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trnF-trnL-trnT region continue to support a highly
polyphyletic Cymopterus
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Abstract

Sun, F.-J. & Downie, S.R.: Phylogenetic relationships among the perennial, endemic Apiaceae sub-
family Apioideae of western North America: additional data from the cpDNA trnF-trnL-trnT region
continue to support a highly polyphyletic Cymopterus. — Plant Div. Evol. 128: 151-172. 2010. —
ISSN 1869-6155.

Considerable confusion exists with regard to the delimitation of Cymopterus and its relationship to the
other herbaceous, perennial genera of Apiaceae subfamily Apioideae endemic to western North Amer-
ica north of Mexico. Previous molecular systematic studies using ntDNA ITS and cpDNA rps/6 in-
tron sequences have shown that the genus Cymopterus is highly polyphyletic, with its species inextri-
cably linked with those of Aletes, Lomatium, Oreoxis, Pseudocymopterus, Pteryxia, and several other
genera of the region. The general lack of resolution of these trees and their overall low branch support
values, however, suggested that additional data might be useful to establish monophyly of genera or
identify major clades for further phylogenetic and revisionary studies. In this study, we analyze cpD-
NA trnF-trnL-trnT sequence data from 129 accessions of North American Apioideae (representing
111 species and 21 genera) using maximum parsimony, maximum likelihood and Bayesian inference
methods individually and in combination with ITS and rps/6 intron sequence data available through
previous phylogenetic studies for the same set of accessions. While analyses of the trnF-trnL-trnT
region result in maximally parsimonious trees of greater branch support and less homoplasy than
those generated using either ITS or rps/6 intron data sets, greatest resolution of relationships and
highest branch support values are achieved when all DNA regions (representing over 3.5 kb of aligned
data) are considered simultaneously. Three or four new major clades are revealed, yet none of these
coincide with pre-established groups or traditionally recognized genera. The results obtained continue
to suggest that Cymopterus is highly polyphyletic, as are most other genera endemic to western North
America.
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Introduction

The genus Cymopterus Raf. (Apiaceae subfamily Apioideae) comprises some 35 her-
baceous perennial species restricted primarily to xeric habitats in western North Amer-
ica (NA) north of Mexico (Kartesz 1994). Much confusion exists with regard to the
proper delimitation of Cymopterus and its relationship to the other herbaceous, peren-
nial apioid umbellifers indigenous to the region (reviewed in Downie et al. 2002).
These genera include Aletes J.M. Coult. & Rose, Harbouria J.M. Coult. & Rose,
Lomatium Raf., Musineon Raf., Neoparrya Mathias, Oreonana Jeps., Oreoxis Raf.,
Orogenia S. Watson, Podistera S. Watson, Pseudocymopterus J.M. Coult. & Rose,
Pteryxia (Nutt. ex Torr. & A. Gray) J.M. Coult. & Rose, Shoshonea Evert & Con-
stance, and Tauschia Schltdl. Closely allied to these 14 western NA taxa are four other
genera of primarily central to eastern NA distribution: Polytaenia DC., Taenidia (Torr.
& A. Gray) Drude, Thaspium Nutt., and Zizia W.D.J. Koch. Considered collectively,
the plants of western NA present such a confusing intergradation of similar character-
istics that generic delimitation is exceedingly difficult, and in the absence of mature
fruits many species are essentially indistinguishable (Downie et al. 2002). The recog-
nition of infraspecific taxa is also highly problematic because of the overlapping varia-
tion in nearly all morphological characters used to differentiate among them. All afore-
mentioned genera, however, apparently comprise a monophyletic group (Downie et al.
2002, Sun & Downie 2004, Sun et al. 2004).

Previous molecular systematic studies using ntDNA ITS (Downie et al. 2002, Sun
et al. 2004), cpDNA rps16 intron (Sun & Downie 2004) and, for a smaller set of taxa,
cpDNA trnF-trnL-trnT (Downie et al. 2002) sequences revealed that the genus
Cymopterus is highly polyphyletic, with its species inextricably linked with those of
many other perennial, endemic apioid genera of western NA. However, the general
lack of resolution of these trees, their overall low branch support values, and the rela-
tively few informative characters obtained suggested that additional DNA sequence
data might be useful to further test the monophyly of genera, as currently circum-
scribed (Kartesz 1994). In this study, we obtain additional sequence data from the
trnF-trnL-trnT region and compare the results of phylogenetic analyses of these data
to those trees inferred in previous studies using ITS and rps/6 intron sequences. Our
major objectives are to increase resolution of relationships among the perennial,
endemic Apiaceae subfamily Apioideae of western NA by considering additional
sequence data for a comprehensive sampling of species and to compare the efficacy of
these three loci, by way of partitioned and combined analyses, in delimiting well-
supported major clades for further phylogenetic and revisionary studies. The results
obtained will eventually enable us to achieve our broader goal, which is to define and
delimit the various generic elements within the perennial, endemic Apiaceae subfam-
ily Apioideae of western NA.

