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The silver saxifrages (Saxifraga sect. Ligulatae
aworth; Saxifragaceae) exhibit remarkable variation
f substrate specialization, with strictly calcicole to
alcifuge species, as well as life histories which range
rom semelparity to iteroparity. They occur almost
xclusively in the European mountain ranges and
isplay high levels of endemism. Sequences from chlo-
oplast and nuclear ribosomal DNA were obtained to
esolve phylogenetic relationships among the silver
axifrages and related taxa and to gain insight into the
volution of substrate specificity, life history, and bio-
eography. The resulting phylogenies suggested that
1) Saxifraga sect. Ligulatae, as traditionally defined,
oes not constitute a monophyletic group; (2) lime-
ecreting hydathodes in calcifuge species apparently
epresent a secondary nonaptation; (3) semelparity
volved independently two or three times in the silver
axifrages and allied sections, possibly in response to
limatic changes that occured during the Pleistocene;
nd (4) narrow endemics, for example S. cochlearis,
ikely evolved from the fragmentation of the wide-
pread S. paniculata into refugial populations that
ecame isolated during the glacial maxima of the
leistocene. r 1999 Academic Press

Key Words: ITS; matK; nuclear DNA; chloroplast DNA;
ongruence; life histories; semelparity; substrate speci-
city; biogeography.

INTRODUCTION

axonomy

The circumboreal genus Saxifraga is by far the
argest (300–440 species) and most complex in the
amily Saxifragaceae (Engler and Irmscher, 1919;
pongberg, 1972; Kohlein, 1984; Webb and Gornall,
989). Recent molecular systematic studies have con-
rmed the difficulty of uncovering taxonomic bound-
ries within the genus. Previous phylogenetic analyses

ased on rbcL, matK, and cpDNA restriction site data q
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trongly suggested that this genus is not monophyletic
nd that sectional boundaries do not accurately reflect
hylogenetic history (Morgan and Soltis, 1993; Soltis et
l., 1996a). The latest monographic revision of Saxi-
raga, based on morphology, cytology, and biogeography
Webb and Gornall, 1989), identified 15 sections in the
enus and ascribed 10 species to sect. Ligulatae
aworth (see Table 1). The work by Webb and Gornall

1989) provided the baseline taxonomic treatment fol-
owed in the present paper.

The three main taxonomic questions on sect. Ligula-
ae pertain to defining its circumscription, subsectional
lassification, and closest sectional relatives. The major
oint of disagreement on the circumscription of the
ection concerns whether S. caesia and S. squarrosa
hould be included in sect. Ligulatae or in sect. Porphy-
ion Tausch. For example, Webb and Gornall (1989)
ncluded these two species in sect. Porphyrion on the
asis of two observations: (1) in flowering rosettes, seed
roduction is not followed by whole-rosette death, as
ypical of sect. Ligulatae, and (2) their chromosome
umber is the same as in sect. Porphyrion Tausch
n 5 13, instead of n 5 14 of sect. Ligulatae). In con-
rast, Kohlein (1984) included S. caesia and S. squar-
osa in sect. Ligulatae due to their overall resemblance
o small-leaved members of this latter section and to
he absence of hybridization with other species of sect.
orphyrion.
Another question concerns whether the assignment

f S. florulenta and S. mutata to their own subsections
subs. Florulentae and subs. Mutatae, respectively), as
uggested by Webb and Gornall (1989; see also Hard-
ng, 1976; Kohlein, 1984), is justified from a phyloge-
etic perspective. As for the relationships of sect.
igulatae to other sections of Saxifraga, Webb and
ornall (1989) proposed that the sections with lime-

ecreting hydathodes (sect. Ligulatae and sect. Porphy-
ion) might share a common ancestor that probably
riginated in Asia. A previous survey of matK se-

uences analyzed Saxifraga in a broad sense and
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537PHYLOGENETIC RELATIONSHIPS OF THE SILVER SAXIFRAGES
ncluded 54 species representing the enormous diver-
ity of the genus (Soltis et al., 1996a). This study
uggested that sections Gymnopera and Porphyrion are
he closest relatives of sect. Ligulatae. However, given
he breadth of the Soltis et al. (1996a) survey, only 5
pecies of sect. Ligulatae were included.

orphology and Natural History

The common name of the species ascribed to sect.
igulatae Haworth, also known as the ‘‘silver’’ or

‘encrusted’’ saxifrages, derives from the presence of
onspicuous calcareous encrustations on the leaf mar-
ins of most species. Lime-secreting hydathodes, pres-
nt also in sect. Porphyrion, are responsible for this
istinctive morphological feature, which, combined with
he often striking, many-flowered panicles, makes these
pecies extremely valuable horticulturally (Kohlein,
984). All species of sect. Ligulatae are evergreen
erennials characterized by the firm, well-developed
osettes with spathulate (i.e., tongue-shaped) leaves.
he bicarpellate, pentamerous flowers usually have

TAB

List of Specimens Used in this Study, Ta
and Gornall (1989)

Species Sectio

. florulenta Moretti Ligulata

. mutata L. Ligulata

. hostii Tausch Ligulata

. cochlearis Reichenbach Ligulata

. paniculata Miller Ligulata

. crustata Vest Ligulata

. callosa Smith Ligulata

. cotyledon L. Ligulata

. valdensis DeCandolle Ligulata

. longifolia Lapeyrouse Ligulata

. rivularis L. Mesogyn

. hyperborea R. Brown Mesogyn

. svalbardensis D. O. Ovstedal Mesogyn

. cernua L. Mesogyn

. squarrosa Sieber Porphyri

. caesia L. Porphyri

. marginata Sternberg Porphyri

. sempervivum Koch Porphyri

. oppositifolia L. Porphyri

. aizoides L. Xanthizo

. cuneifolia Brotero Gymnope

. spathularis L. Gymnope

. hirsuta L. Gymnope

. rotundifolia L. Cotylea

. cymbalaria L. Cymbala

. flagellaris Willdenow Ciliatae-

. tricuspidata Rottboell Trachyph

. bronchialis L. Trachyph

. latepetiolata Wilkomm. Saxifrag

. cespitosa L. Saxifrag

. fragilis (5S. corbariensis) Schrank Saxifrag

. pedemontana Allioni Saxifrag

. arachnoidea Sternberg Saxifrag

. osloensis Knaben Saxifrag
hite, red-spotted petals. l
Variation in leaf color, abundance of calcareous en-
rustations, number of carpels, and petal color and
hape prompted the subdivision of sect. Ligulatae into
hree subsections (Webb and Gornall, 1989; see Table 1).
ubs. Aizoonia (Tausch) Schott comprises eight species
haracterized by glaucus leaves with conspicuous calcar-
ous encrustations (with the exception of S. cotyledon),
icarpellate ovary, and white or pale-pink petals with
ounded tips. Subs. Mutatae (Engler and Irmscher)
ornall includes only S. mutata, characterized by dark
reen leaves with scanty calcareous encrustations,
icarpellate ovary, and yellow-orange petals with an
cute tip. Subs. Florulentae (Engler and Irmscher)
ornall, comprising S. florulenta alone, is character-

zed by dark green leaves, no calcareous encrustations,
ricarpellate ovary, and pink petals with acute tip.

