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ABSTRACT. These comprehensive analyses of systematic relationships within Trilliaceae focused on the relationships
within Paris sensu lato (i.e., Paris, Daiswa, and Kinugasa); between species of Trillium; and between Paris sensu lato and
Trillium. Seventy species were selected for cladistic analyses and scored for 110 morphological characters; matK and ITS
molecular characters were obtained from GenBank for a subset of 26 taxa. Based on the preliminary results, Trillium rivale
was used as a functional outgroup. For the subset of 26 species, analysis of the combined ITS and matK sequence data
produced six shortest trees; the morphological data, 13 shortest trees; and the combined morphological and molecular data
sets, three trees. Analyses of the full morphological data set of 70 species produced 76 shortest trees. Trillium rivale was
distinct from both Paris and Trillium and should be placed in its own genus, for which the name Pseudotrillium is proposed.
Trillium govanianum was more closely related to Paris than to Trillium but should be retained as a monotypic genus, Trillidium.
Trillium and Paris were monophyletic based on molecular as well as morphological evidence. The cladistic analyses strongly
support the separation of Paris sensu lato into Daiswa, Kinugasa, and Paris. The monophyly of Trillium after removal of
Pseudotrillium and Trillidium was supported in all but the large morphological analysis; subgenus Phyllantherum was mono-
phyletic in all cases, but subgenus Trillium was not monophyletic.

Because of their simple and distinctive morphology
(a single flower subtended by a single whorl of leaves
on an otherwise naked aerial stem), Trilliaceae have
been easy to circumscribe but difficult to place (Table
1). Since initial recognition of the family as a unit by
Lindley in 1846 (Reveal 1998), its members have been
placed in seven orders and as parts of five families
(Table 2; Zomlefer 1996; Farmer 2000). Recent studies
such as those using rbcL gene sequences (Chase, pers.
comm.; Chase et al. 1993, 1995a; Kato et al. 1995b),
chloroplast DNA (cpDNA) restriction site analysis (Da-
vis 1995; Kato et al. 1995a), and combined morpholog-
ical-restriction site analyses (Stevenson and Loconte
1995; Chase et al. 1995b) show that Trilliaceae are
monophyletic and clearly separate from other lilia-
ceous genera. This has reinforced the concept that Tril-
liaceae are not part of a traditional, broad Liliaceae and
should in fact be recognized as a separate family. Sev-
eral of these same studies as well as others (Davis
1995; Chase et al. 1995b; Davis et al. 1998; Fuse and
Tamura 1999, 2000; Chase et al. 2000; Rudall et al.
2000; Zomlefer et al. 2001) place Trilliaceae within a
larger clade containing Melanthiaceae.

Based on molecular evidence, the APG (1998) in-
cludes Trilliaceae in Melanthiaceae as tribe Parideae
under the principle of monophyly. The morphology,
however, is extremely divergent between these two
groups (Zomlefer 1996, 1997, Zomlefer et al. 2001;
Farmer 2000); there are no morphological synapomor-
phies that unite these two groups as separate from oth-
er Liliaceous plants (Dahlgren and Clifford 1982; Gold-
blatt 1995). The characters that they do share such as
basifixed anthers, the lack of xylem vessels, and the

presence of steroid saponins seem to be plesiomorphic
in nature with the rest of Liliaceae s.l. The divergence
in ITS sequences (Baldwin et al. 1995) between Melan-
thiaceae and Trilliaceae adds support for treating Tril-
liaceae as a separate family. Variability in the 5.8S re-
gion is quite high; 21.3% of the sites were variable
whereas in the “Trilliaceae only”” data set 6.7% were
variable. (For the whole data set, with Veratrum maackii
Regel as the outgroup, 55.4% of the sites were variable;
with Trillium rivale S. Wats. as outgroup only 30% of
the sites were variable.) For these reasons, we treat Tril-
liaceae as a separate family.

The systematics of Trilliaceae are not resolved, de-
spite a long history of study and the distinctiveness of
the group. One major question regards generic delin-
eation in Trilliaceae: is the traditional generic split be-
tween Trillium L. and Paris L. valid or should all spe-
cies be placed in a single genus? The latter hypothesis
was generated when initial analysis of rbcL data re-
vealed little variation or separation (Chase, pers.
comm.). To complement molecular studies, a thorough
examination of morphology is desirable to determine
if the traditional separation of Paris (sensu lato) and
Trillium is valid.

The traditional view of generic limits in Trilliaceae
is separation into the two Linnaean genera based on
floral merosity: Trillium is trimerous, whereas Paris is
4- to 11-merous. Within Trillium, the major question
involves whether the two subgenera (based on the
presence or absence of a pedicel [Freeman 1969, 1975])
are monophyletic (summary in Zomlefer 1996). Within
Paris, the debate has been whether to recognize a sin-
gle broad genus (Hara 1969; Li 1984, 1998) or split it
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TaBLE 1. Generic types of Trilliaceae. Numbers after the genus name refer to numbers of species: National Flora (e.g., Flora of China
or Flora of North America)/Tamura/this treatment. All species have a single flower subtended by a whorl of leaves on an otherwise

naked stem.

Genus name and type

Description

Trillium L. (43/43/41)
T. cernuum L.
Paris L. (25/14/14)
P quadrifolia L.
Daiswa Raf. (NA/10/10)
D. polyphylla (Smith) Raf.
P, polyphylla Smith in Rees
Trillidium Kunth (NA/NA/1)
T. govanianum Kunth
Kinugasa Tatew. & Suté (NA/1/1)
K. japonica (Franch. & Sav.) Tatew. & Sutd
Trillidium japonicum Franch. & Sav.
Pseudotrillium S. Farmer (NA/NA/1)
P, rivale (S. Wats.) S. Farmer
Trillium rivale S. Wats.

Trimerous phyllotaxy; flowers sessile (subg. Phyllantherum) or
pedicellate (subg. Trillium).
4- to 12-merous phyllotaxy; flowers pedicellate;

4- to 12-merous phyllotaxy; flowers pedicellate;

Trimerous phyllotaxy; tepaloid inflorescence; petiolate leaves;
pedicellate flowers.

7- to 10-merous phyllotaxy; showy white sepals; pedicellate
flowers.

Trimerous phyllotaxy; broad spotted petals; petiolate leaves;
pedicellate flowers.

into three genera (Takhtajan 1983). The most recent
treatment of the family recognizes Trillium, Paris, Dais-
wa Raf.,, and Kinugasa Tatew. & Sut6 (Tamura 1998).
Despite the fact that molecular data place Trilliaceae
near or even within a clade comprised of Melanthi-

aceae (Davis 1995; Chase et al. 1995b; Davis et al. 1998;
Fuse and Tamura 1999, 2000; Chase et al. 2000; Rudall
et al. 2000; Zomlefer et al. 2001), taxa of Melanthiaceae
are not satisfactory outgroups for Trilliaceae (Farmer
2000). The high amount of both molecular and mor-

TaBLE 2. Historical placement and composition of genera associated with Trilliaceae. Liliaceae in assumed to be in Liliales. 1. Medeola
as Gyroomia. 2. Medeola. 3. Scoliopus 4. Demidovia Hoffm. 5. Listed in synonomy for Trillium, but mentioned in text. 6. Clintonia Raf. 7.

Paris s.s. 8. Trillium and Trillidium.

Included genera

Reference Date Trillium Paris Other Family Order
de Jusseau 1789 Liliaceae
Dumortier 1829 X X 1 Paridaceae Paridales
Endlicher 1836-1840 X X 2,4 Smilaceae (Parideae)
Lindley 1846 X X 5 Trilliaceae Dioscorales
Kunth 1850 5 X Smilacineae
Watson 1879 5 X 2,3 Liliaceae (Trilleae)
Bentham & Hooker 1883 X X 2,3,6 Liliaceae (Medeoleae)
Engler 1888 X X 2 Liliaceae (Parideae)
Dalla Torre & Harms 1908 X X 2,3 Liliaceae (Parideae)
Hutchinson 1926 X X 2,3 Trilliaceae Liliales
Rendle 1930 X X Liliaceae
Cronquist 1968 Liliaceae
Takhtajan 1959 Trilliaceae Dioscorales
Melchior 1964 X X 2 Liliaceae (Parideae)
Huber 1969 Trilliaceae Stemonales
Takhtajan 1969 Liliaceae
Willis 1973 X X 2,3 Trilliaceae
Dahlgren 1975 Trilliaceae Stemonales
Huber 1977 Trilliaceae Roxburghiales
Takhtajan 1980 X X Trilliaceae Smilicales
Dahlgren et al. 1985 X X 3 Trilliaceae Dioscorales
Takhtajan 1987 X 7 Trilliaceae Dioscorales
Watson & Dallwitz 1991b X X 2,3 Trilliaceae Dioscorales
Brummitt & Powell 1992 X 7 3
Thorne 1992 X X Trilliaceae Liliales
Nolte 1994 8 X Trilliaceae
Stevenson & Loconte 1995 Trilliaceae Stemonales
Watson & Dallwitz 1996 X 7 Trilliaceae Dioscorales
Takhtajan 1997 Trilliaceae Trilliales
APG 1998 Melanthiaceae Liliales
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phological divergence between Melanthiaceae and
Trilliaceae makes assessment of character homologies
difficult. Other species that have been linked to Trilli-
aceae (e.g., Medeola virginiana L. or a composite of both
species of Scoliopus Torr.) have also not proved to be
satisfactory outgroups (Farmer 2000). Our preliminary
analyses showed, however, that when a putative in-
group species, Trillium rivale, was used as a functional
outgroup, clear resolution of other members of the
family was obtained.