Materials and methods

Sequence data from the cpDNA #rnF-trnL-trnT (hereafter, trnF-L-T) region were obtained for 102
accessions of NA Apiaceae subfamily Apioideae (Table 1) and combined with previously published
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trnF-L-T sequence data for 27 species (Downie et al. 2002), for a final set of 129 accessions represent-
ing 21 genera and 111 species. Data from the nrDNA ITS and cpDNA rpsI6 intron were already
available for the same set of 129 accessions from prior phylogenetic studies (Downie et al. 2002, Sun
& Downie 2004, Sun et al. 2004). These accessions represent all currently recognized species and
infraspecific taxa of Cymopterus, with the exceptions of the uncommon C. panamintensis J.M. Coult.
& Rose var. panamintensis and the narrowly endemic and rarely collected C. megacephalus M.E.
Jones. Five varieties have been recognized under the invalid but widely used name C. acaulis (Pursh)
Raf. The correct name for this taxon is C. glomeratus (Nutt.) DC. and based on the results of multi-
variate analyses of 288 specimens representing the morphological variability and geographic distribu-
tion of this species complex, we proposed previously that these plants be recognized as one species,
C. glomeratus, with no varieties (Sun et al. 2005). In the present study, however, we maintain the
name C. acaulis so that we may refer to its five varieties and compare their relationships to those
inferred in our previous molecular studies. Other than Lomatium and Tauschia, sampling of all other
perennial genera endemic to NA was comprehensive or nearly so. We also included both varieties of
the northern Pacific maritime species Glehnia littoralis F. Schmidt ex Miq. and nine species of the
perennial, circumboreal genus Angelica L. because results of prior phylogenetic analyses supported
the close relationship between these taxa and the North American endemic genera (Sun & Downie
2004, Sun et al. 2004). The western North American species Sphenosciadium capitellatum A. Gray is
treated as Angelica capitellata (A. Gray) Spalik, Reduron & S.R. Downie, based on Spalik et al.
(2004). All trees were rooted with Aethusa cynapium L., according to the results of prior molecular
phylogenetic studies where this species is either the sister taxon or is closely related to a clade com-
prised of all aforementioned taxa (Downie et al. 2002).

The experimental methods used to obtain these #rnF-L-T sequence data were the same as outlined
previously (Downie et al. 2002 and references cited therein). The three pairs of primers described by
Taberlet et al. (1991) were each used to PCR-amplify and sequence the trnF (GAA)-trnL 3’exon in-
tergenic spacer, frnL intron, and trnL (UAA) 5’exon-trnT (UGU) intergenic spacer regions. Each of
these three non-coding regions was sequenced in their entirety on both DNA strands, permitting un-
ambiguous base determination in all taxa. These data have been deposited with GenBank as separate
trnF-L intergenic spacer, trnlL intron, and trnL-T intergenic spacer sequences (Table 1).

All DNA sequences were aligned manually, facilitated by their highly conservative nature. Gaps
were positioned to minimize nucleotide mismatches. Sequence characteristics of each of the three
trnF-L-T data partitions and of a matrix of combined #rnF-L-T data were obtained. These results were
compared to data matrices available for the 7ps/6 intron and ITS regions for the same set of 129
accessions, as well as to a matrix that included all available molecular data (trnF-L-T, rps16 intron,
and ITS sequences). Uncorrected pairwise nucleotide distances were determined using PAUP* vers.
4.0b10 (Swofford 2002), as were G + C content range and mean, the numbers of constant, autapomor-
phic, and parsimony informative alignment positions, and the numbers and sizes of unambiguous and
parsimony informative alignment gaps.