The silver saxifrages are characterized by remark-
ble variation of substrate specificity and have special-
zed habitat requirements. They occur usually in rocky
abitats and many are restricted to either basic (mostly

1

omic Classification According to Webb
d Collection Data

ubsection Collection data

orulentae Conti, Martini F5 7/8/92
utatae Gornall, s.n.
izoonia BBG 091-17-86-10
izoonia Conti, Martini 33A 7/6/92
izoonia UBC BG 23633-208
izoonia OBG 70-97
izoonia BBG 137-08-86-10
izoonia BBG 214-14-81-10
izoonia UBC BG 23830-208
izoonia NBG 86-21 (Spain)

Brochmann 92-26-3
Brochmann 92-17-23
Brochmann, s.n.
Soltis et al. (1993)

Kabschia Gornall, s. n.
Kabschia G. Pellegrino, A. Cozie, 18/10/94
Kabschia UBC BG 20875-246
Engleria Kew 1984-3743
Oppositifoliae Kew 1975 4135

Brochmann 92-78-1
OBG 76-1520
BBG 001-91-75-10
NBG 78-1339
BBG 267-94-80-10
Ferguson 1994-04

culoideae Murray 11315A
um Parker C., s.n.
um Brunsfeld 3094
riplinervium Kew 1959-33301
riplinervium Brochmann 92-32
riplinervium Kew 1958-27701
riplinervium Kew 1959-33303
riplinervium Horaendl 4564
ridactylites Brochmann s. n.
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538 CONTI ET AL.
pecies) rocks; the widespread S. paniculata, although
rimarily calcicole, is tolerant of different substrates.
he biogeography of this section is characterized by
igh levels of endemism and disjunction. With the
xception of populations of S. paniculata from northeast-
rn North America and populations of S. longifolia
rom Morocco, the silver saxifrages are endemic to the
ountains of Europe and usually occur between eleva-

ions of 1000 and 3000 m (see Fig. 1).
Section Ligulatae also displays remarkable variation

n a number of ecological characteristics, which makes
hese species well suited to a study aimed at elucidat-
ng evolutionary and ecological patterns in a phyloge-
etic framework. The silver saxifrages are ideal, for
xample, for investigating the evolution of life histories
n long-lived perennial plants, as they include 3 semel-
arous (S. longifolia, S. florulenta, and S. mutata) and
iteroparous species (Webb and Gornall, 1989). Semel-
arity, or monocarpy in plants, is one of the most

FIG. 1. Geographic distributions of the 10 species traditionally a
ornall, 1989). Taxon abbreviations: pani, S. paniculata (also in nor

ostii; crus, S. crustata; vald, S. valdensis; flor, S. florulenta; coch, S. coch
ramatic life histories, characterized by a single, mas-
ive, and fatal reproductive episode. The alternative
trategy, iteroparity, or polycarpy in plants, is marked
y repeated reproductions (Young and Augspurger,
991). In Saxifraga, semelparity has been reported
nly in 2 other species (S. umbellulata and S. candela-
rum, from the mountains of China), both included in
he large sect. Ciliatae (about 150 species; Harding,
976). Since sect. Ciliatae is not thought to be closely
elated to the species of interest here (Webb and
ornall, 1989; Soltis et al., 1996a), it is likely that

emelparity in this section originated independently.
This study utilized DNA sequence data from chloro-

last (maturase K, or matK) and nuclear ribosomal
egions (internal transcribed spacer, or ITS) to recon-
truct phylogenetic relationships and character evolu-
ion in sect. Ligulatae. A phylogenetic framework is
ssential to elucidate patterns of evolution in life
istory strategies, substrate specificity, and morphol-

ibed to sect. Ligulatae Haworth in Europe (modified from Webb and
astern North America); coty, S. cotyledon; muta, S. mutata; host, S.
scr
th-e
learis; call, S. callosa; long, S. longifolia.
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539PHYLOGENETIC RELATIONSHIPS OF THE SILVER SAXIFRAGES
gy and to provide initial insights into the biogeo-
raphic evolution of this section. The main questions
ddressed were: (1) Do the chloroplast and nuclear
hylogenies reveal the same pattern of relationships?
2) Does Saxifraga sect. Ligulatae, as defined by Webb
nd Gornall (1989), constitute a monophyletic section?
3) Are S. squarrosa and S. caesia best placed in sect.
igulatae, as proposed by Webb and Gornall (1989), or

n sect. Porphyrion, as proposed by Kohlein (1984)? (4)
hat are the closest relatives of sect. Ligulatae? (5)
hich morphological characters, if any, support the

atterns of relationships suggested by the phylogenies?
6) Did lime-secreting hydathodes evolve once or more
han once in sect. Ligulatae and related groups? (7) Did
emelparity evolve only once or several times in sect.
igulatae and related groups?

MATERIALS AND METHODS

axon Sampling

To reconstruct the phylogenetic relationships of the
ilver saxifrages we employed matK and ITS sequences
rom a total of 34 specimens, representing the 10
pecies ascribed to sect. Ligulatae Haworth (Webb and
ornall, 1989) and representative species from sections
ymnopera (3 spp.), Porphyrion (5), Xanthizoon (1),
nd Mesogyne (4). These sections have been proposed
s close relatives of section Ligulatae based on evidence
rom morphological (Webb and Gornall, 1989) and
olecular (Soltis et al., 1996a) surveys of the entire

enus Saxifraga. Eleven taxa representing sections
otyledon (1), Cymbalaria (1), Ciliatae (1), Trachyphyl-

um (2), and Saxifraga (6) were used for global out-
roup comparison, following the results of a matK
enus-wide study (Soltis et al., 1996a; see Table 1). This
roader sampling was necessary to test for the mono-
hyly of the section and to define its circumscription.
ll ITS (with the exception of the 4 species representing
ect. Mesogyne; see Brochmann et al., 1998) and seven
atK sequences (S. hostii, S. cochlearis, S. longifolia,
. florulenta, S. mutata, S. squarrosa, and S. caesia)
ere newly generated for the present study. Table 1

ists the species included in these molecular analyses,
ith information about collection of specimens; Gen-
ank accession numbers are provided.1

