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ABSTRACT Results from phylogenetic analysis of nu-
clear rDNA internal transcribed spacer (ITS) sequences from
a worldwide sample of Sanicula indicate that Hawaiian
sanicles (Sanicula sect. Sandwicenses) constitute a monophy-
letic group that descended from a western North American
ancestor in Sanicula sect. Sanicoria, a paraphyletic assemblage
of mostly Californian species. A monophyletic group compris-
ing representatives of all 15 species of S. sect. Sanicoria and the
three sampled species of S. sect. Sandwicenses was resolved in
all maximally parsimonious trees, rooted with sequences from
species of Astrantia and Eryngium. All sequences sampled from
eastern North American, European, and Asian species of
Sanicula fell outside the ITS clade comprising S. sect. Sani-
coria and S. sect. Sandwicenses. A lineage comprising the
Hawaiian taxa and three species endemic to coastal or near-
coastal habitats in western North America (Sanicula arcto-
poides, Sanicula arguta, and Sanicula laciniata) is diagnosed by
nucleotide substitutions and a 24-bp deletion in ITS2. The
hooked fruits in Sanicula lead us to conclude that the ancestor
of Hawaiian sanicles arrived from North America by external
bird dispersal; similar transport has been hypothesized for the
North American tarweed ancestor of the Hawaiian silversword
alliance (Asteraceae). Two additional long-distance dispersal
events involving members of S. sect. Sanicoria can be con-
cluded from the ITS phylogeny: dispersal of Sanicula crassi-
caulis and Sanicula graveolens from western North America to
southern South America.

The volcanic history, extreme geographic isolation, and dis-
harmonic biota of the Hawaiian archipelago demonstrate that
terrestrial life in the islands must have arrived by long-distance
dispersal (1). Among plants, the approximately 966 species of
indigenous Hawaiian angiosperms (89% endemic) have been
estimated to stem from 272 to 282 natural introductions to the
islands (2). On the basis of comparative floristics, Fosberg (3)
hypothesized that most natural introductions of Hawaiian
flowering plants were from southeast Asian source areas.
Directionality of prevailing air currents, occurrence of inter-
mediary ‘“stepping-stone” islands, and climatic similarities
between the Hawaiian archipelago and tropical areas to the
west and southwest of the islands accord with Fosberg’s
estimate.

A minority (about 18%) of ancestral Hawaiian plant colo-
nists are thought to have dispersed from the Americas (3),
despite unfavorable prevailing winds and water currents. Plant
dispersal across the unbroken 3,900-km oceanic barrier be-
tween temperate western North America and the Hawaiian
Islands appears to have been exceedingly rare. Molecular
phylogenetic evidence of a California tarweed (Madia/
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Raillardiopsis) ancestry of the Hawaiian silversword alliance
(Argyroxiphium, Dubautia, Wilkesia) provides one unequivocal
example of such dispersal in the sunflower family (4-6). In this
paper, we provide phylogenetic evidence from nuclear ribo-
somal DNA internal transcribed spacer (ITS) sequences for
another example of angiosperm dispersal from the Pacific
coast of temperate western North America to the Hawaiian
Islands involving Sanicula (Apiaceae). In addition, we show
evidence for two amphitropical dispersals of sanicles from
temperate western North America to southern South America.

MATERIALS AND METHODS

We examined DNAs from one to six populations of 23 species
representing all 15 taxa in the western American Sanicula sect.
Sanicoria, three of four species in the Hawaiian Sanicula sect.
Sandwicenses (Sanicula kauaiensis may be extinct), two of six
species from the Asian Sanicula sect. Pseudopetagnia, and
three of 13 species from the cosmopolitan Sanicula sect.
Sanicla (for taxonomy of Sanicula see refs. 7-10). The only
section not examined was the Asian Sanicula sect. Tubercula-
tae, comprising three species (unavailable to us) regarded by
Shan and Constance (7) as having “diverged least from the
assumed progenitors . . . of the genus.” Sampling encompassed
the main continental distribution of the genus (Asia, Europe,
North America, and South America) and included a Malaysian
sample of the only species known from Africa. Populations
were sampled widely across the distribution of species repre-
sented by multiple DNAs (Table 1). Three species outside
Sanicula in subfamily Saniculoideae (Astrantia major, Eryn-
gium cervantesii, and Eryngium mexicanum) were chosen as
outgroups based on morphological and molecular evidence of
close relationship to the ingroup (see ref. 11).

