mutation, and a 
somewhat similar viewpoint was presented by Fukuda et a/. 
(1968) based on the results of differential chromosome 
staining of both T. ovatum and T. rivale using a cold treat- 
ment. However, as pointed out above, the results of the 
present molecular analysis do not indicate a direct 
phylogenetic relationship between these two species. We 
are not, thus, ce~ain at present whether or not T, rivale 
represents one of the true ancestral species of the genus 
Trillium. 

All three of these data sets show that Trillium apetalon, T. 
sma/lii, T. tschonoskii, and T. camschatcense of eastern Asia 
form a distinct clade, the Camschatcense subgroup. There- 
fore, these findings are completely in agreement with various 
lines of evidence, including gross morphology (Samejima and 
Samejima 1987), palynology (Takahashi 1983), chromosome 
morphology and genome constitutions (Haga 1937, Kura- 

bayashi et a/. 1958, Kurabayashi 1958), flavonoid chemistry 
(Yoshitama et al. 1997), and life history traits (Ohara 1989, 
Kawano et a/. 1992, Kawano 1994) and suggests a close 
relationship among the members of the Camschatcense 
subgroup. 

The results of both molecular analyses and cladistic 
analysis of morphological charaters, moreover, show that the 
members of the Camschatcense subgroup and Trillium 
erectum, T. sulcatum, T. cernuum, T. flexipes, T. rugelii, T. 
catesbaei, and T. vaseyi of eastern North America (the 
Cernuum subgroup) form a distinct clade, the Erecturn group, 
although the tree topologies obtained are not exactly the 
same; in the matK tree, the group supported by moderate 
bootstrap value (> 65%). The close affinities between the 
Cernuum and Camschatcense subgroups have also been 
confirmed by cross-pollination tests (Haga and Channel1 
1982), pollen morphology (Takahashi 1982,1983), life history 
characteristics (Ohara 1989, Kawano et al. 1992, Kawano 
1994), chromosome banding patterns (Fukuda 199Oa) and 
isozyme analyses (Fukuda 1990b). 

It is presumed that the members of the Cernuum and the 
Camschatcense subgroups may have originated from a 
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57% 

79% 

77% 

Mt 
307 579 

86% 

55% 

Recurvatum I subgroup 
T. recurvatum 
T. lancifolium 
T. albldum 

T. cuneatum 
T. ludoviclanum 

T. maculatum X I  

T. luteum 
T. viride Albldum 

T. vlrldescens subgroup 

T. foetidlssimum 

T. chloropetalum** 
T. angustlpetalum 

T. kurabayashii 

T. sessile 

T. declplens 111 
T. undennroodli 111 
T. decumbens 111 

8T. reliquum 111, X 

T. discolor 

T. stamineum 

63% 

Declpiens 
subgroup 

b-!- T.pet1olatum x 
T. grandlflorum 

T. nlvale 
Grandifloru 

T. simile group 
313 466 994 1561 T. ovatum 

Subgenus 

Phyllantherum 

(Sessile group) 

T. sulcatum 
T. cernuum VII, VIII 

Cernuum T. flexlpes 
T. rugelli subgroup 

T. vaseyl 
T. catesbael 

T. camschatcense 
T. apetalon 

T. small11 
T. tschonoskli 

T. govanlanum 

IX 

Camschatcens 1 subgroup 

T. undulatum 

T. rivale I 

Helonlas bullate 1 
I58 353 366 MIS 773 978 994 1031 1293 1491 1493 1494 IS75 law* 

Erectum 
group 

Subgenus 

Trillium 

11- Veratrum maackll I (Outgroups) 
- 

Fig. 2. Strict consensus of the three most parsimonious trees resulting from phylcgenetic analysis of matK 
sequences plus indels (scored as binary characters) for Trillium and outgroup taxa Percentages above 
the branches are bootstrap values. Open and black bars represent informative nucleotide site changes 
with and without homoplasy, respectively. Hatched bars represent autapomorphic nucleotide sites 
changes. *Bars represent indel characters. lndels are also depicted in roman numerals (shown in 
Table 4) for the taxa in which they occur. * *Two varieties of T. chlmpefalum, viz., var. ch/oropeta/um 
and var. giganteum were analysed. 
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- 
T. maculatum 