1 GenBank Accession Nos.: (1) ITS1: S. hostii AF087579, S. cochle-
ris AF087580, S. callosa AF087581, S. valdensis AF087582, S.
rustata AF087583, S. cotyledon AF087584, S. longifolia AF087585,
. paniculata AF087586, S. squarrosa AF087587, S. caesiaAF087588,
. marginata AF087589, S. sempervivum AF087590, S. florulenta
F087591, S. oppositifolia AF087592, S. mutata AF087593, S.
izoides AF087594, S. cuneifolia AF087595, S. spathularisAF087596,
. hirsuta AF087597, S. rotundifolia AF087598, S. cymbalaria
F087599, S. flagellaris AF087600, S. tricuspidata AF087601, S.
ronchialis AF087602, S. latepetiolata AF087603, S. cespitosa
F087604, S. fragilis AF087605, S. pedemontana AF087606, S.

rachnoidea AF087607, S. osloensis AF087608; (2) ITS2: S. hostii c
NA Extraction, Amplification, and Sequencing

Isolation of total genomic DNA from frozen or silica-
el-dried leaf tissue of individual plants followed the
rotocols described in Doyle (1987) as modified by
oltis et al. (1991) or used a 6% hexadecyltrimethylam-
onium bromide (CTAB) microprep procedure (Smith

t al., 1991; Conti et al., 1996). For most species, in vitro
mplification and manual sequencing of the chloroplast
ene matK was performed using primers and tempera-
ure cycles as described in Johnson and Soltis (1994,
995) and Soltis et al. (1991; see Table 2). Some species
ere sequenced on an Applied Biosystems 377 auto-
ated sequencer following general methods of Soltis

nd Soltis (1997); sequence fragments were assembled
sing the software Sequencher (Gene Codes Corpora-
ion, 1994). For some species in sect. Ligulatae the
atK gene was amplified with primers 1F and 1R of
ang et al. (1997) and the following two-phase tempera-
ure profile: 5 cycles at 94°C for DNA denaturation (1
in), 39°C for primer annealing (1 min), 72°C for

rimer extension (2 min), followed by 30 cycles at 94°C
1 min), 45°C (1 min), and 72°C (2 min). Sequencing
eactions on these amplified products were performed
n a thermal cycler (Perkin–Elmer 2400) using primers
F, 2F, 3F, 1R, 2R, and 3R of Sang et al. (1997; see
able 2) and the following temperature cycle, repeated
5 times: 96°C (10 s), 50°C (5 s), and 60°C (4 min). MatK
ragments for these species were resolved and analyzed
n an Applied Biosystems 373 automated sequencer;
ragments were assembled using Sequence Navigator
Applied Biosystems). In all cases, both strands of
atK were sequenced for a total number of 1057

ucleotides (at the 58 end). This portion of the gene
orresponds to the portion used for the analysis of
hylogenetic relationships in the entire genus Saxi-
raga (Soltis et al., 1996a).

The nuclear ITS region, comprising ITS 1, the 5.8S
DNA, and ITS 2, was amplified using different combi-
ations of primers that anneal in the flanking, con-
erved 18S and 26S rRNA genes. The primer pairs that
romoted successful amplifications were: C26A–
18L18, Nnc18S10–C26A, and ITS 5–307R (see Yokota

t al., 1989; Table 2). Most in vitro amplifications were

F087609, S. cochlearis AF087610, S. callosa AF087611, S. valdensis
F087612, S. crustata AF087613, S. cotyledon AF087614, S. longifo-

ia AF087615, S. paniculata AF087616, S. squarrosa AF087617, S.
aesia AF087618, S. marginata AF087619, S. sempervivumAF087620,
. florulenta AF087621, S. oppositifolia AF087622, S. mutata
F087623, S. aizoides AF087624, S. cuneifolia AF087625, S. spathu-

aris AF087626, S. hirsuta AF087627, S. rotundifolia AF087628, S.
ymbalaria AF087629, S. flagellaris AF087630, S. tricuspidata
F087631, S. bronchialis AF087632, S. latepetiolata AF087633, S.

espitosa AF087634, S. fragilis AF087635, S. pedemontanaAF087636,
. arachnoidea AF087637, S. osloensis AF087638; (3) matK: S. hostii
F133132, S. cochlearis AF133133, S. longifolia AF133134, S. floru-

enta AF133137, S. mutata AF133138, S. squarrosa AF133135, S.

aesia AF133136.
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540 CONTI ET AL.
erformed with the following temperature cycle re-
eated 35 times: 1 min at 94°C, 2 min at 45°C, and 3
in at 72°C. Both strands of the amplified products
ere sequenced either manually, following Johnson
nd Soltis (1994, 1995), or via an automated approach.
n the latter case, cycle sequencing was performed as
escribed for matK. DNA fragments were subsequently
eparated and analyzed in an Applied Biosystems 373
utomated sequencer and the fragments assembled as
or matK. In all cases, primers 1F, 2R, 3F, and 4R
White et al., 1990; Baldwin, 1992) were used to per-
orm the sequencing reactions (Table 2).

equence Alignment

MatK sequences were readily aligned by eye. Align-
ent of ITS sequences was more difficult as a result of

he considerable length variation among sequences
rom different species (see RESULTS). As different
ssessments of positional homology might affect the
esulting phylogenies (Mindell, 1991), special efforts
ere made to optimize the multiple alignment of ITS

equences. The ITS 1 and ITS 2 sequences were aligned
anually to construct an initial phylogeny. This phylog-

TABLE 2

Primer Sequences Used for in Vitro Amplification
and Sequencing

Primer name Primer sequence

atK
trnK 3914 F GGGGTTGCTAACTCAACGG
trnK 253 F TTGGGTCGAGTCAATAAAT
trnK 710 F GTATCGCACTATGTWTCATTTGA
matK 1168 R ATTGAATGAATTGATCGTA
matK 1235 R GGRGTGGGGTATTAGTATA
matK 1412 F ATATAATTCTTATGTATGTG
matK 1470 R AAGATGTTGATYGTAAATGA
matK 2000 R ATTTCTGCATATGCGCACAAATC
trnK 2 R AACTAGTCGGATGGAGTAG
matK 1 F (*) ACTGTATCGCACTATGTATCA
matK 2 F (*) GTTCACTAATTGTGAAACGT
matK 3 F (*) AAGATGCCTCTTCTTTGCAT
matK 1 R (*) GAACTAGTCGGATGGAGTAG
matK 2 R (*) TTCATGATTGGCCAGATCA
matK 3 R (*) GATCCGCTGTGATAATGAGA

TS
N18L18 F CTTGCGACGTCGAAAGAA
ITS5 F GGAAGGAGAAGTCGTAACAA
N-nc 18S10 F AGGAGAAGTCGTAACAA
ITS1 F TCCGTAGGTGAACCTGCGGAAGGATC
ITS2 R GCTACGTTCTTCATCGATGC
ITS3 F GCATCGATGAAGAACGTAGC
ITS4 R TCCTCCGCTTATTGATATGC
C26A R GTTTCTTTTCCTCCGCT
307 R TTGGGCTGCATTCCCA