Total DNAs were extracted from pooled fresh leaf tissue of
5-10 individuals per population or from dried leaf fragments
of herbarium specimens by using a modification of the hexa-
decyltrimethylammonium bromide (CTAB) method in Doyle
and Doyle (12), with two ethanol precipitations. The 18S-26S
nuclear rDNA ITS region (ITS1, 5.8S subunit, and ITS2) was
PCR-amplified by using ¢28kj (5'-TTGGACGGAATTTAC-
CGCCCG-3', designed by K. W. Cullings, San Francisco State
University) and LEU1 (5'-GTCCACTGAACCTTATCATT-
TAG-3’, designed by L. E. Urbatsch, Louisiana State Univer-
sity) for most samples. The internal primers ITS2, ITS3, ITS4,
and ITS5 (13) were used for sequencing reactions and for PCR

Abbreviations: ITS, internal transcribed spacer of 18S-26S nuclear

ribosomal DNA; Ma, million years ago.
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Table 1.

Matrix of informative nucleotide sites and insertions/deletions (indels) from the nuclear

rDNA ITS region in Sanicula and outgroups

NelieloBEN e Y R N O R

11111111211111121111111111111
1123344555555566666777788899990011122222233333456667778888
57824727123578912579567804734893726901235901459353464781346

TAGGCCCCCGACATCGGGCCCCACACGGCTCGGACTCAACGGACCTCGCATGCAATCTG
TAGGCCACCGACGTCGGGCCCCACCTGGCTCGGCCTCAACGGCACTCGCATGCAATTTG
TTAGCCACGGACATTGGTCCCCCAGAGGCGCGGCTTCRATTACCACCGCATGTCACTGC
TTAGACACCGACGTCGGGCCCCGTTTGATCGGGCTCCGCTACAATTTATATGCCATCCT
TTAGACACCGACGTCGGGCTCCGTT-GACCGGGTTCCGCTACAATTTGTATGCTATCCT
TTAGACACCGACGTCGGGCCCTGTTCGACCGGGCTCCGCTACAACTTGTATGCCATCCT
TTAGATACCGACGTCGGGCCCCATTCGATCAGGCTCCGCTACAATTTGTATGCCATCCT
TTAGACACCGATGTCGTGCCCCGTTCGACCGGGCTCCGCTACAATTTGTATGCTATCCT
ATAGAAATCGACGTCGGGTTCCGTGCGATCGGGATCCGCTACAATTTATATGCCATCCT
ATAGAAATCGACGTCGGGTTCCGTGCGATCGGGATCCGCTACAATTTATATGCCATCCT
ATAGAAATCGACGTCGGGTTCCGTGCAATCGGGATCCGCTACAATTTATATGCCATCCT
TTAGAAATCAACGTCTGGTCCTGTTCAACCGGGCTCCGCTACAATTTATATGCCATCCT
TTAGAGGCCGACGTCGGGTCCCGTTCAACCGGA--CCGCTACAATTTATATGCCATCCT
TAAGAA-CCGACGCAGTGTCTCGTTCGACCGGGCTCTTCTACAATTTGTTTTCCATTCT
TTAGAAATCGACGTCGGGTCCCGTTCGACCGGGCTCCGCTACAATTTATATGCCATCCT
TTAAAATCCGACGTCGGGTCCTGTTCGACCGGCCTCCGCTACAATTTATACGCCACCCT
TTAAAATCCGACGTCGGGTCCTGTTCGACCGGCCTCCGCTACAATTTATACGCCACCCT
TTAAAATCCGACGTCGGGTCCTGTTCGACCGGCCTCCGCTACAATTTATACGCCACCCT
TTAAAATCCGACGTCGGGTCCTGTTCGACCGGCCTCCGCTACAATTTATACGCCACCCT
TAAGAGATCGACGTAGTGTCCCGTTCGACCGAGCTCTGCTACAATTCGTTTTTCATT-T
TTAGAGACGCCCGTCGTGTCCTGTTCGATCGGTTTCCGCTACAACATGTTTGCTGTACT
TTAGAGACGCCCGTCGTGTCCTGTTCGACCGGTTTCCGCTACAACATGTTTGCTGTACT
TTAGAGACGCCCGTCATGTCCTGTTTGATCGGTCTCCGCTACAACATGTTTGCTGTACT
TAAGAAACCAACGTAGTTTCCCGTTCGACCGGGCTCTGCTACCATTTGTTTTCCATTCT
TTAGAGGCCGACGTCGGGTCCYGTACGACCGGGCTCCGCTACAATTTATATGCCATCCT
TAAGAA-CCGACGCAGTGTCTCGTTCGACCGGGCTCTTCTACAATTTGTTTTCCATTCT
TTAGAGACGCCTGTCATGTCCTGTTCGACCGGTCTCCGCTACAACATGTTTGCTGTACT
TTAGAGACGCCCGTCATGTCCTGTTCGACCGGTCTCCGCTACAACATGTTTGTTGTACT
TTAGAGACGCCCGTCATGTCCTGTTTGACCGGTCTCCGCT-CAACATGTTTGCTGTACT
TAAGAAACCGACATAGTGTCCCGTTCGACCGAACTCTGCTACAATTCGTTTTTCATTCT
TAAGAAACCGAMGTAGTGTCCYGTTCGACCGGGCTCTTCTACAATTTGTTTTTCATTCT