The current study was undertaken to make a critical
and systematic analysis of morphological data for Tril-
liaceae. The initial goal was to test whether or not flo-
ral merosity was an adequate character to separate
Trillium from Paris s.1., and whether other morpholog-
ical characters supported this separation. The avail-
ability of molecular data from GenBank for a small
subset of species offered the opportunity to integrate
molecular with morphological data. The identification
of a functional outgroup was essential to clarify intra-
familial relationships and generic boundaries. The re-
sults provided comprehensive cladistic analyses of
Trilliaceae and have application for the systematics
and classification of the family.

METHODS

Sample Selection. Species were chosen as the unit for analysis
(Kron and Judd 1997). 70 species, including all of those currently
recognized as valid, were selected for the morphological analyses
(Appendix 1). Samejima and Samejima (1987), Li (1984, 1998), and
Takhtajan (1983) served as primary sources although species more
recently recognized were also included. The Flora of China (Liang
and Soukup 2000) was used as the source for currently recognized
Paris s.1. taxa.

Character Selection. 110 morphological characters were scored
(Appendix 2). Some characters were selected because they are
widely used field characters (leaf shape, petal color, anther dehis-
cence), and others because they have been important taxonomi-
cally within their particular genus or subgeneric group (placen-
tation, seed arils) or important in separating genera (pollen data
or endosperm type). Character states were scored or measured
based on a combination of literature reports and observations of
herbarium specimens and live plants. Complete details about char-
acters and their scoring are given in Farmer (2000).

DNA sequence information for two gene regions was available
from GenBank for a subset of taxa used in the morphological anal-
ysis (Table 3). The two molecular data sets were the Internal Tran-
scribed Spacer (ITS) region (ITS1, 5.8s, ITS2 sequences) of nuclear
ribosomal DNA, and the chloroplast DNA sequences for the ma-
turase (matK) gene. All sequences were visually aligned, and gaps
were treated as missing. The ITS sequences, obtained from
GenBank (Kazempour Osaloo and Kawano 1999) consisted of 648
base pairs (of which 199 were variable); there were 27 indels (Table
4). The matK sequences were also obtained from GenBank (Ka-
zempour Osaloo et al. 1999) and comprised 1578 base pairs, 84 of
which were variable; there were seven indels (Table 5). All aligned
data matrices, tree files, and supporting data (e.g., sources for mor-
phological characters) are available from the author (sfarmer@
goldsword.com) or from http://www.goldsword.com/sfarmer/
Article/. The data matrices have also been deposited in TreeBase.

Outgroup Selection. Trillium rivale was chosen as the outgroup
based primarily on preliminary analyses which indicated basal
placement in the molecular analyses, unusual placement in the
morphological analysis, and the fact that potential outgroups out-
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TaBLE 3. Taxa included in the matK and ITS sequencing anal-
ysis. Legend: species, location, collector, GenBank accession num-
bers. GenBank accession numbers are listed with matK first then
ITS. matK and ITS sequences published in Kazempour Osaloo and
Kawano (1999), and matK sequences in Kazempour Osaloo et al.
(1999).

Veratrum maaxkii Regel, Japan: Nyukawa-mura, H. Kato,
AB017417, AB018826

Daiswa fargesii (Franch.) Takht., Japan; Cult. in Royal Bot.
Gard. of Setsunan Univ., J. & H. Murata, AB018827, AB018800.
D. polyphylla (Smith) Raf., Thailand: Chiang Mai; Doi Inthan-
on, M.N. Tamura, AB018828, AB018801. D. thibetica (Franch.)
Takht., UK: Cult. in Royal Bot. Gard. of Edinburgh, Unknown,
AB018829, AB018802. D. violacea (Lév.) Takht., Japan: Cult. in
Bot. Gard of Setsunan Univ, ]. & H. Murata, AB018830,
AB018803

Kinugasa japonica (Franch. & Sav.) Tatew. & Suto, Japan: To-
yama; Tateyama-machi, Mt. Tateyama, H. Kato, AB018831,
AB018804

Paris incompleta M. Bieb., UK.: Cult. in Royal Bot. Gard. of
Edinburgh, Unknown, AB018832, AB018805. P. tetraphylla A.
Gray, Japan: Hokkaido; Hakodate City, Mt. Hakodate-yama,
H. Kato, AB018833, AB018806. P wverticillata M. Bieb., Japan:
Hokkaido; Hakodate City, Mt. Hakodate-yama, H. Kato,
AB018834, AB018807

Trillium camschatcense Ker Gawl., Japan: Hokkaido, Samani-
cho, H. Kato, AB01739, AB018808. T. chloropetalum (Torr.) How-
ell, USA; CA, Santa Cruz Co., M. Ohara et al., AB017382,
AB018809. T. decipiens Freeman, USA: FL, Jackson, Co., M.
Ohara et al. AB017385, AB018810. T. discolor Wray ex Hooker,
USA: SC, McCormick Co., M. Ohara et al, AB017387,
ABO018811. T. erectum L., USA: PA, Westmoreland Co., S. Ka-
wano et al., AB017388, AB018812. T. govanianum Wall. ex Roy-
le, Bhutan: Himalayas, Sin-gonpa, S. Umezawa, AB017391,
AB018813. T. grandiflorum (Michx.) Salisb., USA: PA, West-
moreland Co., S. Kawano et al.,, AB017392, AB018814. T. lan-
cifolium Raf.,, USA: SC, McCormick Co., M. Ohara et al.,
AB017394, AB018813. T. maculatum Raf., USA: GA; Early Co.,
Dry Creek, M. Ohara et al., AB017397, AB018816. T. ovatum
Pursh, USA: CA, Del Norte Co., S. Kawano et al., AB017399,
AB018817. T. petiolatum Pursh, USA: WA, Chelan Co., M.
Ohara et al.,, AB017400, AB018818. T. pusillum Michx., USA:
NC, Sokes Co. (Sic.), S. Kawano et al., AB017401, AB018819.
T. recurvatum Beck, USA: AR, Newton Co., M. Ohara et al.,
AB017402, AB018820. T. reliquum Freeman, USA: GA, Colum-
bia Co., M. Ohara et al., AB017403, AB018821. T. rivale S.
Wats., USA: OR, Takilma, Siskiyou Nat. For., K. Hayashi et al.,
AB017404, AB018822. T. rugelii Rendle, Japan: Cult. in Bot.
Gard. of Hokkaido Univ., Unknown, AB017405, AB018823. T.
sessile L., USA: PA, Westmoreland Co., S. Kawano et al.,
AB017406, AB018824

side the family were problematical. A variety of genera were con-
sidered as potential outgroups, including Dioscorea L., Amianthium
A. Gray, Veratrum L., Xerophyllum Michx., Medeola, and Scoliopus,
but none of these proved satisfactory. With T. rivale as the out-
group, there were fewer shortest trees, and the consensus trees
from these were better resolved than with other potential out-
groups. This is covered in more detail in the Results section.
Congruency Analysis. When multiple data sets from different
sources are under consideration, several options are available: sep-
arate analyses followed by combining trees (taxonomic congru-
ence), combined analyses (character congruence), or conditional
combined analyses (combination if the data sets are congruent).
The primary argument for taxonomic congruence is that characters
with different underlying evolutionary assumptions or unequal
rates of evolution should not be combined (Bull et al. 1993). The
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TaBLE 4. Indels for the ITS gene sequence data set for Trilliaceae. Location is the location of the first base pair from the aligned