Note. F, forward primer; R, reverse primer; all sequences from 58 to
8; reference sequence for ITS primers is Daucus carota (Yokota,
989); reference sequence for matK primers is Brassica nigra (Neu-
aus and Link, 1987); (*) see Sang et al., 1997.
ny was then used to guide the multiple alignment of I
TS sequences with the progressive multiple alignment
oftware Clustal_X (Thompson et al., 1994, 1997). ITS
equences of the individual clades recovered in the
anually aligned tree were initially aligned separately

n the MULTIPLE ALIGNMENT mode of Clustal_X.
hese separate multiple alignments were then used to
uild the final alignment by adding each group of
ligned sequences to the aligned ITS sequences of the
igulatae clade in the PROFILE ALIGNMENT mode.
fter experimenting with different combinations of gap
pen penalties (GOP 5 80, 15, 10, 5, and 3) and gap
xtension penalties (GEP 5 40, 5, 3, and 1, respec-
ively; see also Soltis et al., 1995, 1996b; Xiang et al.,
998) we settled on GOP 5 15 and GEP 5 5 for the final
lignment. These gap penalties were chosen because
hey made gaps less frequent and shorter (see Thomp-
on et al., 1994, 1997 for a detailed discussion of
electing parameters for optimal sequence alignment).
he program was instructed to delay the alignment of

he sequences that were less than or equal to 20%
dentical to any other sequences in the data set. The
ransition weight was set to 0.10 (see HELP file of
lustal_X; Thompson et al., 1997). The phylogenetic

ree obtained from the Clustal_X aligned sequences
as essentially identical to the tree obtained from the

nitial manual multiple alignment. We therefore feel
onfident that the ITS phylogeny presented below is
obust to minor variations of alignment.

hylogenetic Analyses

Phylogenetic analyses were performed with PAUP
.0d64 (Swofford, 1998) on a Macintosh PowerPC 9500/
00 and on a Powerbook G3 with 40,000 K of memory
llotted to PAUP. MatK and ITS sequence divergences
etween species were calculated as absolute and mean
istances over all characters (Swofford et al., 1996).
ean GC content in both data sets was also calculated.
he nonrandomness of hierarchical structure in the
TS and matK data sets was estimated by evaluating
0,000 random trees (Hillis, 1991; Hillis and Huelsen-
eck, 1992).
MatK and ITS sequences were analyzed indepen-

ently and in combination using maximum parsimony
MP). The 11 taxa selected for global outgroup compari-
on (see above; Maddison et al., 1984) were allowed to
e paraphyletic with the 23 taxa of the ingroup. The
TS 1 and ITS 2 sequences were included in a single
ata set for phylogenetic analysis but the main charac-
eristics of the two separate regions are described
elow. Unless otherwise noted, most-parsimonious trees
ere reconstructed using a heuristic search strategy
ith 100 random-addition sequences, Tree Bisection
econnection (TBR), Mulpars, and Steepest Descent
ctivated. All characters were treated as unordered and
qually weighted, and indels were treated as missing.
ree statistics (Consistency Index 5 CI, Retention

TG
ndex 5 RI; Rescaled Consistency index 5 RC) were
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541PHYLOGENETIC RELATIONSHIPS OF THE SILVER SAXIFRAGES
alculated for matK, ITS, and combined MP trees.
ndividual branch support of the most-parsimonious
rees was estimated by bootstrap values (BS; Felsen-
tein, 1985a, 1988b). Bootstrap analyses were con-
ucted by generating 100 pseudoreplicates and using
BR, Mulpars, and simple-addition sequence as heuris-
ic search parameters.

To explore the support for (1) the monophyly of the
ilver saxifrages, as defined in the MP trees derived
rom the matK and ITS data sets, and (2) the alterna-
ive tree topologies supporting the monophyly of the
emelparous species, the number of extra steps neces-
ary to move selected taxa from their position in the MP
onsensus trees was estimated by defining specific-
onstraint trees and using the ENFORCE CON-
TRAINT option in PAUP (Conti et al., 1996). Heuristic
earches of the MP trees under the specified con-
traints were conducted as above for both the matK and
he ITS data sets. Four constraints were defined by
oving (a) S. florulenta and S. mutata (flo/mut/LIG

onstraint from now on) and (b) S. caesia 1 S. squar-
osa, respectively, to the sect. Ligulatae, subs. Aizoonia
lade (cae/squ/LIG constraint) and by forcing (c) S.
orulenta, S. mutata, and S. longifolia (flo/mut/long
onstraint) and (d) S. florulenta and S. mutata (flo/mut
onstraint) to form monophyletic groups (see Table 4).
he Wilcoxon signed-rank (WSR) test (Templeton, 1983)
as applied to estimate whether the ITS and matK
ata sets significantly rejected the constraint trees over
he most-parsimonious trees. All topologies of the short-
st constraint trees were evaluated by the WSR test
nd the highest P value was used to estimate the
pproximate probability of obtaining a more extreme
est statistic under the null hypothesis of no difference
etween the constraint trees and the MP trees.

nalysis of Congruence

In recent years, much discussion has focused on
hether different data sets for a certain group of taxa

hould be combined or separately analyzed. One of the
ritical issues in this discussion is to assess whether the
vailable data represent random partitions of a single
ata set underlying the same phylogenetic history or
ather different data sets tracking different evolution-
ry histories (reviewed in de Queiroz et al., 1995;
uelsenbeck et al., 1996; Johnson and Soltis, 1998).
ecently developed statistical tests of heterogeneity
mong data sets help guide the decision of whether
ata sets should be combined or not prior to phyloge-
etic analysis. We assessed heterogeneity among the
atK and ITS data sets using three different methods,

ll implemented in PAUP 4.0. First, we independently
xamined the strict-consensus matK and ITS trees and
ompared levels of bootstrap support for all branches in
ach tree by checking the table of ‘‘partitions found in
ne or more trees and frequency of support’’ from the

AUP bootstrap output of the other tree (Mason-Gamer (
nd Kellogg, 1996; Sang et al., 1997). This method
llows for the initial identification of taxa that are
otentially responsible for localized sources of conflict.
hen, we used the Incongruence Length Difference test

ILD; Farris et al., 1994; partition homogeneity test in
AUP 4.0) to evaluate whether the two data sets were
ere partitions of the same large data set. Finally, we

xamined the increase in the number of steps required
y a data set on the rival tree topology using WSR tests
Siegel, 1956; Templeton, 1983). Each data set was also
ested using a number of constraints based on the
trict-consensus tree from the rival data set. In sum-
ary, constraints included (1) the rival MP trees, (2)

he MP trees from the combined data sets, and (3)
everal trees, each specifying a selected clade that was
ot found in the other strict-consensus tree. Only
lades that were supported by a BS value .70% in
ither tree were examined (Hillis and Bull, 1993;
ason-Gamer and Kellogg, 1996). When multiple MP

rees from the rival data set were evaluated, the
ighest P value of the WSR tests was used as a
onservative estimate of significance. All heuristic
earches of MP constraint trees were conducted as
escribed above. These WSR tests allowed a statistical
valuation of both global and local sources of conflict
mong trees (Mason-Gamer and Kellogg, 1996; Sang et
l., 1997; Seelanan et al., 1997; Baum et al., 1998). The
dvantages and disadvantages of different approaches
o testing for phylogenetic conflict among different data
ets were discussed in depth by Mason-Gamer and
ellogg (1996).