The trnF-L-T data matrix was analyzed initially using maximum parsimony (MP), as implemented
using PAUP* and the tree searching strategies employed by Downie et al. (2002). The maximum
number of MP trees was pre-set to 20,000 and these trees were permitted to swap to completion.
Bootstrap (BS) values were calculated from 100,000 replicate analyses using “fast” stepwise-addition
of' taxa, and only those values compatible with the majority-rule consensus tree were recorded. Unam-
biguous alignment gaps were incorporated into the MP analysis by scoring each parsimony informa-
tive insertion or deletion as a separate binary character. The resultant tree topologies were compared
to those inferred when alignment gaps were omitted as additional characters. The number of addi-
tional steps required to force particular taxa into a monophyletic group was examined using the con-
straint option of PAUP*.

Sequence data from the #nF-L-T matrix were then analyzed using maximum likelihood (ML).
Prior to this analysis, the program Modeltest vers. 3.7 (Posada and Crandall 1998) was used to select
an evolutionary model of nucleotide substitution that best fits these data, as selected by the Akaike
information criterion estimator. The model settings were entered into PAUP* and a heuristic search
carried out using ten random-addition sequence replicates and subtree-pruning-regrafting branch
swapping under ML optimization. One hundred BS replicate analyses were conducted using neigh-
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bor-joining searches and the ML parameters estimated by Modeltest. Subsequently, Bayesian infer-
ence (BI) analysis of #7nF-L-T sequences was conducted using the program MrBayes vers. 3.0 (Ron-
quist & Huelsenbeck 2003). Starting trees were chosen at random and two million generations were
run with sampling occurring every 100 generations. Tree topologies were based on a model of nucle-
otide substitution selected by Modeltest, with the shape parameter of the gamma distribution esti-
mated automatically by the program. Four simultaneous Markov Chain Monte Carlo chains were
performed to model nucleotide rate heterogeneity. Among 20,000 trees, 2500 trees were discarded as
“burn-in” before the likelihood Ln values stabilized. The posterior probability (PP) values for each
bipartition of the phylogeny were determined from the remaining trees.

Previously, we reported that greater resolution of relationships among these perennial, endemic
NA apioid umbellifers and higher BS support values were achieved when all available molecular evi-
dence was combined and considered in a simultaneous phylogenetic analysis (Downie et al. 2002, Sun
& Downie 2004). These studies, however, also reported significant incongruence between ITS- and
rps16 intron-derived trees. To examine the extent of conflict between the frnF-L-T data set and an ITS
data set obtained for the same 129 accessions through previous study, the incongruence length differ-
ence (ILD) test of Farris et al. (1995) was conducted using the partition homogeneity test of PAUP*.
One hundred replicates were considered for each partition (MaxTrees set at 500), using simple-addi-
tion sequence of taxa and tree-bisection-reconnection (TBR) branch swapping. Incongruence among
data sets is identified if the additive tree lengths taken from the combined matrices are greater than the
sum of the tree lengths from the original data. Although questions have been raised regarding the
value of this test as a criterion for deciding whether data should be combined into a single phyloge-
netic analysis (Yoder et al. 2001, Barker and Lutzoni 2002), it is still a widely used method of assess-
ing data heterogeneity and combinability. An examination of potential conflict between the trnF-L-T
and rps6 intron data sets was not carried out. These loci are linked on a nonrecombinant chromosome
and, as such, are inherited as a single linkage group.

Considering all available molecular data for the group, sequences from the trnF-L-T, rpsi6 intron,
and ITS regions were combined for simultaneous phylogenetic analyses, using the same optimality
criteria and approaches outlined above. In the BI analysis of combined molecular data, 2000 trees
were discarded as “burn-in” before the likelihood Ln values stabilized.

Results

Characteristics of the 129 aligned trnF-L-T sequences, as separate non-coding regions
and combined, are presented in Table 2. The trnL-T spacer region is larger than that of
both the trnF-L spacer and trnL intron regions combined and contributes the greatest
number of parsimony informative alignment positions and indels to the analysis. Max-
imum pairwise sequence divergence for the combined trnF-L-T data was 2.6% of nu-
cleotides, with these divergence values greatest for the two spacer regions. Of the 2061
aligned positions in the matrix of combined #rnF-L-T regions, 1724 (83.6%) were not
variable, 199 (9.7%) were variable but uninformative, and 138 (6.7%) were parsimony
informative. A total of 47 unambiguous gaps, ranging between 1 and 14 bp in size, was
required for proper alignment of these sequences. Twelve of these gaps, of 1-13 bp in
size, were parsimony informative. Percent G + C content for the entire trnF-L-T region
ranged from 30.4% to 31.7%, averaging 31.1%.