sequences.
Taxa possessing the
Number Location Indel sequence base-pair sequence
1 bp45 ‘aat’ T. camschatcense
Y
2 bp48 ‘gah’ all except T. rivale and T.
'g-h’ undulatum
3 bp49 'ahc’ all except T. undulatum
'a- ¢’
4 bp50 'ahc’ all except Paris s.1.
'a- ¢’
5 bp82 ‘aat’ T. pusillum
Y
6 bp89 ‘cct’ T. pusillum
c-t
7 bp96 ‘cent ! Daiswa
Y
8 bpl44 'yrg’ T. govanianum, P. incompleta, P.
'y-g’ tetraphylla, T. camschatcence
9 bp145 rgk’ Paris s.s., Trillium except for T.
T-k’ rivale and T. govanianum
10 bp197 atr’ all except T. camschatcense
Y
11 bp202 rgc’ sessile-flowered Trillium
oo
12 bp205 ‘cya’ all except D. violacea
c-a’
13 bp209 'yot’ all except P incompleta
y-t'
14 bp215 ‘twg’ D. fargesii, D. polyphylla, D.
't-g’ violacea, and T. ovatum
15 bp218 'shy’ all except D. polyphylla and D.
's-y’ violacea
16 bp219 'hyg’ all except D. fargesii
h-g’
17 bp232 ‘bt ggt’ T. rivale
Mmoot
18 bp449 ‘gktsraa’ all except T. rivale
ge---- a’
19 bp492 ‘cct’ T. camschatcense
c-t
20 bp502 'gcgg’ all except T. rivale
'9--g’
21 bp518 'tgtk’ P, tetraphylla
ook
22 bp525 '‘tatg’ P incompleta
t--g’
23 bp601 ‘dna’ all except D. fargesii and
'd-a’ sessile-flowered Trillium
24 bp602 'naact ¢’ T. rivale
"Moo’
25 bp611 ‘Wt g’ sessile-flowered Trillium
W g'
26 bp612 't gkgacacccani all except T. rivale
R m
27 bp634 'ygct ' T. pusillum
Y-t

primary advantage of character congruence is that characters from
different data sets can strengthen weak phylogenetic signal to the
point that it can overcome noise (Sullivan 1996).

Measures of taxonomic congruence and character congruence
were examined even though the data sets were combined since the
total evidence method (Kluge 1989; Huelsenbeck et al. 1996; Soltis
et al. 1998, 1999) was more applicable in this case. Measures of

taxonomic congruence included assessment of support for major
clades and for rival trees. Major clades were assessed by compar-
ing bootstrap values for each of the clades from each of the anal-
yses (Mason-Gamer and Kellogg 1996; Davis et al. 1998). For the
other measure of taxonomic congruence, strict consensus trees
were used as constraint trees on which the fits of rival data sets
were assessed (related to the Miyamoto incongruence index Swof-
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TaBLE 5. Indels for the matK gene sequence data set for Trilliaceae. Location is the location of the first base pair from the aligned

sequences.
Indel Taxa Possessing the
Number Location sequence Base-Pair Sequence

1 bpl5 'attacagg’ T. rivale, Paris s.s., pedicellate
‘a------ g’ Trillium except for T. govanianum

2 bp51 'acaaaayt’ all except for T. pusillum
N t

3 bp119 'at at aaat ' T. decipiens and T. reliquum
PN t

4 bp390 'acaaat ac’ T. erectum and T. rugelii
N <’

5 bp607 'aatttkat’ T. camschatcense, T. erectum and
‘a------ t’ T. rugelii

6 bp626 '‘aatctatt’ all except for T. petiolatum and
‘a------ t’ T. reliquum

7 bp810 'aat agat g’ T. maculatum
N g’

ford 1991; Kluge 1989; Davis et al. 1998). Measures of character
congruence examined were the Mickevich and Farris original mea-
sures computing percent variation due to data, percent variation
between characters, and percent variation between data sets
(Mickevich and Farris 1981); and the Farris measure of incongru-
ence as implemented in PAUP* via the Homogeneity of Partitions
test (Farris et al. 1995a, 1995b; Swofford 1998).

Phylogenetic Analysis. The data sets were analyzed with max-
imum parsimony using heuristic search methods with TBR and
MULPARS and a simple addition sequence. Random addition with
steepest descent was used to check for islands of trees (Maddison
1991). Once a minimal tree length was found, branch and bound
analysis was used to insure finding all shortest trees. Bootstrap
support (Felsenstein 1985) was estimated based on 1,000 replicates
with the same search strategy (simple addition) as simple parsi-
mony.

The morphological data set included 70 species and 110 char-
acters (Appendices 1, 2); the ITS, matK, and small morphological
data sets included 26 of the above taxa. These four separate data
sets (ITS, matK, small morphological, and full morphological) were
analyzed either separately or in combination: ITS data, matK data,
morphological data, ITS + morphology, matK + morphology, ITS
+ matK, ITS + morphology + matK, and 70 species morphological
data set. Of these eight analyses, only four (ITS-matK, small mor-
phology, ITS-matK-morphology, and full morphology) are pre-
sented here because of their overall similarity; the remainder are
given in Farmer (2000) and are available from the author or the
previously mentioned web site.

RESULTS

Preliminary Analyses. Several genera were consid-
ered as potential outgroups, including Dioscorea,
Amianthium, Veratrum, Xerophyllum, Medeola, and Scolio-
pus, but none of those proved satisfactory. Dioscorea
was considered because Dahlgren et al. (1985) placed
Trilliaceae and Dioscoreaceae together in the Diosco-
reales, but molecular data do not support these two
groups as being closely related (Chase et al. 1993,
2000). Scoliopus and Medeola have both been placed in
Trilliaceae, but neither is particularly close based on
either molecular or morphological data (Gates 1917;
Berg 1959, 1962; Chase et al. 1993). Amianthium was
used initially in the morphological analyses because of
the results of the molecular studies (Chase et al. 1993;

APG 1998; Fuse and Tamura 1999, 2000; Zomlefer et
al. 2001) even though its morphology was quite differ-
ent from Trilliaceae. Veratrum maackii was initially used
as the outgroup for the molecular studies, but its ITS
sequence in particular was so dissimilar that align-
ment was problematic; only the 5.85 region could be
aligned with any confidence (Baldwin et al. 1995).

Analyses of molecular data supported Trillium rivale
as basal within Trilliaceae. As in the initial morpho-
logical analyses, several well-defined species groups
were evident. Dr. Soichi Kawano (pers. comm.) report-
ed that with Paris polyphylla as the outgroup in a matK
analysis of Trillium that included several species of Par-
is s.1, T rivale was most basal followed by the rest of
the Paris s.l. taxa with Trillium as most derived (Ka-
zempour Osaloo and Kawano 1999). When we made
an analysis with the matK sequences using Veratrum
maackii as outgroup, Trillium rivale was basal to all oth-
er Trilliaceae taxa in the strict consensus of 1,326 trees
(Fig. 1a). Analysis of the ITS sequence data with V.
maackii as outgroup produced only six trees, and T.
rivale was again placed in a basal position relative to
the rest of the ingroup taxa (Fig 1b). Similar results
can also be seen in Kato et al. (1995a) and Kazempour
Osaloo and Kawano (1999). ITS sequences could not
be reliably aligned when V. maackii was the outgroup.
The ingroup taxa were relatively easy to align to one
another but difficult to align to the outgroup because
of the dissimilarity in the sequences. Unambiguous
alignment was possible only in the 5.8S region of the
sequence.

The problem of potential outgroups being too dis-
similar was particularly severe in the morphological
analyses. For example, when Amianthium was used as
the outgroup its dissimilar morphology (a bulbous
plant with a bracteate, racemose inflorescence with te-
paloid flowers) compared to Trillium necessitated the
addition of several “not applicable”” states to the data
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FIG. 1A-D. Strict consensus trees from preliminary analysis of Trilliaceae with different data sets and different outgroups.
A, C. Tree produced using matK data. B, D. Tree produced using ITS data. A. Veratrum maackii as the outgroup. Strict consensus
of 1326 trees; length 285. B. Strict consensus of 6 trees; length 748. C. Trillium rivale as the outgroup. Strict consensus of 6 trees;
length 107. D. Tree produced using ITS data. Strict consensus of 6 trees; length 331.
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TABLE 6. Summary of character congruence measures for the combined data sets for Trilliaceae.

ITS-matK ITS-morphology matK-morphology All data
Homogeneity of Partitions test P =020 P =0.01 P =001 P =001
Variation within data 70.99% 72.54% 76.82% 73.3%
Variation between characters 25.27% 24.68% 21.22% 23.48%
Variation between data sets 3.74% 2.69% 1.95% 3.21%

set. Initial analyses of Trilliaceae with the morpholog-
ical data set using Amianthium as outgroup did not go
to completion but probably produced more than
100,000 shortest trees. With PAUP 3.1.1, the maximum
of 32,760 trees was reached quickly; with PAUP*, over
80,000 trees were saved before overloading the system,
with still over 70,000 trees to swap. In the resulting
consensus tree, a grade was present with many of the
internal clades as expected (e.g., T. subg. Phyllanther-
um, Paris s.s.). However, T. rivale was basal to the clade
containing Paris s.1. rather than clustering with any of
the Trillium.