RESULTS

atK

MatK sequences ranged in length from 1048 nucleo-
ides (NTPs) in S. rotundifolia to 1057 NTPs in most
ther species. The mean base frequencies for matK
ere A 5 0.30671, C 5 0.17955, G 5 0.16091, and T 5
.35283, for a combined GC content of 34.05%. The
owest absolute pairwise distance (AD) among matK
equences was between S. hyperborea and S. rivularis
AD 5 1 NTP, corresponding to a mean difference, or

D, of 0.097%) and the highest was between S. hostii
nd S. tricuspidata (AD 5 72, MD 5 7.24%). Within
ect. Ligulatae, the lowest distance was between S.
aniculata and S. cotyledon (AD 5 3, MD 5 0.28%) and
he highest was between S. mutata and S. hostii
AD 5 41, MD 5 4.05%; see Table 3).

The aligned matK sequences furnished a total of
057 characters; only four gaps (3 to 6 NTPs long) were
ecessary for sequence alignment. Of these characters,
70 were constant, 368 variable, and 119 parsimony
nformative. Analyses of 10,000 random trees provided

g1 value of 20.994, suggesting the presence of
ignificant phylogenetic signal in the matK data set

Hillis and Huelsenbeck, 1992). Heuristic searches
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542 CONTI ET AL.
ound 12 MP trees of L 5 396 (including all characters)
n a single island, with CI 5 0.785, RI 5 0.801, and
C 5 0.629. Tree scores, including only the 119 informa-

ive characters, were as follows: L 5 230, CI 5 0.630,
nd RC 5 0.505, with RI unchanged (see Table 3). Both
he majority rule and the strict consensus of the 12 MP
rees show a high degree of resolution (Fig. 2). The
ollowing tree descriptions focus primarily on tree
haracteristics that are relevant to the main topic of the
resent paper, i.e., the phylogenetic relationships of
ect. Ligulatae.
Unresolved relationships (polytomies) were encoun-

ered at lower taxonomic levels within sect. Ligulatae,
ubs. Aizoonia, in the strict-consensus tree and sect.
orphyrion in both consensus trees. Bootstrap values
rovided strong support (BS . 70%) for the monophyly
f sect. Ligulatae, subs. Aizoonia clade (BS 5 78%) and
or the sister relationship between S. cuneifolia and
ubs. Aizoonia clade (BS 5 90%). Within the subs.
izoonia clade of sect. Ligulatae, the sister relationship
etween S. hostii and S. crustata was strongly sup-
orted (BS 5 86%). The matK tree also provided strong
upport for the sister relationship between S. squar-
osa and S. caesia (BS 5 88%) and between S. mar-
inata and S. sempervivum (BS 5 71%) and for the
onophyly of sections Mesogyne (BS 5 100%) and Saxi-

raga (BS 5 75%). Section Porphyrion was monophy-
etic with the inclusion of sect. Xanthizoon, while sect.
ymnopera was polyphyletic. Relationships between

TABLE 3

Sequence and Tree Characteristics for the matK
and ITS Regions of Saxifraga, Sect. Ligulatae

and Allied Groups

matK ITS 1 1 2

equence characteristics
No. of accessions examined 34 34
Length variation (bp) 1048–1057 473–521
No. aligned 1057 556
Sequence divergence, sect. Ligulatae (%) 0.28–4.05 0.4–15.6
Sequence divergence, overall (%) 0.097–7.24 0.4–29.6
G 1 C content (mean; %) 34.05 57.44
No. constant chs. (%) 570 (53.9) 185 (33.3)
No. variable chs. (%) 368 (34.8) 124 (22.3)
No. phylogenetically informative chs. (%) 119 (11.3) 247 (44.4)

ree characteristics
No. MP trees 12 56
L (all chs)/L (excluding uninformative chs.) 396/230 891/765
CI (all chs)/CI (excluding uninformative

chs.) 0.785/0.630 0.607/0.542
RI (all chs)/RI (excluding uninformative

chs.) 0.801/0.801 0.731/0.731
RC (all chs)/RC (excluding uninformative

chs.) 0.629/0.505 0.444/0.397
g1 20.994 20.908

Note. chs., characters; No., number.
he major clades of the ingroup were poorly supported. t
The analysis of the four constraint trees indicated
hat 9 additional steps were necessary to force S.
orulenta and S. mutata into the sect. Ligulatae, subs.
izoonia clade, and 11 additional steps to force S.
aesia and S. squarrosa into the same clade (Table 4).
he Wilcoxon signed-rank test (Templeton, 1983) re-

urned significant values for both constraints, indicat-
ng that the matK data set significantly rejected these
onstraint trees over the MP trees. The MP trees with
he three semelparous species forming a monophyletic
lade (flo/mut/lon constraint) were 9 steps longer than
he MP trees and significantly rejected by the matK
ata. The constraint tree with S. florulenta and S.
utata as sister species was only 1 step longer than the
P tree and not significantly rejected by the matK data

Table 4).

TS

The combined length of ITS 1 and ITS 2 varied from
73 NTPs in S. cuneifolia to 521 NTPs in S. bronchialis
48 NTPs difference; see Table 3). The length range of
TS 1 was 238 NTPs in S. cuneifolia to 282 NTPs in S.
sloensis (44 NTPs difference), whereas ITS 2 ranged
rom 221 NTPs in S. hirsuta to 241 NTPs in S.
pathularis (20 NTPs difference). Within sect. Ligula-
ae, length ranges were 246–249 (but S. florulenta and
. mutata were both 277) and 234–237 for ITS 1 and
TS 2, respectively. The aligned lengths (including
ndels) of ITS 1 and ITS 2 were 300 and 256 NTPs,
espectively. The complete sequences of the intervening
.8S gene were available only for some taxa; therefore,
he ITS data set used for phylogenetic analyses com-
rised exclusively ITS 1 and ITS 2 sequences. Where
equenced completely, the 5.8S gene was 163 NTPs
ong. The mean base frequencies for the combined ITS 1
nd ITS 2 regions were A 5 0.18998, C 5 0.32431, G 5
.25009, and T 5 0.23561, for a total G 1 C content of
7.44%. In general, these values fall within the ranges
f variation for ITS summarized in Baldwin et al.
1995). The lowest number of nucleotide differences
etween sequences was found in sect. Ligulatae be-
ween S. paniculata and S. crustata (AD 5 2, both
ransitions, MD 5 0.4%) and the highest between S.
atepetiolata and S. tricuspidata (AD 5 149, correspond-
ng to MD 5 29.6%). The highest pairwise sequence
ivergence in sect. Ligulatae was found between S.
utata and S. cochlearis (AD 5 73, corresponding to
D 5 15.6%).
The aligned ITS 1 and ITS 2 sequences provided a

otal of 556 characters, of which 185 were constant, 124
ariable, and 247 parsimony informative. The analysis
f 10,000 random trees yielded a g1 value of 20.908
slightly lower than the corresponding value for the
atK random trees), suggesting that significant phylo-

enetic signal is present in the ITS data set (Hillis and
uelsenbeck, 1992). Parsimony analyses found 56 MP
rees in a single island. Tree scores, excluding uninfor-
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543PHYLOGENETIC RELATIONSHIPS OF THE SILVER SAXIFRAGES
ative characters, were L 5 765, CI 5 0.542, and RC 5
.397, with RI unchanged. These values were lower
han those found for the matK trees (Table 3). The ITS
ajority-rule consensus tree (see Fig. 5) displays a high

egree of resolution but the strict-consensus tree (Fig. 3)