Nelie BN I R R N S

2222333333344444444444444444404444440444444444444444455555555
00024689999000111111222222233333345566666677788889900134555
25609283789479146789012567801236950303678902306788949265237

TCGGGGGGCGC-CCCACTCCTGGTGGTCGTCACGAGGCCGCAGGCCCGCACGTCGGLCGC
TCGGGGGGCGCCCCCACTCCTTGTGCTCGTCATGAGGCCGCGGGCCCGCACGTCGGCGL
CTGGGCGGCGCAACTTTCCACTTGGCTTGCGCGGTGGATGCATGCCAGCACGTCGAC--
TCGGGGGGCGC-ACTATCCTTCCGACTCGCATTGAGGTTGTGGATCAACGTTTTGGCGC
CTGGGGGGCGC-ACCATCCTTGCGATTCGCATGGAGGCTGTGGATCAACGTTTCGGCGC
CCGGGGGGCGC-ACCATCCTCAGGACTCGCATGGAGGCTGTGGATCAACGTTTCGACGC
CCAGAGGGCGC-ACCTTCCTTACGATTCGCATGGAGGCTGTGGATCAACGTTTCGGTGT
CCGGGGGGCGCCACCATCCTTGCGACTTTCGTGGAAGCTGTGGGTTAACGTTTCGGCGC

TCGGGGGTTGCTAT----------=------ TGGAAGCTGTGAATCAACGTTCTGGCGC
TCGGGGGTTGCTAT-----=-mmmmmmmom- TGGAAGCTGTGAATCAACGTTCTGGCGC
TCGGGGGTTGCTAT----------=------ TGGAAGCTGTGAATCAACGTTCTGGCGC
CCGGGGGGCGTCAT------m=mmmmm-=- TGGAAGCTGTGGATCAATGTTCTGGTGC
CCGGAGGTCACCAT-----=====mmmmm- TGGAAGTTGTGGATCAACGTTCTGGCGC