Congruency Analysis. Homogeneity of partitions
analyses using 100 random re-partitions as provided
in PAUP* were performed on each of the combined
data sets. The results indicated congruency between
the molecular data sets but incongruency between the
partitions of the molecular+morphological data set.
However, the original Mickevich-Farris measures of
percent variation indicated little variation between data
sets. The character congruency measures are summa-
rized in Table 6. The bootstrap support values for the
major clades are presented in Table 7; conflicts be-
tween analyses included position of clades, the rela-
tionships among pedicellate Trillium, and the place-
ment of Kinugasa. The rival tree analyses values (Table
8) indicate the number of extra steps required to map
a particular set of data onto a particular tree; in several
cases, a rival tree or the putative tree (the TEST Tree)
was actually the shortest tree for a given data set.

Phylogenetic Analysis. MOLECULAR DATA. Parsi-
mony analysis of the combined ITS and matK sequence
data produced six shortest trees of length 455 with a
CI (consistency index) of 0.73 (Table 9); the strict con-
sensus is shown in Fig. 2. The data set included 2219
characters, 283 variable, 145 informative. A basal di-

chotomy separated Paris s.l. and Trillium as sister
clades with bootstrap support of 65% and 81%, re-
spectively. Within the “Paris clade,” Paris and Dais-
wa+Kinugasa were placed as sister clades with boot-
strap support of 95% and 80%, respectively. Kinugasa
was sister to Daiswa and the latter clade had a boot-
strap value of 100%. In the “Trillium clade,” a basal
split separated T. govanianum and T undulatum with
bootstrap support of 73% from the remaining Trillium
(bootstrap support of 81%). Trillium subg. Phyllanth-
erum was placed in a well-defined, monophyletic clade
with 99% bootstrap support. Trillium subg. Trillium
formed a grade, within which there was a subclade
consisting of the members of the “Erectum clade’” with
99% support. The ““Grandiflorum clade,” with margin-
al bootstrap support (51%), formed a polytomy in the
consensus tree at the base of subg. Phyllantherum.

SMALL MORPHOLOGICAL DATA SET. Parsimony
analysis of the morphological data for the same set of
taxa for which molecular data were available produced
12 shortest trees (length 660; CI 0.75); the strict con-
sensus is shown in Fig 3. This data set included 97
characters, 76 variable, and 63 informative (Table 9).

A basal split in the tree separated Paris s.1. + T. gov-
anianum (74%) from Trillium (Fig. 3). The ““Paris clade”
was supported in the bootstrap analysis at 69%; if flo-
ral merosity was included, this value jumped to 93%.
Trillium govanianum was basal to Paris s.l.; within the
“Paris clade,” Kinugasa japonica was basal to sister
clades containing Paris and Daiswa. Trillium subg. Tril-
lium was a paraphyletic group, but T. subg. Phyllanth-
erum was monophyletic (53%). Trillium subg. Trillium
formed a polytomy with a clade composed of T. gran-
diflorum and T. ovatum (bootstrap support = 69%) and
a clade composed of T. erectum and T. rugelii (bootstrap
support = 53%).

TABLE 7. Bootstrap support for major clades in each of the analyses of Trilliaceae. Note: 1. excludes T. pusillum. 2. 100% if K. japonica
is excluded. 3. 70% excluding K. japonica 4. excluding T. camtschatcense 5. excluding P. verticillata.

ITS- matK-
TS matK Morphology ITS-matK morphology morphology All data
Phyllantherum clade (9 taxa) 99% 76% 56% 100% 99% 93% 100%
Grandiflorum clade (3) polytomy 98%! 69%! 51%! polytomy 99%! 83%!
Erectum clade (3) 98% 67% 54%? 99% 94% polytony 98%
Daiswa clade (4 + Kinugasa) 57%? 85%? polytomy 80%? 63%? 51%° 72%?
Paris clade (3) 96% 55% 89%° 95% 97% 63% 92%
govanianum + undulatum 72% polytomy  separate 73% separate separate polytomy
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TABLE 8. A comparison of lengths of constraint consensus trees optimized against rival data sets for Trilliaceae. Note: numbers in
bold pertain to a tree tested against its own data set. * Indicates trees that are the same length as the tree tested against its own data.
** Indicates trees that are shorter than the tree tested against its own data.

Data set
1TS- matK- ITS-matK-
Tree 1TS matK Morphology ITS-matK morphology morphology morphology
ITS 349 +9 +23 +8 +24 +26 +30
matK +32 110 +19 +31 +52 +13 +49
Morphology +50 +32 660 +81 +51 +26 +80
ITS-matK -1 +2 +18 460 +18 +14 +17
ITS-morphology 0* +11 -1 +10 1008 +4 +8
matK-morphology +14 +5 +1 +18 +16 776 +18
ITS-matK-morphology =1 0* +3 —2%* +3 —3** 1121
TEST tree 0* +11 —4* +10 —3%* +1 +5

COMBINED ANALYSIS.  The combination of morpho-
logical and both molecular data sets produced three
trees; the strict consensus was almost fully resolved
(Fig. 4). The three trees, which differed only for the
relative placement of members of Trillium subg. Phyl-
lantherum, were 1,171 steps long with a CI of 0.71 (Ta-
ble 9). This data set included 2,219 base pairs and 97
morphological characters (359 variable characters; 208
informative).

A basal split separated Paris s.1. from Trillium. With-
in the “Paris clade,” Paris and Daiswa+Kinugasa were
placed in sister clades (97% and 75%). Kinugasa was
separated as the sister group to Daiswa, with the latter
having 100% bootstrap support. Trillium undulatum
and T. govanianum were basal to the rest of Trillium.
Within the “Trillium clade,” T. subg. Phyllantherum
was a monophyletic clade supported at 100%; the
“Pedicellate group”” was a paraphyletic grade consist-
ing of an “Erectum clade”” with 97% support and a
“Grandiflorum clade,” supported at 86%.

FuLL MORPHOLOGICAL DATA SET. With the full
data set of 70 species, 76 shortest trees with a length
of 1,537 and a CI of 0.69 (Table 9) were produced in
two islands of 39 and 37 trees, respectively (Fig. 5). In
one island, Daiswa was completely resolved (Fig. 6a);
in the other island, T. subg. Phyllantherum was more
fully resolved (Fig. 6b). In both islands, T. subg. Tril-
lium was resolved as is evident in the strict consensus

tree. This data set included 97 characters (80 variable;
71 informative).

Paris s.l. (with the basal Trillium govanianum and T.
taiwanense) and most Trillium were placed as sister taxa
in the strict consensus tree produced by the analysis
of this data set (Fig. 5); however, a small group of ped-
icellate Trillium was basal to these two sister groups.
Paris s.s. was most derived in a paraphyletic Daiswa.
Kinugasa japonica was basal to Paris s.s. and served to
separate those genera (Fig. 6a). In the ““Trillium clade,”
T undulatum was basal with the rest of the Trillium
forming cohesive sister clades: the “Pedicellate clade
(minus T undulatum),” and the “Sessile-flowered
clade.”

DiscussioN

When we began this project, the goal was to deter-
mine if the traditional generic circumscriptions were
correct. Traditionally, the genera were separated only
on the basis of floral merosity; based on early rbcL se-
quence data (Chase, pers. comm.), there was no sepa-
ration between any of the genera in Trilliaceae (Kato
et al. 1995b; Kazempour Osaloo and Kawano 1999). In
the morphological analysis there was clear separation
between Trillium and Paris s.1. (Fig. 5), but it was when
DNA sequence data were obtained from GenBank and
analyzed that we saw clear separation within Paris s.1.

TABLE 9. Statistics for the data sets and for the most parsimonious trees.

Number of characters Trees
Data set Total Constant Uninformative Informative Number Length CI HI RI RC
ITS 641 444 92 105 6 331 0.70 0.30 0.72 0.50
matK 1578 1494 44 40 6 107 0.86 0.14 0.90 0.77
morphology 97 621 13 63 13 646 0.77 0.61 0.58 0.45
ITS-matK 2219 1936 138 145 6 455 0.73 0.28 0.76 0.56
ITS-morphology 738 463 107 168 6 1005 0.74 0.51 0.63 0.46
matK-morphology 1675 1515 57 103 54 768 0.77 0.55 0.67 0.50
all data 2316 1957 151 208 3 1120 0.74 0.48 0.65 0.49
full morphology 97 17 9 71 1,296 1785 0.70 0.63 0.44 0.82
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FIG. 2. Strict consensus of six trees from the ITS-matK analysis of 26 species of Trilliaceae. Length 455 steps; CI = 0.73.

Percentages below the branches are bootstrap values.

Based on morphological and molecular separation and
the molecular alignment of Kinugasa with Daiswa rath-
er than Paris we decided that taxonomic decisions had
to be made. With nomenclatural stability in mind, we
decided to use existing and recently revived generic
names for the entities within Trilliaceae.