FIG. 2. Strict consensus of 12 MP trees derived from matK seque
umbers below the branches represent BS values (%) of the correspond
ranches in the rival ITS strict-consensus tree. Circled BS values
sterisked taxa were used for global outgroup comparison. Boldface t
as lower resolution within the Ligulatae, subs. n
izoonia clade, sect. Porphyrion clade, and sect. Meso-
yne clade than the corresponding matK tree. The
onophyly of the following ingroup clades was strongly

upported: (1) sect. Mesogyne (BS 5 100%); (2) sect.
igulatae, subs. Aizoonia (BS 5 99%); (3) sect. Gymn-

data. Numbers above the branches represent bootstrap values (%);
clades in the rival ITS BS trees. Boxed BS values indicate congruent

dicate conflicting branches in the rival ITS strict-consensus tree.
are semelparous.
nce
ing
in
opera (BS 5 84%); and (4) sect. Porphyrion–Xanthi-
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544 CONTI ET AL.
oon clade (BS 5 79%). Relationships among these four
ajor clades were unresolved in the strict-consensus

ree and received BS values of ,50%.
The analysis of the four constraint trees defined

bove established that 16 extra steps were necessary to
orce S. florulenta and S. mutata into the sect. Ligula-
ae, subs. Aizoonia clade, and 11 to move S. caesia 1 S.
quarrosa into the same clade (see Table 4). Thirty-one
dditional steps were necessary to constrain S. floru-
enta, S. mutata, and S. longifolia to form a clade and
nly 6 extra steps to impose the sister relationship
etween S. florulenta and S. mutata. The results of the
ilcoxon signed-rank test (Templeton, 1983) indicated

hat the ITS data significantly favored the most-
arsimonious trees over the flo/mut/LIG and the flo/mut/
ong constraints.

nalysis of Congruence

Topologies and bootstrap support for individual
ranches in the strict-consensus trees from the ITS and
atK data sets can be directly contrasted by comparing
igs. 2 and 3. The following observations focus on
ranch support within the ingroup, which included 23
axa. The clades of the ingroup that were congruent
etween the matK and the ITS strict-consensus trees
ere supported by BS values consistently above or
qual to 50% in both trees. Comparisons of BS support
or branches with BS values .70% in either tree
evealed four potentially significant conflicts. In the
atK tree, the sister relationship between S. hostii and
. crustata was supported by BS 5 86% but this clade
as not represented in the table of bootstrap partitions

rom the ITS data set (BS 5 0%; constraint host/crus;
ee Table 5). The matK tree strongly supported the
ister relationship between S. cuneifolia and the sect.
igulatae, subs. Aizoonia clade (BS 5 90%) but this
lade was never recovered in the bootstrap repetitions
f the ITS data set (BS 5 0%; constraint cune/LIG). In
he ITS tree, the clade formed by S. cochlearis, S.
aniculata, and S. crustata received high bootstrap

TAB

Results of Parsimony Analyses and Wilcoxon

Constraints

matK data set

L No. trees

a) flo/mut/LIG 239 (19) 6
b) cae/squ/LIG 241 (111) 36
c) flo/mut/lon 239 (19) 3
d) flo/mut 231 (11) 12

Note. L indicates the length of the most-parsimonious trees under
he MP tree) is in parentheses. No. trees indicates the number of
btaining a more extreme test statistic under the assumption of no
ndicate significant results at P , 0.05.
upport (BS 5 89%) but was absent from bootstrap v
nalyses of the matK data set (BS 5 0%; constraint
och/pani/crus). The ITS tree also strongly supported
he monophyly of the Gymnopera clade (BS 5 84%) but
he monophyly of this section was not recovered in any
f the bootstrap replications from the matK data
BS 5 0%; constraint GYM). The conflicting branches
dentified by direct comparison of bootstrap values
rovided the four nodal constraints (c, d, g, and h) used
n the Wilcoxon signed-rank tests (Table 5). Results of
hese tests indicated that the matK data set signifi-
antly rejected the topologies of all most-parsimonious
TS trees (P values consistently below 0.0001; con-
traint a) and, although less strongly, the monophyly of
he clade formed by S. cochlearis, S. paniculata, and S.
rustata (P 5 0.0277; constraint c). However, the matK
ata did not significantly conflict with the MP com-
ined trees (P 5 0.0619; constraint b) nor with the
onophyly of sect. Gymnopera (P 5 0.0679; constraint

). The ITS data set significantly rejected the topologies
f all MP matK trees (P , 0.0001; constraint e) but did
ot significantly conflict with the topologies of the MP
ombined trees (P 5 0.3581; constraint f; see below) nor
ith the trees that constrained S. cuneifolia as sister to

ect. Ligulatae, subs. Aizoonia clade (P 5 0.3898; con-
traint g) or S. hostii as sister to S. crustata (P 5 0.6266;
onstraint h). Finally, the results of the partition homo-
eneity test returned a significant P value of 0.0142.

ombined MatK and ITS

The combined matK and ITS data set included 1613
haracters, of which 755 (or 46.8%) were constant, 492
30.5%) variable, and 366 (22.7%) parsimony informa-
ive. Parsimony analyses of the combined matK and
TS data sets produced 178 MP trees on two islands,
ne of size 148 and the other of size 30. The shortest
rees were 1313 steps long including all characters,
ith CI 5 0.649, RI 5 0.733, and RC 5 0.476. Tree

cores, excluding uninformative characters, were L 5
021, CI 5 0.548, RI 5 0.733, and RC 5 0.402. CI, RI,
nd RC values were higher than the corresponding

4

igned-Rank Tests on Four Constraint Trees

ITS data set

P
ailed) L No. trees

P
(2-tailed)

164* 781 (116) 9 0.0119*
033* 776 (111) 11 0.1049
277* 796 (131) 7 0.0002*
353 771 (16) 18 0.2736

specified constraint; the number of additional steps (as compared to
es on the most parsimonious island. P indicates the probability of
erence between the MP and the constraint trees. Asterisked values
LE