- T. stamineum 

- T. petiolatum 

Helonias bullata L /- Veratrum maackii 

Fig. 3. Neighbor-joining distance tree resulting from phylogenetic analysis of matK sequences for Trillium 
and outgroup h a .  Percentages at internodes are bootstrap values. Scale indicates the base 
substitution per site. * T. albidum, T. angustipetalum, T. cblmpetalum var. cbloropetalum, T. cblor- 
opetalum var. giganteum, T. cuneaturn, T. foetidissimurn, T. kurabayashii, T. ludovicianum, T. viride and T. 
viridescens 

common ancestor which once had a continuous geographi- 
cal range from eastern North America to northeastern Asia 
across the Bering Sea before the Pleistocene glaciations 
(Fukuda 1990b), upon which the members of the Camschaf- 
cense subgroup further differentiated via polyploidization. 
Indeed, Trillium erecfum and T. camfschafcense are still 
compatible and produced FI seeds by artificial hybridization, 
although the FI plants were completely sterile in pollen and 
seed-setting (Haga and Channel1 1982). Furthermore, there 
are obviously some missing links among the currently exist- 
ing species of the Camschafcense subgroup- i.e., T. camfs- 
cbafcense is the only diploid species with the KlKl genome 
among Asiatic species, while T. fschonoskii and T. apetalon 
are tetraploids with different genomes, K2K2lT and SSUU 
respectively (Kurabayashi 1958). 

Our matK analysis shows that Trillium grandiflorum, T. 
nivale, T. simile and T. ovaturn form a very well-supported 
monophyletic group (the Grandilorum group), whereas this 
clade was not revealed by the cladistic analyses of mor- 
phological characters, a result that probably reflects the 
higher homoplasy in morphological characters, notably 

extreme specialization of various morphological characters in 
T. nivale. Case and Case (1997) recognized T. simile 
Gleason as an independent species in their taxonomic 
treatment, although it was once regarded as a variety of T. 
vaseyi, or a form of T. erecfum var. vaseyi. 

They referred Trillium simile to the T. erecfum group, but 
the results of the present molecular analysis clearly indicate 
that this species doubtless belongs to the Grandiflorum 
group. This species has very showy large creamy white 
petals similar to T. grandiflorum, but a dark purple-black 
ovary (Case and Case 1997, Kawano unpubl. obs.). 
Palynological evidence also shows that the Grandilorum 
group, which has a spinulate exine ornamentation, is a 
distinct group (Takahashi 1982). In the matK tree, T. nivale, 
T. simile, and T. grandiflorum form a clade (with more than 
93% bootstrap value) within the Grandiflorum group, whereas 
in the cladistic analysis of morphological characters, T. 
grandiflorum and T. ovafum form a clade that is basally 
positioned to the major pedicellate groups. The close 
affinity between T. nivale and T. grandiflorum was also noted 
by Bailey (1954) and lhara and lhara (1982) based on similarity 
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of the karyotypes. Our matK data show that T. pusillum is 
a sister group to the Grandiflorum-Sessile clade, whereas in 
the cladistic analysis of morphological characters it forms a 
clade with T. nivale, which is outside the large major clade. 
This probably indicates homoplasy in the morphological 
criteria chosen for the analysis. T, pusillum comprises six 
geographical varieties, each with very localized ranges (Cabe 
1995, Cabe and Werth 1995, Case and Case 1997), in which 
two forms, a pedicellate-flowered form (var. pusillum) and a 
sessile-flowered form (var. virginanum) have been known as 
representatives. Unlike the members of the Grandiforum 
group, T. pusillum is characterized by a connated portion at 
the base of the carpel prolongation, making a remarkable 
common style and stigmata, and by pollen exine with radially 
striated granules. 