MP analysis of the 2061 aligned trnF-L-T positions resulted in the preset maximum
tree limit of 20,000 trees, each of 514 steps (consistency indices, CI, 0.7374 and
0.5574, with and without uninformative characters, respectively; retention index, RI,
0.8632). The strict consensus of these trees with accompanying BS support values is
shown in Fig. 1. Of the 12 parsimony informative alignment gaps, only three map
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Table 2. Sequence characteristics of the trnF-trnL-trnT (as partitioned and combined data sets), rps/6
intron and ITS regions, as well as all three regions combined, for 129 accessions of Apiaceae subfam-
ily Apioideae.

trnF-L trnL trnl-T  trnF-L-T rpsl6 ITS trnF-L-T+
spacer  intron spacer intron rps16 intron
+ITS
No. of total characters 415 565 1081 2061 1019 452 3532
Length variation (bp) 330-373 456-514 605-837 1450-1712 801-877 435-440 2743-3015
No. of constant characters 341 496 887 1724 842 211 2777
No. of autapomorphic 47 42 110 199 98 104 401

characters

No. of parsimony informa- 27 (6.5) 27 (4.8) 84(7.8) 138(6.7) 79(7.8) 137(30.3) 354 (10.0)
tive characters (%)

G + C content range (%)  33.3-36.1 34.1-36.2 25.5-27.5 30.4-31.7 32.4-34.2 54.8-59.4 35.0-36.3

G + C content mean (%)  34.6 35.2 26.9 31.1 332 57.2 35.6

Pairwise sequence 0-3.6 0-2.2 0-3.7 0-2.6 0-3.9 0-9.4 0-3.2
divergence range (%)

No. of unambiguous gaps 13 (2-11) 11 (1-12) 23 (1-14) 47 (1-14) 32 (1-51) 18 (1-2) 97 (1-51)
(size in bp)

No. of unambiguous gaps 4 (6-11) 3 (1-12) 5(2-13) 12(1-13) 4(2-5) 1(1) 17 (1-13)
parsimony informative
(size in bp)

without homoplasy. The remaining gaps each required 2 to 9 steps to explain their
distribution across all MP trees. Repeating the MP analysis with the 12 binary scored
gaps included as additional characters resulted in trees 42 steps longer than those with-
out gap characters (Length = 556 steps; CI = 0.7032 and 0.5245, with and without
uninformative characters, respectively; RI = 0.8461). With the exception of slightly
less resolution in Clade 1 (described below), the resultant strict consensus trees in-
ferred with or without binary-scored gap characters are identical. Modeltest selected
the K8 luf+I+G model of nucleotide substitution as best fitting these trnF-L-T sequence
data (base frequencies: 0.3477, A; 0.1378, C; 0.1250, G; 0.3895, T; estimates of sub-
stitution rates: A>C, 1; A&G, 0.78; AT, 0.1865; C>G, 0.1865; CT, 0.78; G T,
1; proportion of invariable sites = 0.3540; gamma distribution shape parameter =
0.9940). Using these parameters, a single ML tree was recovered (not shown), with a
— Ln likelihood score of 6438.793. The majority rule consensus tree of 17,500 trees
derived from BI analysis of trnF-L-T sequences (also not shown) is fully consistent to
those trees estimated using MP and ML methods. The —Ln likelihood values of these
trees ranged from 6549.565 to 6649.814 (average 6594.575, standard deviation
12.700). ML BS and BI PP values are presented alongside MP BS values on the MP
strict consensus tree (Fig. 1).