CCGAGGGGCGACACCATCCTCACGGCTCGCATGGAGGCTGCGGATCAAAGTTCTAGCGT
CCGGGRGGCG-CACTATCCTTGCGACTCACGTGGTAGCTGTGGATTAACGTTCTGGCGC
CCGGGGGTTGTCACCATCTTT--GACTCACATGATAGCTATGGGTCAATGTTCTGGCAC
CCGGGGGTTGTCACCATCTTT--GACTCACATGATAGCTATGGGTCAATGTTCTGGCAC
CCGGGGGTTGCCACCATCTTT--GACTCACATGATAGCTATGGGTCAATGTTCTGGCAC
CCGGGGGTTGCCACCATCTTT--GACTCACATGATAGCTATGGGTCAATGTTCTGGCAC
CCGGGAGACG-CACCATCCTTACAATTCGCACGGAAGCTGCGGATCAAAGTTCTAGTG-
CCGGGGGGCG-CACTATCCTTTCGAACCACATGGAATCTGTGGATTAACGTTCTGGCGT
CYAGGGGGCG-CACCATCCTTGCGAACCGCATGGAATCTGTGGATTAACGTTCTGGCGT
CCGGGGGGCG-CACCATCCTTGCGACTCGCATGGAATCTCTGGATTAACGTTCTGGCGT
CCGGGGGGCGACACCATCCTCACGACTTGCATGGAAGCTGCGGATCAAAGTTCTAGCGC
CCGGGGATCACCAT----====mmmmmmmm- TGGAAGCTGTGGATCAACGTTCTGGCGC
CCGAGGGGCGACACCATCTTCACGGCTCGCATGGAAGCTGCGGATCAAAGTTCTAGCGT
CCGGGGGGCG-CACCATCCTTGCGACTCGCATGGAATCTGTGGATTAACGTTCTGGCGT
CCGGGGGGCG-CACCATCCTTGCGACCCGCATGGAATCTGTGGATTAACGTTCTGGCGT
CCGGGGGGCG-CACCATCCTTGCGACCCGCATGGAATCTGTGGATTAACGTTCTGGCGT
CCGGGAAGCG-CACCATCCTCACGATTCGCATGGAAACTGCGGATCAAAGTTCTAGTGC
CCGGGGGGCGACACCATCCTCACGACTCGTCTGGAAGCTGCGTATCAAAGTTCTAGCGT

(Table continues on the opposite page.)
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Table 1. (continued)
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555555555555666666
566677788889000122
81460192368925806 7 ik

1 GCCCCTCGCAGGGAACCC11111121122121
2 GCCCCTCGCCGGGAACCC11111111122121
3 e CGCAGGGAGTCC11111111222121

4 GCCTCCCTCAGGACAACC11122121222112
5 ACCTCCCTAAGGACAACC21122121222112
6 GTCKCCCTCAGGACAACC11122121122112
7 GCCTCCCTCAGGACAACT11122121122212
8 GTCTCCCTCAGGACAACC11122111122112
9 ATCTCCCTCAGTACAACC11222112122112
10 ATCTCCCTCAGTACAACC11222112122112
11 ATCTCCCTCAGTACAACC11222112122112
12 ATCTCCTTCAGTACAACC11222112122112
13 ATCTCCCTCAGTACAACC12122112122112
14 GCCTCCCTCAGTACAACC13122111222212
15 ATCTTCCTCAGTACAACC14222211122112
16 ATCTTCCTCGGTACAATC15222113222112
17 ATCTTCCTCAGTACAATC15222113222112
18 ATCTTTCTCAGTACAATC15222113221112
19 GTCTTCCTCAGTACAATC15222113222112
20 ACCTCCCTCAGTAAAACC16122211222212
21 GCTTCCCCCATGACAACC11122211212112
22 GCTTCCCCCATGACAACC11122211212112
23 GCCTCCCACATGACAACC11122211222112
24 GCCTCTCTCAGTACAACT11122111222212
25 ATCTCCTTCAGTACAACC12222112122112
26 GCCTCCCTCAGTACAACC13122111222212
27 GCCTCCCCCATGACAACC11122211222112
28 GCCTCCCCCATGACAACC21122211211112
29 GCCTCCCCCATGACAACC11122211222112
30 GCCTCCCTCAGTAAAACC16122211222212
31 GCC-TCCTACCTATGANN11122111221112