Detailed phylogenetic analyses resolved generic de-
lineation within Trilliaceae. Trillium rivale was distinct
from both Paris and Trillium and should be placed in
its own genus. Trillium govanianum was morphologi-
cally more similar to Paris than to Trillium, but molec-
ular evidence indicated it as a separate monotypic ge-
nus, Trillidium. Trillium and Paris s.l. are distinct based
on molecular as well as morphological evidence. The
cladistic analyses provided support for the separation

of Paris s.I. into Daiswa, Kinugasa, and Paris. The mono-
phyly of Trillium as now redefined was supported in
all but the large morphological analyses. We believe
that with further analysis, Trillium taiwanense S.S. Ying
will be shown to be either Paris or Daiswa (it has been
listed in synonymy for Paris fargesii var. brevipetalata
[Huang & Yang] Huang & K.C.Yang [Huang, et al
1989], but Liang and Soukup [2000] treat it as sepa-
rate).

Trillium rivale. The main conclusion from out-
group considerations is that Trillium rivale is distinct
from both Paris s.1. and from Trillium. Despite its tra-
ditional classification in Trillium, T. rivale was shown
to be sister and basal to the remaining taxa in the fam-
ily Trilliaceae. Although Trillium rivale is superficially
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FIG. 3. Strict consensus of 13 trees from the small morphological analysis of 26 species of Trilliaceae. Length 646 steps; CI

= 0.77. Percentages below the branches are bootstrap values.

similar to other Trillium species, it also differs in a
number of features: thick, leathery, cordate leaves;
spotted petals; the cotyledon shape is more leaf-like
than strap-like; and the pedicel elongates from anthe-
sis until the ripe fruit is in contact with the ground.
This status was supported by numerous morphological
apomorphies, 138 single base-pair changes, and four
base-pair indels. Based on these results, T. rivale should
be placed in its own genus, for which the name Pseu-
dotrillium is proposed below.

Trillium govanianum and T. undulatum. A puz-
zling outcome was that some (but not all) analyses re-
solved Trillium govanianum and T. undulatum as closely

related. Trillium govanianum and T. undulatum were ei-
ther shown as basal to Trillium (Figs. 2, 4), or T. gov-
anianum was basal to Paris s.l. and T. undulatum was
basal or near-basal to Trillium (Figs. 3, 5).

In a recent pair of papers, Fukuda (2001a, 2001b)
explores the origins of the tetraploid Trillium govanian-
um and its relationship to T. undulatum. Based on com-
parative analysis of the floral and vegetative morphol-
ogy and the chromosome morphology of T. govanian-
um, T. tschonoskii, T. undulatum, and Daiswa polyphylla,
he concludes that the allotetraploid T. govanianum is an
intergeneric hybrid between Trillium and Daiswa with
part of the chromosome complement of T. govanianum
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FIG. 4. Strict consensus of three trees from the combined analysis of 26 species of Trilliaceae. Length 1120 steps; CI = 0.74.

Percentages below the branches are bootstrap values.

closer to T. undulatum than to T. tschonoskii. To date, the
presence of more than one genome in the molecular
sequence data that would substantiate this hypothesis
has not been detected. There is little difference in the
placement of Trillidium between the matK and the ITS
analysis. Further molecular analyses might shed light
on the relationships of these taxa.

Morphological and biogeographic data suggest that
T. govanianum and T. undulatum do not form a mono-
phyletic group. Trillium govanianum is found in the Sik-
kim and Nepalese Himalayan Mountains at elevations
above 3,200 m; T. undulatum, in the eastern United
States at elevations below 2,000 m. Trillium undulatum
and T. govanianum were paired in the molecular and
combined analyses, but in the morphological analysis,
were separated. Mapping morphological characters on

the molecular tree shows they share the unusual char-
acters of extrorse anther dehiscence and distinctly pet-
iolate leaves. However, T. govanianum shares several di-
agnostic characters with Paris s.l, including pollen
shape (ellipsoidal) and apertures (monosulcate), en-
dosperm type (nuclear), and narrow filiform petals; T.
undulatum shares these character states with Trillium
rather than with T. govanianum or Paris s.1.
Long-branch attraction (Felsenstein 1978; Huelsen-
beck 1997) is a possible explanation for the placement
of T undulatum and T. govanianum. The artificial con-
straint tree (the TEST tree in table 8) that was gener-
ated placed T. govanianum basal to Paris s.l. and T. un-
dulatum basal to Trillium, and the tree was either short-
er than the strict consensus trees that were generated
by PAUP* (Table 8) or less than 2% longer. Even though
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FIG. 5. Strict consensus of 76 trees from the full morphological analysis of 70 species of Trilliaceae. Length 1,537 steps; CI
= 0.69. See Fig. 6 for more fully resolved clades produced from the two islands of most parsimonious trees.
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Fi1G. 6. More fully resolved clades produced from the two
islands of most parsimonious trees. a. Daiswa clade from is-
land 1. b. Trillium subg. Phyllantherum clade from island 2. See
Fig. 5 for the strict consensus tree containing both islands of
most parsimonious trees.

long branch attraction may not be satisfactorily ac-
counted for, it can most often be remedied by the ad-
dition of more taxa (Graybeal 1998; Halanych 1998).
TRILLIDIUM GOVANIANUM. Trillium govanianum was
distinct from Trillium and Paris on molecular as well
as morphological grounds and should be recognized
as distinct at the genus level as Trillidium govanianum.
It occurs in the Himalayan Mountains, a region most
known for Paris s.l. rather than Trillium. It has trimer-
ous phyllotaxy and broad leaves like Trillium, but it
shares several unusual synapomorphies with Paris s.l.,
including endosperm type, pollen shape and aper-
tures, and narrow filiform petals. Trillidium govanianum
has a pigmented, tepaloid periath rather than the ple-
siomorphic condition of distinct sepals and petals; in
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Paris s.l. this usually consists of filiform yellowish-
green petals and broad sepals. It also lacks an aril on
the seeds, a synapomorphy that is shared with Paris
s.s., but not with Trillium (partial aril) or Daiswa (en-
veloping sarcotesta). For these reasons, Hara et al.
(1978) revived the genus Trillidium; it has also been
recognized by Nolte (1994) and Case and Case (1997).
Our analyses supported recognition of Trillidium as a
distinct genus.

TRILLIUM UNDULATUM.  Trillium undulatum has dis-
tinct phylogenetic placement and morphology. It is
clearly a Trillium based on both morphology and bio-
geography. Like other Trillium species, it has broad
leaves and trimerous phyllotaxy. It usually has a red,
v-shaped pattern at the base of each petal that is
unique in Trilliaceae; the coloration of most petals
within Trilliaceae is usually unmarked. It has the rel-
atively rare features within Trillium of extrorse anther
dehiscence and petiolate leaves. Trillium undulatum
also has the plesiomorphic spherical, omniaperturate
pollen that is typical of Trillium species. The distribu-
tion of T wundulatum in the Appalachian Mountains
places it within the general range of Trillium and at its
center of greatest diversity.

Paris s.I.  Paris s.l. is consistently resolved as mono-
phyletic in all of the analyses. In addition to the tra-
ditionally used trait of merosity, Paris s.I. and Trillium
can be distinguished by several other characters. Most
notable are synapomorphies for Paris s.1. such as nar-
rower leaves, filiform petals, elliptical, monosulcate
pollen, and nuclear endosperm. The synapomorphies
that defined the Paris clade (including Trillidium) were
two absolute base pair changes (one matK and one
ITS), petal width, pollen shape and aperture, and en-
dosperm type. Excluding Trillidium, there were an ad-
ditional three base-pair changes, the general absence
of anthocyanin pigments, lateral anther dehiscence,
and presence of a style.

The molecular cladistic analyses supported the sep-
aration of Paris s.l. into two sister clades, Paris s.s. and
Kinugasa+Daiswa. The support for the monophyly of
Kinugasa+Daiswa was provided primarily by the mo-
lecular and the combined analysis (Figs. 2, 4) but not
from morphology. There were three indels and two
base-pair changes that separated Paris and Dais-
wa+Kinugasa in the ITS sequence and two base-pair
changes in the matK sequences.

The placement of Kinugasa japonica with Daiswa rather
than with Paris s.s. in the molecular and combined anal-
yses was unexpected. In traditional, morphological clas-
sifications, Kinugasa has always been aligned with Paris
subg. Paris but both ITS and matK analyses suggested
a relationship between Kinugasa and Daiswa, with both
exhibiting many of the same indels and base-pair
changes. Morphologically, Kinugasa shares several fea-
tures with Paris s.s. such as slender stigmatic branches,
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an indehiscent berry, and seeds without an enveloping
sarcotesta; a thick rhizome and angular ovary are char-
acters that it shares with Daisun. Because of the unusual
morphology of the species (i.e., the showy, white sepals
and octoploid chromosome count) and the difficulty in
aligning it with either Paris or Daisun, the separate ge-
nus Kinugasa should be retained for this species.