In all phylogenetic analyses of trnfF-L-T data, four major clades are inferred with
varying branch support (Fig. 1): Clade 1, Cymopterus corrugatus through Tauschia
parishii (68% MP BS; 84% ML BS; 1.00 BI PP); Clade 2, Lomatium orientale through
Lomatium ambiguum (51% MP BS; 52% ML BS; 0.76 BI PP); Clade 3, Aletes mac-
dougalii subsp. macdougalii through Taenidia integerrima (<50% MP BS; <50% ML
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Fig. 1. Strict consensus tree of 20,000 minimal length 514-step trees derived from equally weighted
MP analysis of 129 cpDNA trnF-L-T sequences from NA Apioideae (CI, with and without uninforma-
tive characters, 0.7374 and 0.5574; RI, 0.8632). This tree is fully consistent to those trees estimated
using ML and BI methods. Therefore, numbers on branches represent support values for those clades
common to all three analyses (MP BS, ML BS, and BI PP, respectively). BS support values of <50%
are indicated by “--“. The 40 accessions of Cymopterus included in the study are boldfaced and the
four major clades described in the text are circumscribed.
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BS; 1.00 BI PP); and Clade 4, Angelica arguta through Angelica capitellata (52% MP
BS; 66% ML BS; 1.00 BI PP). Podistera nevadensis comprises a trichotomy along
with Clades 1 and 2 in all optimizations and is not assigned to any of these clades. The
Asian Pacific Glehnia littoralis subsp. littoralis comprises an isolated lineage sister
group to Clade 4 in the ML and BI trees (not shown). These results agree with those of
our previous molecular systematic studies in showing that the genus Cymopterus is
highly polyphyletic, with its members scattered among other apioid genera endemic to
western NA. Moreover, each of the latter genera (i.e., Aletes, Lomatium, Musineon,
Oreonana, Oreoxis, Orogenia, Podistera, Pseudocymopterus, Pteryxia, and Tauschia)
is also not monophyletic. The Phellopterus group of Cymopterus (i.e., C. bulbosus, C.
constancei, C. macrorhizus, C. montanus, C. multinervatus, and C. purpurascens;
Clade 3) constitutes a strongly supported monophyletic group in all trees, with 86%
and 87% MP and ML BS support values, respectively, and a 1.00 PP value. The five
varieties of Cymopterus acaulis also comprise a well-supported monophyletic group
(98% MP and ML BS, 1.00 PP; Clade 1), with little or no sequence divergence among
them in pairwise comparisons (0-0.1% nucleotide sequence divergence). In stark con-
trast, conspecific members of Pteryxia terebinthina (5 varieties) and Aletes macdou-
galii (2 subspecies) do not ally closely, with each species having members arising in
two major clades. Thaspium and Zizia unite as a strongly supported monophyletic
group in all analyses, but each genus is not resolved as monophyletic. Polytaenia com-
prises a separate lineage and only weakly allies with Thaspium and Zizia (along with
Aletes calcicola) in the ML and BI trees (<50% ML BS; 0.65 PP).

Sequence characteristics of the 7ps/6 intron and ITS data sets for the same group of
129 accessions are available through previous studies and are summarized in Table 2.
The rpsi6 intron matrix is comparable in size to that of #nL-T and contributes ap-
proximately the same number of parsimony informative characters. The proportion of
nucleotide differences in the ITS partition was four to five times higher than either the
rps16 intron or trnF-L-T partitions and relative to its size the ITS region contributed
the greatest percentage of informative characters to the analysis. Among all loci con-
sidered to date in Apiaceae phylogenetic studies, the ITS region is most rapidly evolv-
ing (Downie et al. 2001). The ITS region yields almost exactly the same number of
parsimony informative characters as does #rnF-L-T, despite it being only one-quarter
of the size; the number of parsimony informative indels in the ITS region, however, is
substantially less. An analysis of all available molecular data resulted in a matrix of
3532 aligned positions, with none excluded because of alignment ambiguities; 354 of
these positions were parsimony informative (Table 2). In addition, 17 unambiguous
alignment gaps were parsimony informative. Maximum pairwise sequence divergence
values approached 3.2% of nucleotides in this matrix of combined molecular data.

MP analyses of the ITS and rps6 intron data sets obtained through previous studies
for the same set of 129 accessions each resulted in the preset limit of 20,000 minimal
length trees (ITS tree length = 701 steps, CI with and without uninformative characters
=0.4964 and 0.3893, RI = 0.6566; rps16 intron tree length = 300 steps, CI with and
without uninformative characters = 0.6733 and 0.4948, RI = 0.8158). In the ITS strict
consensus tree, 71 nodes are resolved but most of these are supported weakly (29
nodes have BS values >50%, 13 of which are >80%). The strict consensus tree derived
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from MP analysis of 7ps16 intron data is much less resolved, with only 24 nodes pres-
ent (17 of which have BS values >50%, only 6 of which are >80%). In the #rnF-L-T
strict consensus tree (Fig. 1), 54 nodes are resolved; 40 of these nodes are supported by
BS values >50%, 12 of which are >80%. Overall, the t7rnF-L-T matrix yields MP trees
with greater BS branch support and less homoplasy than either the ITS or rps6 intron
data matrices. Similarly, BI analysis of the #7nF-L-T matrix resulted in a more highly
resolved tree with greater PP branch support than did those trees resulting from BI
analyses of partitioned ITS and 7ps/6 intron data sets.