Numbers along top of matrix are informative site positions in the aligned ITS region sequences, with
the origin at the ITS1 site bordering the 18S cistron. The last 14 characters, marked by asterisks, are
recoded indels. Numbers along the left border of the matrix refer to individual samples or reconstructed
ancestral sequences of species or populations. All samples are from California, (and are deposited at the
Jepson Herbarium) unless otherwise indicated: 1 = Eryngium cervantesii, Mexico, LC 2443 (UC); 2 = E.
mexicanum, Mexico, LC 2428 (UC); 3 = Astrantia major, France, 1996, J. L. Benito s. n. (JACA); 4 =
Sanicula orthacantha, China, 1980, B. Bartolomew et al. s. n. (UC); 5 = S. europaea, Spain, P. Cataldn 1896
(JACA); 6 = S. chinensis, China, 1984, S. N. Kobayashi s. n. (MAK); 7 = S. elata, Malaysia, J. H. Beaman
9108 (UC); 8 = S. canadensis, North Carolina, U.S., BGB 919b, (UC); 9 = S. mariversa, Oahu, Hawaii,
K. M. Nagata 3171 (UC); 10 = S. sandwicensis, East Maui, J. Henrickson & R. Vogl 3635 (UC), Hawaii,
R. Gustafson 2408 (RSA); 11 = S. purpurea, West Maui, S. Meidell 113 (UC); 12 = S. arctopoides, San
Francisco Co., IPV96, Sonoma Co., 7PV96, Del Norte Co., 34PV96; 13 = S. arguta, San Clemente Island,
S. Boyd 4435 (RSA), San Luis Obispo Co., 19PV96, San Diego Co., 26PV96; 14 = S. bipinnatifida, San
Diego Co., 25P196, San Luis Obispo Co., 14PV96, Siskiyou Co., 38PV96; 15 = S. bipinnata, Monterey Co.,
12PV96, Santa Barbara Co., 28PV96; 16 = S. crassicaulis, El Dorado Co., 47PV96, Marin Co., 17PV96;
17 = 8. crassicaulis, Chile, D. M. Moore 225 (UC); 18 = . crassicaulis, Santa Barbara Co., 29PV96; 19 =
S. crassicaulis, Alameda Co., I8PV96, Marin Co., 16PV96; 20 = S. deserticola, Baja California, Mexico,
RM 19353 (UC); 21 = S. graveolens, Placer Co., 45PV96; 22 = S. graveolens, Chile, M. L. DeVore 1144
(UC); 23 = S. graveolens, San Diego Co., 23PV96; 24 = S. hoffmannii, San Luis Obispo Co., 20P}96,
21PV96, Santa Barbara Co., 27PV96; 25 = S. laciniata, Mendocino Co., 31PV96, Monterey Co., 9P1/96,
San Luis Obispo Co., 13PV96; 26 = S. peckiana, Del Norte Co., 35PV96, 37PV96; 27 = S. tuberosa, Butte
Co., 41PV96, Marin Co., 3PV96, San Diego Co., 24PV96, Shasta Co., 40PV96, Trinity Co., 42PV96; 28 =
S. saxatilis, Contra Costa Co., BGB 905, Santa Clara Co., I0PV96; 29 = S. tracyi, Humboldt Co., 32P196,
Trinity Co., 33PV96; 30 = S. moranii, Baja California, Mexico, RM 21252 (UC), RM 23279 (SD); 31 =
S. maritima, Monterey Co., I5PV96, San Luis Obispo Co., 22PV96. Acronyms in parentheses are standard
herbarium abbreviations in Index Herbariorum. Abbreviations: Co., County; LC, Lincoln Constance;
BGB, Bruce Baldwin; PV, Pablo Vargas; RM, Reid Moran.
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amplifications of some genomic DNAs. PCR conditions fol-
lowed Baldwin (5), modified for symmetric amplification (with
equimolar primer concentrations) with a Perkin—Elmer model
9600 thermal cycler. Sequencing reactions and polyacrylamide
gel electrophoresis of sequencing products were conducted by
using the Perkin—Elmer/Applied Biosystems Prism Dye Ter-
minator cycle sequencing kit (half-reactions) and a Perkin—
Elmer/Applied Biosystems model 377 automated sequencer.