Based on the gross morphology and chromosome data, 
North American pedicellate-flowered Trillium species have 
been regarded as constituting two subgroups (Utech 1980, 
Samejima and Samejima 1987): the Erecturn subgroup (six 
species, T. erectum, T. sulcatum, T. cernuum, T. flexipes, T. 
rugelii, and T. vaseyi] and the Grandiflorum subgroup (eight 
species, T. grandiflorum, T. nivale, T. ovatum, T. persistens, 
T. catesbaei, T. pusillum, T. undulatum, and T. rivale). As 
was mentioned above, our earlier RFLP analysis of cpDNA 
(Kato et a/. 1995a) and the present molecular analysis sup- 
port the monophyly of the Erecturn subgroup, but the results 
show that the Grandiflorum subgroup (sensu Utech 1980, 
Samejima and Samejima 1987) is quite heterogeneous and 
does not form a single clade. 

The phyolgenetic position of Trillium govanianum 
It is now clear from the matK data that Trillium govanianum 

together with T, undulatum constitutes a sister group to the 
remaining groups, which seems to reflect more rigorously 
their true phylogenetic positions. These two species also 
have many characters in common, such as their very distinc- 
tive floral characters and pollen grains with a gemmate exine 
sculpture (Takahashi 1983 and pers. comm.), suggesting their 
close affinities. 

On the other hand, the affinities and systematic treatment 
of Trillium govanianum with its very distinctive floral morphol- 
ogy, characteristic pollen grains (which is similar to those of 
P. tetraphylla and K. japonica as well as to exine sculpture of 
T. undulatum [Takahashi pers. comm.]), and karyotype, 
have long been considered enigmatic (Haga and Watanabe 
1966, Takahashi 1983,1984, Hara et a/. 1978, Samejima and 
Samejima 1987, Case and Case 1997). Based on 
cytogenetic studies, Haga and Watanabe (1966) concluded 
that T. govanianum is an allotetraploid species (2n=20) 
composed of two different genomes (characterized by two 
pairs of satellited C chromosomes), neither of which are to be 
found in the present-day Japanese and North American 
species. Noltie (1994) and Case and Case (1997), following 
Hara et a/. (1978), have resurrected Trillidium Kunth as a 
distinct genus, and treated the Himalayan species as Tril- 
lidium govanianum (Don) Kunth. Takahashi (1983), in agree- 
ment with Hara et a/. (1978), suggested, on the basis of the 
isolated features (monosulcate) in pollen morphology of T. 

govanianum, that the species should be excluded from 
Trillium. However, topologies obtained for both matK (Figs. 
2 and 3) and ITS (Kazempour Osaloo and Kawano 1999) 
analyses are not concordant with this palynological evi- 
dence. 

The results of matK gene analyses (also RFLP in Kato et 
a/. 1995a, and ITS in Kazempour Osaloo and Kawano 1999) 
show that Trillium rivale, T. undulatum, and T. govanianum 
may perhaps be ancestral to the remaining members of the 
Trillium species, although cladistic analyses of morphological 
characters do not conform precisely to the molecular ana- 
lyses (Kawano and Kato 1995). 

€cological radiations in Trillium habitats 
The modes of ecological radiations in the habitats of the 

pedicellate group of the genus Trillium should be noted here 
in more detail. The majority of the Trillium species are 
typical elements of the temperate deciduous forest floor 
(Samejima and Samejima 1987, Kawano 1994, Case and 
Case 1997). However, T. undulatum and T. govanianum are 
members of the northern hardwoods forests transitional to 
boreal forests or subalpine coniferous forests, which obvi- 
ously represent a derived ecological condition in the genus 
Trillium. 

The habitat of Trillium rivale needs a more detailed 
description. It is a highly specialized endemic species and 
occurs in exceedingly dry rocky serpentine habitats with 
good drainage at the northern California-Oregon border 
(Fukuda et a/. 1968, Kawano et a/. 1992, Case and Case 
1997), where a number of other local endemics or edaphic 
ecotypes are also known (Kruckeberg 1954, Whittaker 1954, 
Proctor and Wwdell 1975, Hickman 1993). There are 
known numerous cases of serpentine ecotypes or endemics 
that have differentiated from more wide-spread non-serpen- 
tine species (Kruckeberg 1951,1954). The origin of T. rivale 
is likewise assumed to be strongly related to this extremely 
specialized edaphic condition in the serpentine habitats 
(Walker 1954, Raven 1964), but its phylogenetic position in 
the molecular tree constructed based upon the matK gene 
sequences is still inexplicable in terms of presently available 
information. The possession of the distinctly petiolate 
leaves of T. rivale is only a morphological character shared in 
common with T. undulatum and T. govanianum, both of 
which are also basally located together in the matK and ITS 
(data not presented here) trees. 