The results of a partition homogeneity test showed significant incongruence
between the #rnF-L-T and ITS data sets (ILD probability value = 0.01). However, by
collapsing those branches with BS values < 50%, the trees become highly consistent
with respect to their major groupings. Therefore, all three data sets were combined for
simultaneous molecular analyses. MP analysis of these combined molecular data
resulted in the preset maximum tree limit of 20,000 trees, each of 1707 steps (CI =
0.5442 and 0.3869, with and without uninformative characters, respectively; RI =
0.6945). The strict consensus of these trees with accompanying BS support values is
shown in Fig. 2. Eighty nodes are resolved, of which 39 are supported by BS values
>50% and 24 are supported by BS values >80%. Repeating this analysis but with the
inclusion of the 17 binary-scored alignment gaps resulted in a strict consensus tree
with a topology highly consistent with that inferred previously (tree length = 1774
steps; CI = 0.5361 and 0.3835, with and without uninformative characters, respec-
tively; RI = 0.6933). Compared with the analyses of partitioned data, greatest resolu-
tion of relationships and highest branch support are achieved when all DNA regions,
representing over 3.5 kb of aligned data, are considered simultaneously.

Among a total of 20,000 trees generated in the Bayesian analysis, 2000 trees were
discarded as “burn-in” and the remaining ones used to generate a majority rule consen-
sus tree (Fig. 3). The —Ln values of these trees ranged from 16,482.244 to 16,653.266
(average 16,546.749; standard deviation 33.714). The BI consensus tree shows greater
resolution of relationships and clades of higher PP values than those trees resulting
from BI analyses of partitioned data — of 104 resolved nodes, 38 have a PP value of
1.00. For the ML analysis, Modeltest selected the GTR+I+G model of nucleotide sub-
stitution as best fitting these sequence data (base frequencies: 0.3288, A; 0.1475, C;
0.1592, G; 0.3645, T; estimates of substitution rates: A<>C, 0.9595; A<>G, 1.1493;
AT, 0.2886; C>G, 0.4931; CT, 1.6104; G T, 1; proportion of invariable sites =
0.5312; gamma distribution shape parameter = 0.6981). Using these parameters, a
single ML tree was recovered by PAUP*, with a —Ln likelihood score of 16,429.674.
Relationships inferred by the ML tree are similar to those estimated using BI; clades
identified with BS values <50% in the ML analysis are indicated on the BI tree.

The four major clades outlined in Fig. 1 resulting from MP, ML and BI analyses of
trnF-L-T data are also retrieved on trees resulting from ML and BI analyses of all
available data (Fig. 3). On the latter trees, branch support for Clades 2—4 is generally
higher than those values inferred through separate ML and BI analyses of trnF-L-T
data. In contrast, the MP strict consensus tree (Fig. 2) places Clade 2 within a paraphyl-
etic Clade 1 and provides very weak support for the monophyly of this group; other-
wise, relationships are similar among the various partitioned and combined analyses.
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the four major clades described in the text are circumscribed.
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Fig. 3. Majority rule consensus tree of 18,000 trees derived from BI analyses of combined ntDNA ITS
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not indicated. The 40 accessions of Cymopterus included in the study are boldfaced and the four major

clades described in the text and previous figures are identified.
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Table 3. The number of additional steps required to force monophyly of 13 genera in MP analyses of
four data sets. The number of accessions examined for each genus is given in parentheses. Tree lengths
from unconstrained MP analyses of these data sets are provided in brackets. A “0” tree length indicates
that the genus is monophyletic in the unconstrained analysis of that particular data set.

trnF-L-T
G ITS > 16 trnF-L-T - o s16
enus intron intron
[L=701] [L=300] [L=514] ITS
[L=1707]
Aletes (11) 18 20 22 52
Angelica (9) 1 12 1 1
Cymopterus (40) 30 27 38 63
Glehnia (2) 4 0 3 4
Lomatium (20) 23 19 28 51
Musineon (4) 4 8 16
Oreonana (3) 3 0 0 0
Oreoxis (4) 14 4 16 32
Orogenia (2) 2 0 0
Podistera (4) 7 4 10 18
Pseudocymopterus (3) 3 3 3 9
Pteryxia (10) 13 12 27 38
Tauschia (5) 8 6 8 17

Again, Cymopterus is highly polyphyletic, as are most other genera endemic to west-
ern NA. The Phellopterus group of Cymopterus remains monophyletic, but with stron-
ger branch support than in the trnF-L-T trees (MP BS 97%, ML BS 99%, BI PP 1.00).
No greater resolution of relationships is obtained for Pteryxia terebinthina or Aletes
macdougalii. Polytaenia, Thaspium, and Zizia are now each resolved as monophyletic
and collectively comprise a moderately to well-supported clade (MP BS 80%; ML BS
79%; BI PP 0.97).