Complete sequences of both strands of each PCR product were
processed, aligned, and visually checked by using Perkin—
Elmer sequence analysis and sequence navigator software.
ITS sequences of all samples were aligned unambiguously
into a sequence matrix by visual inspection. Phylogenetic
analysis of the data matrix was conducted by using Fitch
parsimony (using test version 4.0d55 of PAUP*, written by D. L.
Swofford, Smithsonian Institution), with equal weighting of all
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character transformations. The heuristic search strategy in-
volved 20 analyses with “random” addition sequences of the
taxa, mulpars, and tree bisection and reconnection (TBR)
branch swapping with steepest descent in effect. Inferred
insertion/deletion (indel) mutations were treated as either
missing data or were recoded as additional characters for
different analyses. Indels were recoded as binary characters
(presence/absence) or, in one ITS1 region of overlapping
indels, as a multistate character.

An initial heuristic search and a bootstrap analysis (using
“fast” stepwise addition, in PAUP*) were performed including
sequences of all 54 samples listed in Table 1. To improve search
capability, monophyletic groups of conspecific ITS sequences
resolved in the initial search (most of which were resolved in
>90% of the 1,000 bootstrap replicates) were compartmen-
talized (14) into single archetype sequences (except for San-
icula crassicaulis and Sanicula graveolens—compartmentaliza-
tion was carried as far as possible in each of the two species
without merging North American and South American sam-
ples) by using MACCLADE version 3.01 (15) to reconstruct
ancestral states. If equivocal, ancestral states were coded as
polymorphic by using International Union of Pure and Applied
Chemistry ambiguity symbols (a net reduction in ambiguously
coded states resulted from compartmentalization). The result-
ing 31 sequences were used exclusively in subsequent searches
and analyses of clade reliability.

Reliability of lineages was assessed by using bootstrap (100
resamplings of the data) and decay-index analyses using a
heuristic search strategy with closest addition sequence of the
taxa, mulpars, and TBR branch swapping with steepest descent
implemented. Historical biogeographic patterns were exam-
ined on the maximally parsimonious trees by using the char-
acter evolution reconstruction function of MACCLADE (15).

RESULTS AND DISCUSSION

ITS Sequence Variation. Alignment of the 31 sequences
studied in detail generated a matrix of 628 characters, 136 of
which are potentially informative for parsimony analysis (63 of
226 characters in ITS1, 3 of 163 characters in 5.8S subunit, and
70 of 239 characters in ITS2; see Table 1). Inferred indels were
recoded as 14 additional informative characters (5 in ITS1 and
9 in ITS2; see Table 1). No evidence of divergent paralogous
ribosomal DNA copy types was found in any of the species
studied.

Phylogenetic Resolution. The pattern of diversification re-
solved in all maximally parsimonious trees indicates that the
western American and Hawaiian species of S. sect. Sanicoria
and S. sect. Sandwicenses constitute a monophyletic group
comprising three well-supported lineages (Fig. 1). Based on
the ITS trees, the Hawaiian species form a monophyletic group
with three species from the Pacific Coast of North America:
Sanicula arctopoides, Sanicula arguta, and Sanicula laciniata.
The lineage comprising the Hawaiian taxa and the three
western North American species, although weakly supported
by nucleotide substitution data, is well-diagnosed by a 24-bp
ITS2 deletion (see Fig. 1). The semistrict consensus of mini-
mum-length trees reconstructed from analysis of the entire
data matrix (including recoded indels) is entirely congruent
with, but less resolved than, the consensus tree shown in Fig.
1.

Each taxon represented by multiple populations was re-
solved as monophyletic in the initial parsimony analysis except
S. graveolens, one sample of which formed a polytomy with four
other lineages in the semistrict consensus tree: Sanicula saxa-
tilis, Sanicula tracyi, Sanicula tuberosa, and other populations
of S. graveolens. South American samples of the only species in
S. sect. Sanicoria that occur outside western North America, S.
crassicaulis and S. graveolens, were placed within lineages also
containing Californian populations of the two taxa (Fig. 1).