S

(2-t

0.0
0.0
0.0
0.7

the
tre
diff
alues for the ITS tree but lower than those for the
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545PHYLOGENETIC RELATIONSHIPS OF THE SILVER SAXIFRAGES
atK tree. The g1 value (21.070) is lower than those of
oth matK and ITS trees.
The majority consensus of the 178 MP trees (not

hown) displayed a high degree of resolution, whereas

FIG. 3. Strict consensus of 56 MP trees derived from ITS sequen
umbers below the branches represent BS values (%) of the corres
ongruent branches in the rival matK strict-consensus tree. Circled B
ree. Asterisked taxa were used for global outgroup comparison. Boldf
he strict consensus tree (Fig. 4) presented an unre- T
olved basal polytomy among the six major clades: (1)
ect. Ligulatae, subs. Aizoonia clade; (2) sect. Gymnop-
ra clade; (3) sect. Porphyrion/Xanthizoon clade; (4)
ect. Mesogyne clade; (5) sect. Cymbalaria/Ciliatae/

data. Numbers above the branches represent bootstrap values (%);
ding clades in the rival matK BS trees. Boxed BS values indicate
lues indicate conflicting branches in the rival matK strict-consensus
taxa are semelparous.
ce
pon
S va
rachyphyllum clade; and (6) sect. Saxifraga clade. The
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546 CONTI ET AL.
ombined tree supported the monophyly of sect. Gym-
opera, as did the ITS tree. Bootstrap support for the
elationships among the six major clades was very low
,50%). However, some branches of the ingroup re-
eived greater support in the combined tree that in
ither separate tree. The clades supported by higher
ootstrap values included (1) S. cochlearis/S. panicu-
ata clade (BS 5 78% in combined tree vs 56% in ITS
nd 0% in matK tree), (2) S. callosa/S. cotyledon/S.
aldensis (BS 5 60% in combined tree vs 36% in ITS
nd 0% in matK tree), (3) S. mutata/S. aizoides clade
BS 5 76% in combined tree vs 62% in ITS and 50% in

atK tree), and (4) sect. Porphyrion/Xanthizoon clade
BS 5 91% in combined tree vs 79% in ITS tree and
0% in matK tree). Not surprisingly, bootstrap support
or the monophyly of the Gymnopera clade was slightly
ower in the combined tree (78%) than in the ITS tree
84%), as a result of the topological effects of the matK
equences, which did not support the monophyly of the
ymnopera clade.

DISCUSSION

ongruence between Data Sets

The increased availability of multiple data sets to
stimate taxic genealogy has spurred the debate on
hether data sets should be combined prior to phyloge-
etic analysis or rather kept separate and analyzed

ndependently. The real issue hinges on determining
he source of conflict between data sets (e.g., Swofford,
991; de Queiroz et al., 1995; Huelsenbeck et al., 1996).
f the data are mere partitions of a global data set
nderlying the same branching history, then all data
hould be combined prior to phylogenetic analysis.
owever, if the conflict reflects different underlying

enealogical histories or different processes of molecu-
ar evolution, then the data sets should be analyzed
eparately. Recently, several statistical approaches have
een devised to assess whether data partitions are
ruly heterogeneous or not but the answer to the

TABLE 5

Results of Wilcoxon Signed-Rank Tests for the
Analysis of Conflict between Data Partitions

ata set Constraints P (2-tailed)

atK (a) MP ITS trees ,0.0001*
(b) MP combined trees 0.0619
(c) coch/pani/crus 0.0277*
(d) GYM 0.0679

TS (e) MP matK trees ,0.0001*
(f) MP combined trees 0.3581
(g) cune/LIG 0.3898
(h) host/crus 0.6266

Note. Asterisked values indicate significant results at P , 0.05.
uestion of combining data versus analyzing data n
eparately remains complex. Ultimately, the decision
ests upon the somewhat subjective judgment of the
nvestigator and should integrate informed consider-
tions about the natural history of the taxa under
xamination (de Queiroz et al., 1995; Baum et al., 1998;
ohnson and Soltis, 1998). The present study on the
ilver saxifrages and allied taxa is a case in point, as it
emonstrates the complexity of choosing the analytical
pproach that best recovers the true phylogenetic
istory.
Here, we followed the conditional combinational
ethodology, in which both separate and combined

nalyses were conducted in the course of assessing data
et heterogeneity and results are made available for
crutiny (Figs. 2, 3, and 4; Swofford, 1991; Johnson and
oltis, 1998). The significant results of the partition
omogeneity and WSR tests conducted over the MP
ival trees, if taken at face value, would suggest that
he data sets should not be combined (Table 5). How-
ver, these results are more equivocal than one might
nitially expect. For example, the result of the partition
omogeneity test, although significant (P 5 0.0142), is
ot as extreme as the values reported in cases of more
arked conflict between data sets (see, for example,
ason-Gamer and Kellogg, 1996; Baum et al., 1998).
oreover, the highly significant rejection of MP rival

rees by either data set (P , 0.0001) should be consid-
red with caution because the partition homogeneity
est is sensitive to the magnitude and distribution of
omoplasy in either data set (Sullivan et al., 1996;
ohnson and Soltis, 1998; Soltis et al., 1998). It should
e noted that many of the nodes in either tree are
eakly supported by the same data set itself; thus,

ejection by the rival data set does not necessarily
ndicate conflict between data partitions (Mason-
amer and Kellogg, 1996). Therefore, attention should

ocus on identifying local sources of conflict, which are
ikely to provide truly significant information.

Results of WSR tests over the branches that were
dentified as conflicting by inspection of bootstrap parti-
ions returned nonsignificant values, with one excep-
ion: the matK data set significantly rejected the topol-
gy that constrained S. cochlearis, S. paniculata, and S.
rustata to form a monophyletic group (Table 5; con-
traint c). Based on the large discrepancy between
ootstrap values for these conflicting branches on the
wo rival trees, one might have expected that the WSR
ests would have returned significant values. Again,
he possibility that the weakly supported basal nodes of
oth trees might affect the results of these statistical
ests should be entertained. A striking conflict between
he ITS and matK trees involves the strongly supported
onophyly of sect. Gymnopera in the ITS tree

BS 5 84%) and the complete lack of BS support in the
atK tree. However, results of WSR tests suggested

hat this conflict is less extreme than expected. The

onsignificant results of these tests indicated that the
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atK data set does not significantly reject trees in
hich sect. Gymnopera forms a monophyletic clade
nd, conversely, the ITS data set does not significantly
eject trees in which S. cuneifolia (of sect. Gymnopera)
s sister to the sect. Ligulatae, subs. Aizoonia clade
Table 5; constraints d and g). In this case, different