Daiswa was usually placed as a monophyletic sister
group to Paris s.s. Its monophyly was supported by
indels, base-pair changes, and morphological charac-
ters such as placentation, stigma size, fruit type, fruit
dehiscence, and seed arils. Although stem height was
not used as a character, most species of Daiswn are
more than 40 cm tall (with 11 of 14 species to 80 cm
or more; D. dunniana [Lév.] Takht. grows to 3 m),
whereas most species of Paris are under 50 cm. tall
(Liang and Soukup 2000). Only fruit type and seed
arils are listed by Takhtajan (1983) as diagnostic for
Daiswa. Because of the recognition of Kinugasa as a ge-
nus, and because Paris and Daiswa were separated on
a molecular level, we recommend recognition of Dais-
wa as distinct from Paris.

Trillium. The results of the molecular analyses
strongly supported the monophyly of the "Trillium
clade,” which was defined by several base pair changes
as well as morphological characters. Within this clade,
the subgroups were not as well defined as those in
Paris s.l. Subgenus Phyllantherum was a well-defined,
monophyletic group but the pedicellate taxa in the Tril-
lium clade usually formed a paraphyletic group.

Trillium subg. Phyllantherum was shown to be quite
cohesive with character support besides the sessile-
flowered habit. Other apomorphic characters such as
petal transverse posture, filament color, ovary color, and
petal vertical posture also helped to define this group.

Of Freeman’s (1969, 1975) subgroups, the only one
that was supported in the results of the phylogenetic
analyses was the "T. recurvatum group,” composed of
T recurvatum and T. lancifolium. The other groups (the
T sessile group”” and the "'T. maculatum group’’) were
not cohesive in these analyses.

Trillium subg. Trillium, which traditionally includes
all of the pedicellate taxa, is most cohesive in the large
morphological analysis. In that analysis, two mono-
phyletic groups were resolved: the “erectum group,”
and the “delostylis group.” Unfortunately, the ““delos-
tylis group” was represented only by T. pusillum in the
molecular analyses, so its coherence as a group in the
smaller analyses was difficult to assess; in the large
morphological analysis, this group consisted of T. pus-
illum, T. nivale, T. catesbaei, and T. persistens. The name
“delostylis group” is based on Rafinesque’s genus
name reflecting the presence in all of these taxa of a
fused style (Rafinesque 1819). Clearly, T. pusillum itself
was distinct from the other Trillium, placed basal to
Trillium in the small morphological analysis and as

FARMER & SCHILLING: TRILLIACEAE PHYLOGENY

687

part of a clade basal to all other taxa in the large mor-
phological analysis. Its placement in the ITS and matK
analyses was different as indicated by the polytomy in
the combined ITS-matK tree. Because of the general
congruence between the molecular and morphological
data sets and because of the lack of supporting molec-
ular evidence, it is inappropriate to elevate the “delos-
tylis group” to generic status without further research.

Traditionally, T. grandiflorum and T. ovatum have been
placed within the “delostylis group” because of their
anthocyanin chemistry and petal texture, but they do
not share the rare character states of a fused style and
sub-petiolate to petiolate leaves. These species were
positioned as most derived in the “erectum group.”
The “erectum group” was cohesive in the molecular
as well as combined analyses; the “‘grandiflo-
rum-+ovatum group”” were paired in all but the ITS-
matK analysis.

TAXONOMIC TREATMENT

Pseudotrillium S.B. Farmer, gen. nov. -TYPE: Pseudo-
trillium rivale (S. Watson) S.B. Farmer, comb. nov.

Genus propria ob petalis gutatis. Trillium L. affinis
sed pedicellis elongatus continuus dum fructus maturus
et adpressus humus; Trillidium Kunth affinis sed petalis
latis, non tepalis angustus; Paris L. affinis sed petalis
latis, rhizomatis incrassatus, semina cum eliasoma; Kin-
ugasa Tatew. & Sutd affinis sed sepalis viridis et petalis
latis; Daiswa Raf. affinis sed petalis latis, fructus inde-
hiscens et semina cum eliasoma non arrilatus.

The genus is monotypic, and differs from Trillium
because of the spotted petals and a pedicel that contin-
ues to elongate; different from Trillidium because of the
broad spotted petals rather than narrow purple tepals;
different from Paris s.s. because of the broad, spotted
petals, the thickened rhizome, and the presence of an
eliasome on the seed; different from Kinugasa because
that genus has broad, colored sepals and filiform petals
unlike the other genera in the family; and different from
Daiswa because that genus has narrow petals, a dehis-
cent capsule, and a complete aril covering the seed.

Pseudotrillium rivale (S. Watson) S.B. Farmer, comb.
nou—TYPE: USA. California: Big Flat, 30 miles
west of Crescent City in Del Norte County, Cali-
fornia. WH. Shockley s.n. Range: Siskiyou Moun-
tains of Oregon and California (LECTOTYPE here
chosen: GH!). Basionym: Trillium rivale S. Watson.
Proc. Amer. Acad. Arts 20: 378 1885.

In Serrano Watson’s original description (1885) of T.
rivale, he cites two specimens, one by Shockley, and the
other by Thomas Howell. Both specimens are on the
same herbarium sheet. The Shockley specimen is in an
envelope on the sheet labeled T. ovatum, corrected to T.
rivale and already annotated as being the type with a
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stamp by an unknown individual. This specimen ap-
pears to be more typical of the species than the Howell
specimens.
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Based on the recognition of Daiswn as separate from
Paris, several species need to be transferred to Daiswa,
but these will be addressed at a later date.

KEY TO THE GENERA OF TRILLIACEAE

1. Inflorescence composed of tepals (if outer perianth segments are green, shape and size of inner and outer segments similar);

phyllotaxy trimerous

.................................... Trillidium

1. Inflorescence composed of sepals and petals (shape and size of inner and outer segments dissimilar); phyllotaxy trimerous to

NUIMETOUS « « + « v vt e ettt e e e et et e et e e 2
2. Sepals showy, white; petals filiform (to 1[-2] mm wide) orabsent .. ............................. Kinugasa
2. Sepals green or purplish; petals filiform to broad (0.1-6 cm wide), orabsent . .. ......... ... ... . ... .. ... . 3
3. Phyllotaxy mostly 4- to 11-merous; leaves (0.8-) 2-5 (-7) cm wide (rarely to 60 cm with fewer leaves and height to 1m or
more); petals filiform 1-2 (-3) mm wide (rarely 5-6mm) . . . . ... ... ... .. ... 4
4. Placentation axile; seeds with partial green aril or aril absent . .. ... ........... ... ... .. ... ... Paris
4. Placentation parietal; seeds with enclosing red or orange sarcotesta . ... ...................... Daiswa
3. Phyllotaxy mostly trimerous with leaves (0.8-) 5-15 (-25) cm wide; petals (2-) 7-15 (-60) cm wide (if narrower, petals
either white or pink, or plants sessile-flowered) . ............. ... ... ... . . L 5
5. Petals generally spotted, ovate, frequently appearing clawed; leaves cordate to rounded, coriaceous . . . Pseudotrillium
5. Petals not spotted, from ovate to obovate; leaves ovate to obovate, “‘herbaceous’ or not coriaceous . ... ... Trillium
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APPENDIX 1

Taxa of Trilliaceae included in the analysis. Num-
bers in parenthesis indicate the proportion (%) of mor-
phological characters scored as unknown.