Proc. Natl. Acad. Sci. USA 95 (1998)

Biogeographic Implications. The Hawaiian S. sect. Sandwi-
censes and South American populations of S. sect. Sanicoria
are highly nested within a lineage of species that are mostly
confined to the California Floristic Province (Fig. 1). In S. sect.
Sanicoria, only Sanicula deserticola, of Baja California, is not
found within the California Floristic Province (16). Historical
biogeographic reconstructions based on the maximally parsi-
monious trees provide support for three long-distance dis-
persal events from western North America: one to the Hawai-
ian archipelago and two (S. crassicaulis and S. graveolens) to
southern South America.

Origin of the Hawaiian lineage must have involved a single-
step dispersal event of intercontinental magnitude. Ocean-
floor spreading along the mid-Atlantic ridge has placed North
America and the Hawaiian Islands closer to each other at
present (at about 3,900 km) than at any time in the past
(17-19). Furthermore, no geological evidence exists for now-
extinct islands that could have served as “stepping-stones” for
dispersal from North America to the Hawaiian archipelago.
The distance between North American and South American
populations of S. crassicaulis and S. graveolens, and the Med-
iterranean climatic regions in which they occur, is much greater
than the oceanic barrier between North America and the
Hawaiian Islands. Calibration of the S. sect. Sanicoria + S.
sect. Sandwicenses clade at the maximum age conceivable for
neoendemic Californian plant radiations [i.e., at 15 million
years ago (Ma), the onset of late Tertiary summer drying in
western North America; see ref. 20] in a rate-constant ITS tree
of Sanicula (tested by using likelihood functions in PAUP*, with
exclusion of Sanicula maritima; P.V., B.G.B., and M. J. Sand-
erson, unpublished results) yields maximum ages of about 1 Ma
for the Hawaiian clade, about 1 Ma for South American S.
crassicaulis, and about 2 Ma for South American S. graveolens
(P.V,, B.G.B,, and M. J. Sanderson, unpublished results).
These preliminary results support Raven’s suggestion (21) that
amphitropical dispersal in Sanicula probably occurred since
the mid-Pliocene.

Dispersal of Sanicula to the Hawaiian Islands and South
America was likely bird-mediated (see ref. 22). All members of
the sublineage to which the Hawaiian species and South
American S. crassicaulis belong (also including S. arctopoides,
S. arguta, Sanicula bipinnata, and S. laciniata) possess fruits
covered with hooked prickles (7). S. graveolens also bears fruits
with hooked prickles that may have promoted external bird
dispersal to South America (23). Within the sublineage that
includes S. saxatilis, S. tracyi, and S. tuberosa, only S. graveolens
possesses prickly fruits and has a distribution that extends
beyond the California Floristic Province (7, 23, 24). Regular
sightings of North American migratory birds and “accidentals”
in the Hawaiian Islands (25) and regular migration of various
species of Charadriiformes (shore birds) between California
and Chile/Argentina (26) illustrate the potential for long-
distance dispersal of the type inferred herein. Establishment of
S. crassicaulis in South America would have been promoted by
its strong propensity for selfing, unlike other studied species in
S. sect. Sanicoria (8). Numerous other examples of apparently
conspecific or closely related angiosperms and ferns show a
similar disjunct pattern between temperate regions of western
North America and southern South America (21). Most of the
amphitropical disjunctions have been inferred to have arisen
by dispersal from North America (see refs. 21, 23, 27-29), as
confirmed herein for Sanicula and in other molecular phylo-
genetic studies for groups such as Microseris sect. Microseris
(Compositae) (30), Epilobium sect. Boisduvalia (Onagraceae)
(31), and Gilia (Polemoniaceae) (32).

Although origin of South American S. crassicaulis and S.
graveolens from western North American ancestors was pre-
viously hypothesized by Constance (23) and Raven (21), origin
of the Hawaiian sanicles has remained uncertain. Shan and
Constance (7) concluded that the Hawaiian species constitute



Evolution: Vargas et al.