Raven (1964) argues in reference to the results of a 
number of experimental studies (Kruckberg I951,1954,1969a, 
b, Bradshaw 1952, Nixon and McMillan 1964) that plants 
which occupy unusual soil types such as serpentine almost 
inevitably induces genetically distinct variation under catas- 
trophic selection (Lewis 1962). Indeed we do find an 
exceedingly high edaphic endemism in serpentine habitats 
(Mason 1946a, b, Kruckeberg 1951,1954,1969a, b, Ohba 
1968, Brooks 1987). The precise eco-evolutionary status of 
Trillium rivale requires additional study. 

Phylogenetic significance of matK indels 
Several indels present in Trillium (Table4) were used to 
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infer phylogeny in this genus, and indeed this evidence 
further supported the phylogenetic interpretation of the tree 
topology. 

lndel I is present in all members of both the Erecturn and 
the Grandiflorum groups as well as in Trillium pusillum and T. 
rivale. This indel is an insertion and suggests probably 
multiple origins of the taxa. However, an alternative expla- 
nation is also possible because of the fact that indel I is 
shared by all the pedicellate species except for the two 
species, T. undulatum (2X) and T. govanianum (4X). If we 
assume three steps of evolutionary changes from the proto- 
Trillium ancestors which had this insertion, it is possible to 
have this topology consisting of four clades (the Grandiflorum 
group, T. pusillum, the Erecturn group, and T. rivale) with indel 
I, as seen in Fig. 2. We can further assume that all descen- 
dant pedicellate species once shared this insertion, but it 
may have been lost again in the ancestors of T. undulatum 
and T. govanianum, although it is not directly traceable at 
present. Indeed, the number of base pair differences 
between T. rivale and the pedicellate species belonging to 
the Erecturn group is much less than with the remaining 
groups of the pedicellate species (the Grandiflorum group) 
and the Sessile group, suggesting their much closer affinities 
(Table 3). 

lndel II is unique to Trillium pusillurn, a peculiar taxon that 
perhaps diverged much earlier than the Grandiflorum group. 
lndel 111 is present in T. decipiens, T. underwoodii, T. decum- 
bens, and T. rehquum. These four species, together with T. 
discolor, form a monophyletic subgroup (the Decipiens sub- 
group) within the Sessile group. Thus, the present interpre- 
tation is that this indel did not occur in the ancestor of the 
Decipiens subgroup but appeared later on and crrently 
shared in the above four species. lndel X was detected only 
in T. reliquum and T. petiolatum. This indel is a deletion but 
its origin is inexplicable at present. 

lndel XI is unique to Trillium maculatum, a member of the 
Albidum subgroup. The presence of this indel and also of 
the stop codon TAA (which also exists in T, luteum) instead 
of TGA (which is present in remaining Trillium and its rela- 
tives) in T. maculatum is very unique to this typical coastal 
plain species. 

Significantly, all members of the Cernuum subgroup (from 
eastern North America) (see Fig. 2) possess indels VII and VIII, 
two insertions that were not detected elsewhere in the 
genus. Hence, these indels apparently arose only once. It 
is noteworthy that indels VII and Vlll are absent, however, 
from all members of the Camschatcense subgroup (from 
northeastern Asia), taxa that constitute the sister clade to the 
Cernuum subgroup and that with the latter constitute the 
Erecturn group. Likewise, indel IX is unique to all members 
of the Camschatcense subgroup and apparently also arose 
only once. Hence, this indel further supports the monophyly 
of the subgroup. 

The results of the present analysis based on matK gene 
sequencing data provide more convincing evidence as to the 
phylogenetic relationships among the 41 Trillium taxa 
examined. 
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