Trillium albidum ].D. Freeman (1.8%), T. angustipetal-

SYSTEMATIC BOTANY

[Volume 27

um (Torr) ].D. Freeman (8.2%), T. apetalon Makino
(0.9%). T. camtschatcense Ker Gawl. (0.9%), T. catesbaei
Elliott, T cernuum L. (2.7%), T. chloropetalum (Torr.)
Howell (4.5%), T. cuneatum Raf., T. decipiens ].D. Free-
man (2.7%), T decumbens Harb. (0.9%), T discolor
T.Wray ex Hook. (0.9%), T. erectum L. (2.7%), T. flexipes
Raf., T. foetidissimum ].D. Freeman (1.8%), T. govanianum
Wall. in Royle (4.5%), T. gracile ].D. Freeman (1.8%), T.
grandiflorum (Michx.) Salisb., T. hagae Miyabe & Tatew.
(2.7%), T. kurabayashi ].D. Freeman (5.5%), T. lancifolium
Raf. (3.6%), T. ludovicianum Harb. (1.8%), T. luteum
(Muhl.) Harb., T maculatum Raf., T nivale Riddell
(1.8%), T. ovatum Pursh (0.9%), T. parviflorum V.G. Sou-
kup (8.2%), T. persistens W.H. Duncan (5.5%), T. petiol-
atum Pursh (0.9%), T pusillum Michx. (0.9%), T. recur-
wtum L.C. Beck, T. religuum J.D. Freeman (6.4%), T.
rivale S. Watson (0.9%), T. rugelii Rendle (1.8%). T. sessile
L. (2.7%), T. simile Gleason (6.4%), T. smallii Maxim.
(0.9%), T. stamineum Harb. (2.7%), T. sulcatum T.S. Pat-
rick (1.8%), T. taiwanense S.S. Ying (23.6%), T. tschonoskii
Maxim. (1.8%), T. underwoodii Small (3.6%), T. undula-
tum Kin ex Elliott, T. waseyi Harb. (0.9%), T. viride L.C.
Beck (0.9%), T. viridescens Nutt. (2.7%), Daiswa cron-
quistii Takht. (3.6%), Paris daliensis H. Li & V.G. Soukup
(4.5%), D. delavayi (Franch.) Takht. (6.4%), D. dunniana
(H. Lév.) Takht. (13.6%), D. fargesii (Franch.) Takht.
(10.9%), D. forrestii Takht. (7.3%), P luquanensis H. Li
(5.5%), P.mairei H. Lév. (12.7%), P marmorata Stearn
(14.5%), P polyandra S.E Wang (19.1%), D. polyphylla
(Sm.) Raf. (10.0%), D. thibetica (Franch.) Takht. (11.8%),
Paris undulatis H. Li & V.G. Soukup (6.4%), P. vietna-
mensis (Takht.) H. Li (11.8%), P. wenxianensis Z.X. Peng
& R.N. Zhao (15.5%), Kinugasa japonica (Franch. & Sav.)
Tatew. & Sutd (3.6%), P axialis H. Li (4.5%), P basha-
nensis ET. Wang & Ts. Tang (3.6%), P. dulongensis H. Li
& Kaurita (5.5%), P. incompleta M. Bieb. (12.7%), P. quad-
rifolia L. (7.3%), P. rugosa H. Li & Kurita (5.5%), P te-
traphylla A. Gray (10.9%), P. vaniotii H. Lév. (13.6%), P
verticillata M. Bieb. (8.2%).

APPENDIX 2

List of Characters used in the morphological analy-
sis of Trilliaceae. Numbers in parentheses indicate pro-
portion (%) of samples for which data were missing.
Characters preceded by * were omitted in the phylo-
genetic analysis.