Constraining the 40 examined accessions of Cymopterus to monophyly and rerun-
ning MP analyses of the partitioned (trnF-L-T, rpsi6 intron, ITS) and combined data
sets resulted in trees 27—63 steps longer than those minimal length trees without the
constraint invoked (Table 3). Constraint analyses of 12 other genera in all but a few
cases also resulted in trees of much greater length (Table 3). As examples, constraining
Aletes (11 accessions) and Lomatium (20 accessions) to monophyly in MP analyses of
combined molecular data required 52 and 51 additional steps, respectively. Glehnia,
Oreonana, and Orogenia were monophyletic in some, but not all unconstrained analy-
ses.
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Discussion

To date, studies of the phylogenetic relationships among the members of Apiaceae
subfamily Apioideae endemic to western NA north of Mexico have been carried out
using ITS (Downie et al. 2002, Sun et al. 2004), 7ps16 intron (Sun & Downie 2004),
and now #rnF-L-T sequence data. The results of partitioned and combined phyloge-
netic analyses of these molecular data show that Cymopterus, one of the largest genera
of NA Apioideae, is not monophyletic. However, this is clearly an understatement. The
40 accessions of Cymopterus examined herein (representing all but one of its 35 cur-
rently recognized species) comprise 19 or 20 separate branches in the Bl and ML trees.
In the MP analysis of combined data, trees of 63 additional steps are required to force
Cymopterus into monophyly. Cymopterus is thus grossly polyphyletic, as revealed
through molecular systematic studies. Similarly, the results of cladistic analyses of 54
morphological characters and 123 NA apioid taxa also reveal a highly polyphyletic
Cymopterus (Sun 2003, Sun & Downie 2010).

The species of Cymopterus are linked closely with those of many other genera of
western NA (i.e., Aletes, Lomatium, Musineon, Oreoxis, Podistera, Pseudocymopter-
us, Pteryxia and Tauschia) and, as such, each of these genera is also not monophyletic.
Indeed, some of these genera are highly polyphyletic, such as Aletes, Lomatium, and
Pteryxia. Each of these genera requires many extra steps to force their monophyly in
MP analyses. Of the 14 herbaceous, perennial genera of Apiaceae subfamily Apioideae
endemic to western NA, only Oreonana and Orogenia are each resolved as monophyl-
etic in some but not all analyses (only single accessions of the genera Harbouria,
Neoparrya and Shoshonea were included in this study). If future studies support the
hypotheses presented herein, radical changes to the prevailing classification of western
NA Apioideae will be necessary.

Overall, phylogenetic analyses of the #nF-L-T region resulted in trees of greater
resolution and higher branch support than those trees generated using either ITS or
rps16 intron data sets. However, greatest resolution of relationships and branch sup-
port were achieved when all DNA regions are considered simultaneously, yet diver-
gence estimates were still low, approaching 3.2% of nucleotides. These combined
DNA regions represent over 3.5 kb of aligned data and 354 parsimony informative
characters, a 40% increase in the number of informative characters relative to a previ-
ous study based on a combined analysis of ITS and 7ps/6 intron sequences (Sun &
Downie 2004). The following relationships are revealed or are better supported through
analyses of combined molecular data: (1) Polytaenia, Thaspium, and Zizia are each
monophyletic and collectively comprise a moderately to well-supported clade. (2)
Oreonana and Orogenia are each resolved as monophyletic in the #7nF-L-T and com-
bined molecular analyses (Oreonana was previously reported as monophyletic in the
rps16 intron study). (3) All six species comprising the Phellopterus clade are strongly
supported as monophyletic. (4) There is stronger support for the C. acaulis clade than
revealed through prior studies. The results of phylogenetic analyses of ITS data showed
that C. newberryi is nested within C. acaulis (Sun et al. 2004). Such a relationship is
not supported herein upon analyses of combined molecular data, instead C. newberryi
is a strongly supported sister group to C. acaulis. We expect that as additional molecu-
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lar data are included in future phylogenetic studies, as well as a critical evaluation of
morphological and anatomical characters, further increased resolution of relationships
among these taxa will be achieved.