Proc. Natl. Acad. Sci. USA 95 (1998) 239

100, >3

A. major3 (1)
— E. cervantesii1 (1)

99, >3

L—— E. mexicanum 2 (1

100,>3 1

S. chinensis 6 (1) China
— S. orthacantha 4 (1) China

100,>3 1

L— S elata7 (1) Malaysia

53,2

. europaea 5 (1) Spain

100, >3

. canadensis 8(1)East USA
. tuberosa 27 (5)
. saxatilis 28 (2)
. tracyi 29 (2)

1 100, >3

59,2
67,1

100, >3

v nonue onoon

. graveolens 23 (1)
. graveolens 21 (1)

97,>3

. graveolens 22 (1)Chile

99, >3

100, >3

. hoffmannii 24 (3)
. deserticola 20 (1)
. moranii 30 (2)

65,1 . maritima 31 (2)

bipinnatifida 14 (3)
peckiana 26 (2)

O 6O 6o non noon

197,23

88,>3
93,>3

100,>3]

. bipinnata 15 (2)
. crassicaulis 18 (1)

100,>3

S )

24 base-pair deletion in ITS-2 —»|

Fi1G. 1.

crassicaulis 19 (2)

n nm» n on

ﬁ: crassicaulis 16 (2)
54,1 S. crassicaulis 17(1)Chile

. arctopoides 12 (3
S. arguta13.(3)
S::laciniata 25 (3)
S:purpurea 11 (1)

(‘siren efeg Jo eiuiopjesn ul inosoo ‘dds |je) ersooiues "199s

84,2

S. mariversa9 (1)

flemeH

S. sandwicensis 10 (2)

Semistrict consensus of 252 minimum-length Fitch parsimony trees of nuclear ribosomal DNA ITS sequences in Sanicula and outgroups,

without recoding of insertions/deletions (indels) as additional characters (consistency index = 0.74; retention index = 0.79). The same island of
252 trees was found in each of the 20 heuristic analyses, with random addition sequences of the taxa. Numbers immediately after species names
refer to numerically designated sequences in Table 1. Numbers in parentheses indicate the number of populations sampled. Numbers above tree
branches are bootstrap (standard type) and decay (boldface type) values from analyses of the data matrix (Table 1) with recoded indel characters
excluded. Numbers below tree branches are bootstrap (standard type) and decay (boldface type) values from analyses of the data matrix (Table
1) including the recoded indel characters. Only bootstrap values above 50% are shown. A., Astrantia; E., Eryngium; S., Sanicula. (ss50) indicates
the only branch not resolved in the strict consensus of minimum-length trees; the branch was resolved in 50% of the minimum-length trees and

in the semistrict consensus tree.

a natural group, in accord with our results showing that the
species stem from a single common ancestral species in the
Hawaiian archipelago. Froebe (33) postulated that the Hawai-
ian species resulted from two colonizations of the Hawaiian
Islands by North American ancestors in S. sect. Sanicoria.
Froebe’s hypothesis (33) of a close relationship between the
western American S. sect. Sanicoria and Hawaiian S. sect.
Sandwicenses was based on his interpretation that members of
both groups possess a taproot, a putative shared derived
characteristic. A preliminary morphological phylogenetic anal-
ysis of Sanicula did not resolve the closest relationships of the

Hawaiian species (P.V., B.G.B., L.C,, and B. D. Mishler,
unpublished results). Combined analysis of the morphological
and molecular data yielded a tree topology congruent with the
ITS trees with respect to relationships of the western American
and Hawaiian species (P.V., B.G.B., L.C., and B. D. Mishler,
unpublished results).

Our results demonstrate that the origin of Hawaiian species
of Sanicula provides a remarkable parallel to the origin of the
Hawaiian silversword alliance (Asteraceae—Madiinae; refs.
4-6, 34, and 35), i.e., a second example of a diverse Hawaiian
lineage that arose from within a radiation of herbaceous
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species centered in the California Floristic Province. Phylo-
genetic verification of the origin of the two southern South
American sanicles reinforces the hypothesis (see refs. 22 and
26) that western North America has served as a floristic source
area for climatically similar areas far to the south. Although
California may be considered a floristic island, our data from
Sanicula provides additional evidence that California plant
lineages have spawned new lines of evolution in other island
and island-like areas outside North America.
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