1. *Hybrid status: 1-yes, 2-no. 2. *Flowering time
(4.7%): 1-February, 2-March, 3-April, 4-May, 5-June,
6-July, 7-August. 3. *Chromosome number: 1-diploid,
2-triploid, 3-tetraploid, 4-hexaploid, 5-octoploid. 4.
*Geographical area: 1-China, 2-wNA, 3-eNA, 4-Eu-
rope, 5-nAsia, 6-sAsia. 5. *Genus: 1-outgroup, 2-Tril-
lium, 3-Paris. 6. *Subgenus: 1-outgroup, 2-Trillium, 3-
Phyllantherum, 4-Paris, 5-Kinugasa, 6-Daiswa. 7. *Section
(18.6%): 1-outgroup, 2-grandiflorum, 3-erectum, 4-catesbaei,
5-recurvatum, 6-sessile, 7-maculatum, 8-paris, 9-axiparis, a-
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kinugasa, b-daiswa, c-dunnaniana, d-marmorata, e-fargesi-
ana, f-thibetica. 8. *Rafinesque’s genus: 1-outgroup, 2-
Paris, 3-Daiswa, 4-Phyllantherum, 5-Trillium, 6-Delostylis.
9. Plant type: 1-herb, 2-vine. 10. Foliaceousness: 1-sca-
pose, 2-leafy, 3-subscapose. 11. Plant sexuality: 1-bi-
sexual, 2-dioecious, 3-polygamous. 12. Inflorescence
type: 1-solitary, 2-simple umbel, 3-raceme, 4-panicle of
racemes, 5-panicle, 6-spike, 7-cyme. 13. Number flow-
ers: 1-one, 2-more than one. 14. Composition: 1-tepals,
2-sepals+petals. 15. Pedicel vertical posture: 1-erect,
2-above the leaves, 3-horizontal, 4-below the leaves, 5-
none. 16. Root type: 1-rhizome, 2-bulb, 3-tuber, 4-fi-
brous. 17. Rhizome size (7.0%): 1-very thin (to 5 mm),
2-slender (5-10 mm), 3-thick (1-2.5 cm), very thick
(over 2.5 cm). 18. Stem habit: 1-erect, 2-partially de-
cumbent, 3-decumbent. 19. Plant vestiture: 1-glabrous,
2-puberulent, 3-pubescent, 4-pilose, 5-papilose, 6-sca-
brous, 7-striate. 20. Stem color: 1-green, 2-yellowish-
green, 3-reddish-purple, 4-greenish-purple, 5-purplish,
6-brownish-green, 7-reddish, 8-green over purple, 9-
purple tinged. 21. Stem color distribution: 1-through-
out, 2-geographic (e.g., segregated by area), 3-suffused.
22. *Leaf number: 1-two, 2-three, 3-four, 4-five, 5-six,
6-seven, 7-eight, 8-nine, 9-ten, a-eleven and up. 23. Leaf
location: 1-terminal, 2-cauline, 3-basal, 4-reduced cau-
line. 24. Leaf arrangement: 1-whorled, 2-alternate, 3-
opposite, 4-spirally inserted. 25. Leaf: # whorls: 1-one,
2-more than one, 3-none. 26. Leaf attachment: 1-peti-
olate, 2-subsessile, 3-sessile. 27. Leaf shape: widest
point: 1-ovate (%), 2-elliptic-ovate, 3-elliptic/rhombic/
oblong (%), 4-elliptic-obovate, 5-obovate (%). 28. Leaf
shape: width LxW: 1-linear, 2-narrow, 3-average, 4-
broad, 5-very broad, 6-depressed or transverse. 29.
Leaf shape: sides: 1-elliptic (curved), 2-oblong-elliptic,
3-oblong (parallel) 4-oblong-rhombic, 5-rhombic
(straight), 6-rhombic-elliptic. 30. Leaf margin: 1-entire,
2-undulate, 3-serrulate. 31. Leaf color distribution: 1-
throughout, 2-mottled, 3-geographic, 4-suffused. 32.
Leaf color: 1-green, 2-more or less purple mottled, 3-
green with maroon hue, 4-green with small brownish
spots, 5-green with white variegation on veins, 6-mot-
tled, 7-mottled with dark green, 8-green with spots of
light green, 9-multiple shades of green, a-shades of
green beside pale midrib, b-dark green spots on mot-
tled background, c-dark green between veins with pale
midrib. 33. Leaf lower surface: 1-pubescent on veins,
2-scabrous on veins, 3-glossy, 4-dull, 5-purple, 6-purple
nerves, 7-glabrous, 8-pubescent. 34. Leaf apex type: 1-
entire, 2-with sinuses, 3-with mid-rib, midvein or vein
extension. 35. Leaf apices (3.5%): 1-acuminate, 2-acute,
3-obtuse, 4-rounded, 5-emarginate, 6-sub-acute, 7-cus-
pidate, 8-blunt, 9-attenuate. 36. Leaf base type: 1-en-
tire, 2-with sinuses. 37. Leaf bases (5.8%): 1-cuneate,
2-sheathing, 3-obtuse, 4-rounded, 5-attenuate, 6-has-
tate, 7-cordate. 38. Leaf texture: 1-herbaceous, 2-mem-
branous, 3-papery, 4-rugose, 5-coriaceous. 39. Leaf #
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main nerves (8.1%): 1-many, 2-three, 3-five, 4-seven.
40. Bracts: 1-absent, 2-present. 41. Sepal form: 1-nor-
mal, 2-petaloid. 42. Sepal fusion: 1-separate, 2-fused.
43. *Sepal number: 1-three, 2-four, 3-five, 4-six, 5-sev-
en, 6-eight, 7-nine, 8-ten. 44. Sepal shape: widest
point: 1-ovate, 2-elliptic-ovate, 3-elliptic/rhombic/ob-
long, 4-elliptic-obovate, obovate. 45. Sepal shape:
width LxW: 1-narrow, 2-average, 3-broad. 46. Sepal
shape: sides: 1-elliptic, 2-oblong-elliptic, 3-oblong. 47.
Sepal duration: 1-persistent, 2-deciduous. 48. Sepal
texture: 1-herbaceous, 2-membranous. 49. Sepal color:
1-reddish-purple, 2-yellow, 3-purple, 4-purplish-green,
5-red, 6-green, 7-reddish-green, 8-yellowish-green, 9-
white, a-white with green veins, b-greenish with red
or purple veins, c-greenish-purple basally, d-greenish,
reddish-purple basally, e-greenish-brown, f-greenish
with red veins, g-greenish with reddish-purple mar-
gins, h-greenish with purple margins, i-green with
white veins. 50. Sepal color distribution: 1-through-
out, 2-suffused, 3-marginal, 4-mottled, 5-geographic.
51. Sepal apices (11.6%): l-acuminate, 2-acute, 3-ob-
tuse, 4-rounded, 5-acuminate-rounded, 6-sub-acute, 7-
cuspidate, 8-emarginate, 9-caudate, a-blunt, b-attenu-
ate. 52. Sepal apex type: l-entire, 2-midrib, midvein,
or vein extension. 53. Petal form: 1-normal, 2-folia-
ceous, 3-staminoid, 4-none. 54. Petal presence: 1-pre-
sent, 2-absent. 55. *Petal number: 1-zero, 2-three, 3-
four, 4-five, 5-six, 6-seven, 7-eight. 56. Petal fusion: 1-
separate, 2-fused. 57. Petal: widest point (3.5%): 1-
ovate, 2-elliptic-ovate, 3-elliptic/rhombic/oblong,
4-elliptic-obovate, 5-obovate. 58. Petal: width LxW: 1-
filiform, 2-linear, 3-narrow, 4-average, 5-broad, 6-very
broad. 59. Petal: sides (1.2%): 1-elliptic, 2-oblong-ellip-
tic, 3-oblong, 4-rhombic-elliptic. 60. Petal duration: 1-
persistent, 2-deciduous. 61. Petal color (3.5%): 1-white,
2-yellow, 3-cream, 4-pink, 5-red, 6-purple, 7-bronze, 8-
green, 9-reddish-purple, a-greenish-purple, b-purplish-
black, c-brownish-purple, d-greenish-purple, e-purple
with greenish-claw, f-yellow with greenish claw, g-
green with purple claw, h-yellow with purple claw, i-
yellow-green with purple claw, j-white spotted with
rose, k-white with purple basally, I-white with basal
red V", m-olive, n-purplish green with purple claw.
62. Petal color distribution: 1-throughout, 2-spotted,
3-geographic. 63. Petals: pigmented: 1-yes, 2-no, 3-
white fading to pink. 64. Petal: transverse posture
(32.6%): 1-incurved, 2-plane, 3-recurved, 4-undulate, 5-
outcurved. 65. Petal: vertical posture (5.8%): 1-erect, 2-
divergent upwards, 3-horizontal, 4-divergent down-
wards, 5-declined. 66. Petal: longitudinal posture
(1.2%): 1-straight, 2-twisted. 67. Petal apices (32.6%):
l-acuminate, 2-acute, 3-obtuse, 4-rounded, 5-blunt, 6-
subacute, 7-cuspidate, 8-apiculate, 9-emarginate, a-mu-
cronate. 68. Petal apex type: 1-entire, 2-midrib, mid-
vein, or vein extension. 69. Stamen form: 1-normal, 2-
petaloid-abortive. 70. *Stamen number: 1-zero, 2-1x
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sepals, 3-2x sepals, 4-3x sepals, 5-4x sepals. 71. Sta-
men fusion: 1-free, 2-adnate to tepal. 72. Stamen
transverse posture (33.7%): 1-straight, 2-incurved, 3-
slightly recurved. 73. Stamen vertical posture (30.2%):
1-erect, 2-spreading. 74. Anther dehiscence (8.1%): 1-
introrse, 2-latrorse, 3-extrorse. 75. Pollen shape (1.2%):
1-spherical, 2-ellipsoid, 3-irregular. 76. Pollen aperture
(1.2%): omniaperturate, 2-monosulcate. 77. Pollen or-
namentation (45.3%): 1-granulate, 2-echinate, 3-corru-
gate, 4-verrucate, 5-spinulate, 6-clavate, 7-foveolate, 8-
reticulate, 9-psilate, a-gemmate. 78. Connective pro-
longation (5.8%): 1-none, 2-acute, 3-truncate, 4-dilated,
5-round, 6-emarginate, 7-obtuse. 79. Filament color
(29.1%): 1-green, 2-purple, 3-whitish-purple, 4-reddish-
purple, 5-whitish-green, 6-reddish-purplish-brown, 7-
pinkish-white, 8-greenish-yellow, 9-white, a-pink. 80.
Pollen color (27.9%):1-yellow, 2-orange, 3-olive, 4-
brownish, 5-olive-orange, 6-purple, 7-greyish-purple,
8-pink, 9-yellowish pale purple, a-green, b-maroon, c-
orange-yellow. 81. Connective color (31.4%): 1-green,
2-pink, 3-purple, 4-pinkish-purple, 5-reddish-purple, 6-
brown, 7-whitish-green, 8-white, 9-reddish-purple-
brown. 82. Stamen color distribution (3.5%): 1-
throughout, 2-pollen different, 3-all segments different.
83. Pistil form: 1-normal, 2-abortive. 84. Ovary posi-
tion: 1-inferior, 2-superior. 85. Ovary # locules (24.4%):
1-one, 2-three, 3-four to ten. 86. Ovary placentation
(25.6%): 1-axile, 2-parietal, 3-combination. 87. Ovary
plane shape (5.8%): 1-conical, 2-angular-ovoid, 3-
ovoid, 4-ellipsoid, 5-obovoid, 6-flask-shaped, 7-subgl-
obose, 8-oval-globose, 9-fusiform, a-ovate-conical. 88.
Ovary X-section shape (12.8%): 1-round, 2-ridged, 3-
angled, 4-winged. 89. Ovary # ribs (30.2%): 1-zero, 2-
two, 3-three, 4-four, 5-five, 6-six, 7-seven. 90. Ovary
apex (7.0%): 1-truncate, 2-crowned, 3-attenuate, 4-ob-
tuse. 91. Style presence (1.2%): 1-present, 2-absent. 92.
*Stigma number: 1-three, 2-four, 3-five, 4-six, 5-eight,
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6-ten, 7-seven. 93. Stigma shape (47.7%): 1-linear-su-
bulate, 2-subulate. 94. Stigma vertical posture (29.1%):
1-divergent, 2-erect. 95. Stigma transverse posture
(23.3%): l-incurved, 2-straight, 3-outcurved. 96. Stig-
ma duration: 1-deciduous, 2-persistent. 97. Stigma
size (8.1%): 1-very thin, 2-thin, 3-average, 4-thick. 98.
Ovary color (11.6%): 1-yellowish-white, 2-green, 3-
purple, 4-pink, 5-cream yellow, 6-white, 7-reddish-pur-
ple, 8-purplish-brown, 9-yellow-green, a-reddish-pur-
plish-brown, b-green over purple, c-purple over green,
d-purple over yellow, e-purple over white, f-pink over
white, g-green with purple disk, h-green with yellow
disk, i-green with white disk, j-yellow with black disk.
99. Ovary color distribution: 1-throughout, 2-spotted,
3-striped, 4-geographic. 100. Stigma color (17.4%): 1-
green, 2-purple, 3-yellowish-green, 4-creamy white, 5-
yellow, 6-yellowish-white, 7-pink, 8-black, 9-brownish-
violet, a-reddish-purplish-brown, b-brown, c-purple
in, green out, d-purple-brown out, yellow in, e-purple
out, yellow in, f-white, basally pink, g-green out, yel-
low in, h-pinkish orange. 101. Stigma color distribu-
tion: 1-throughout, 2-banded, 3-geographic. 102. Pistil
color distribution (1.2%): 1-throughout, 2-geographic
by part, 3-all different. 103. Fruit type (4.7%): 1-berry,
2-capsule, 3-fleshy capsule. 104. Fruit dehiscence
(4.7%): 1-indehiscent, 2-basally dehiscent, 3-septicidal,
4-irregular, 5-loculicidal, 6-dehiscent, 7-decay. 105.
Fruit plane shape (31.4%): 1-conical, 2-angular-ovoid,
3-ovoid, 4-globose, 5-obovoid, 6-elliptic. 106. Fruit col-
or (20.9%): 1-green, 2-maroon, 3-greenish-yellow, 4-
rusty red, 5-greenish-white, 6-red, 7-black, 8-bluish-
black, 9-brown, a-purple, b-green with purple dots, c-
purplish green, d-greenish-brown, e-green with brown
ribs. 107. Fruit color distribution: 1-throughout, 2-
mottled, 3-spotted, 4-striped, 5-geographic. 108. Seed
arils (2.3%): l-incomplete, 2-absent, 3-complete. 109.
Endosperm development (2.3%): 1-helobial, 2-nuclear.
110. Cotyledon shape (1.2%): 1-strap-like, 2-leaf-like.