Analyses of #rnF-L-T and combined molecular data sets result in phylogenetic trees
comprising three to four major clades. These clades, however, are variously supported
depending upon the analysis, and in the MP analysis of combined data Clade 2 arises
within a paraphyletic Clade 1. Clade 4, comprising all included members of the cir-
cumboreal genus Angelica (plus Glehnia littoralis subsp. leiocarpa), is the only major
clade that coincides closely with a previously circumscribed genus. The single acces-
sion of Glehnia littoralis subsp. littoralis from Taiwan may be misidentified. Its ITS
sequence matches identically to those from four accessions of Peucedanum japoni-
cum, a distantly related species. Podistera nevadensis is not assigned to any major
clade. In all trees, it comprises an isolated branch variously associated with Clades 1
and 2, and further study will be necessary to establish the closest relatives of this spe-
cies. Clade 2 is comprised of 12 of the 20 accessions of Lomatium included in this
study plus two species of Cymopterus and two species of Orogenia. Within Lomatium,
none of the informal species groups are resolved as monophyletic (summarized in Sun
et al. 2004), with some members of the Cynomarthrum and “tuberous lomatium” spe-
cies groups falling within this major clade and others falling elsewhere. Cronquist
(1997) stated that the two species of Orogenia are likely related to some of the smaller,
white-flowered species of Lomatium, in spite of the differences in their fruits. Simi-
larly, the fruit of C. longipes also suggests Lomatium (Cronquist 1997, Downie et al.
2002). Within Clades 1 and 3, several smaller clades of similar composition are appar-
ent in all trees, but each comprises very few taxa or species from two or more genera
and most are not very well supported. Those smaller clades that are well-supported,
such as the one comprising Aletes macdougalii subsp. macdougalii, Cymopterus
beckii, Pseudocymopterus montanus and Pteryxia davidsonii (MP and ML BS 100%,
BI PP 1.00), represent species belonging to multiple genera and may contain plants
that are quite different in fruit and flower characteristics. Therefore, until these groups
receive confirmation through additional study, we are cautious not to recognize new
assemblages of taxa, either formally or informally, at the present time.

The conspecific members of Pteryxia terebinthina (5 varieties) and Aletes macdou-
galii (2 subspecies) are not monophyletic, with their constituent members occurring
distantly in all trees, whereas the five varieties of C. acaulis comprise a well-supported
monophyletic group in all analyses. The absence of or very little sequence variation
among the infraspecific taxa of C. acaulis supports our previous work in suggesting
that no varieties be recognized in this species complex (Sun et al. 2005). Multivariate
analyses of 288 specimens representing the morphological variability and geographic
distribution of the C. acaulis complex showed that most characters previously used to
recognize these varieties are highly variable within taxa and that no clearly separated
clusters are revealed (Sun et al. 2005). It is surprising then that the infraspecific taxa
of P. terebinthina also do not comprise a monophyletic group in our study, since the
results of prior multivariate and phylogenetic analyses of morphological characters
showed that these taxa are morphologically indistinguishable and closely related (Sun
2003, Sun et al. 2008). Similarly, Cronquist (1997) did not accept the distinction
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between the two subspecies of Aletes macdougalii (he recognized this species under
Cymopterus macdougalii with no infraspecific taxa), but in the trees presented herein
these two subspecies are widely separated, occurring in two major clades. Further
studies of the infraspecific taxa of P. terebinthina and A. macdougalii will be re-
quired.

The systematics of North American Apiaceae subfamily Apioideae, especially of its
perennial, endemic members, is nowhere near satisfactory. Its two largest genera, Cy-
mopterus and Lomatium, are grossly polyphyletic in all molecular phylogenies, with
elements of each inextricably linked with each other and with other genera of western
NA. Many of these genera, as described and recognized today, are ill-formed based on
poor characteristics (Cronquist 1997, Downie et al. 2002, Sun et al. 2004). A complete
reassessment of the generic limits of native NA umbellifers is clearly required. To
delimit genera and increase resolution of relationships among these taxa, additional
DNA sequence data will be necessary, as well as more critical examination and evalu-
ation of morphological and fruit anatomical characters. It is very likely, however, that
additional study will not result in monophyletic genera, as traditionally circumscribed,
or new genera that can be circumscribed unequivocally using morphological data. As
such, a case might be made for combining all 200 or so species of the complex into one
large monophyletic genus, an extreme but possibly inevitable action. Further com-
pounding the problem is that these plants may have originated and radiated rapidly in
western NA (Downie et al. 2002, Sun et al. 2004), thus additional sequence data may
not resolve early branching patterns among these perennial, endemic NA umbellifers.
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