FIG. 4. Strict consensus of 178 MP trees derived from the comb
ootstrap values (%); numbers below the branches represent BS v
espectively. Asterisked taxa were used for global outgroup compariso
ypes of conflict analysis (specifically, BS comparisons e
nd WSR tests) did not provide an unequivocal answer
o whether this local incongruence between the two
eparate trees is the product of truly different classes of
vidence or of random events, for example sampling
rror.
As matK and ITS data represent partitions of differ-

d matK and ITS data sets. Numbers above the branches represent
es (%) of the corresponding clades in the ITS and matK BS trees,

oldface species are semelparous.
ine
alu
n. B
ntly inherited genomes, there is good reason for
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548 CONTI ET AL.
uspecting that these two data sets might track differ-
nt genealogical histories. It is known that interspecific
ybridization has played an important role in the
volutionary history of Saxifraga (Webb and Gornall,
989) and Saxifragaceae (Soltis and Kuzoff, 1995;
oltis et al., 1996b). Previous molecular phylogenetic
tudies of chloroplast and nuclear data in Boykinia and
euchera, both members of Saxifragaceae, strongly

uggested that topological discrepancies between chlo-
oplast and nuclear trees could be explained in terms of
ybridization followed by chloroplast capture (Soltis et
l., 1991, 1993, 1996b; Soltis and Kuzoff, 1995). Some
ackground on the natural history and known hybrid-
zation patterns of sect. Gymnopera should contribute
o the explanation of incongruence between the matK
nd ITS trees. Section Gymnopera is a small European
ection of four species; only S. umbrosa, restricted to
he Pyrenees, was not represented in our analyses. S.
uneifolia is the species with the widest distribution
ithin the section, ranging from the Pyrenees to the
est, through the Alps, to the Carpathians to the East.
. spathularis displays a widely disjunct distribution in
orth-western Spain, northern Portugal, and Ireland. A
imilarly disjunct distribution characterizes S. hirsuta
Webb and Gornall, 1989). Even though other species in
his section are known to hybridize with each other, no
uch hybrids have been reported nor artificially formed
etween S. cuneifolia and other species of sect. Gymnop-
ra. Remarkably though, S. cuneifolia (n 5 14, as in
ect. Ligulatae) is known to form hybrids with species
f sect. Ligulatae, subs. Aizoonia (S. paniculata, S.
rustata, and S. cotyledon; Webb and Gornall, 1989);
herefore, it seems likely that ancient events of hybrid-
zation followed by chloroplast capture might have
esulted in the movement of chloroplasts of sect. Ligula-
ae into S. cuneifolia. This might explain the discrep-
ncy between the matK and ITS trees. The biogeogra-
hy of S. cuneifolia, the only species of sect. Gymnopera
hose distribution overlaps with the center of diversity
f sect. Ligulatae in the Alps (see Fig. 1), is consistent
ith this proposed scenario.

hylogenetic Relationships, Morphology,
and Biogeography

Phylogenetic analyses of matK and ITS sequences
roved useful for answering questions regarding the
ircumscription of sect. Ligulatae Haworth but were
ess useful in the identification of intra- and inter-
ectional relationships. The phylogenetic framework
merging from such analyses provided essential back-
round for interpreting patterns of morphological char-
cter evolution and biogeographic history in the silver
axifrages and allied groups.
A strong conclusion emerging from the analyses of

oth the nuclear and the chloroplast DNA sequence
ata is that Saxifraga sect. Ligulatae Haworth, as

efined by Webb and Gornall (1989), Kohlein (1984), i
nd Engler and Irmscher (1919), does not constitute a
onophyletic group. Both tree topologies strongly sup-

orted (BS 5 99% for the ITS tree, BS 5 78% for the
atK tree) the monophyly of a clade that included the

ight species ascribed to subs. Aizoonia by Webb and
ornall (1989) but excluded S. florulenta and S. mutata

see Figs. 2 and 3). The high number of steps required
or moving S. florulenta and S. mutata to the sect.
igulatae, subs. Aizoonia clade (16 and 9 extra steps,
espectively, for the ITS and matK trees) and the
ignificant rejection by each data set of trees in which
hese two taxa were included in the mentioned clade
see Table 4), provided additional evidence in favor of a
onophyletic section that excluded S. florulenta and S.
utata. Therefore, these molecular phylogenetic analy-

es suggested that classification changes are war-
anted. From a morphological standpoint, it is not
resently possible to identify unambiguous synapomor-
hies for the subs. Aizoonia clade. However, the combi-
ation of glaucous leaves, conspicuous calcareous en-
rustations, white or pale-pink petals usually rounded
t the tip, and bicarpellate ovary is typical of species in
his subsection (Webb and Gornall, 1989), which will be
eferred to, from now on, as the ‘‘true’’ silver saxifrages.
Phylogenetic analyses of matK and ITS sequences

id not provide strong support for intra-sectional rela-
ionships, with the exception of the S. cochlearis–S.
aniculata–S. crustata clade in the ITS tree (BS 5 89%)
nd the S. hostii–S. crustata clade in the matK tree
BS 5 86%); note that this latter clade is not signifi-
antly rejected by the rival ITS data set (Table 5). The
nterpretation of morphological similarities and differ-
nces among the eight species of subs. Aizoonia is at
resent too difficult to propose unequivocal hypotheses
f intra-sectional relatedness.
Considering the varying degrees of endemism and

isjunction represented in subs. Aizoonia, it is possible
hat some species in this group might have originated
rom within the widespread S. paniculata (Stebbins,
950). A process of biogeographic speciation involving
rogenitor–derivative species was proposed and subse-
uently confirmed by molecular systematic studies for
he evolution of Lisianthius species endemic to the
loud forest mountain peaks of Panama from the
idespread and morphologically variable Lisianthius

kinneri (Sytsma and Schaal, 1985). In the true silver
axifrages, the well-supported ITS subclade that in-
luded the highly endemic S. cochlearis and S. crustata,
s well as the widespread and morphologically variable
. paniculata, might provide an ideal case study for the

nitial elucidation of biogeographic speciation in this
roup. S. cochlearis is restricted to limestone rocks in a
mall section of the Maritime Alps and one locality of
he Ligurian coast, S. crustata occurs exclusively on
imestone or dolomite rocks of the southeastern Alps
nd northern and Central Balkans, and S. paniculata

s found in a variety of habitats and is tolerant of
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ifferent soil substrates (see Fig. 1 for distributions). It
s well known that during Pleistocene glacial maxima,
nglaciated refugia existed at the southwestern and
outheastern margins of the Alps as well as in nuna-
aks in the central ranges of the Alps (Ozenda, 1985;
eisigl and Keller, 1987; Andersen and Borns, 1994). A
ossible evolutionary scenario for the origin of S.
ochlearis and S. crustata would involve the fragmenta-
ion of the widespread S. paniculata into southwestern
nd southeastern refugial populations that became
solated during the glacial maxima of the Pleistocene. A

olecular phylogeographic study of the relationships
mong several populations of S. cochlearis and S.
rustata and arctic and alpine populations of S. panicu-
ata based on fast-evolving markers might provide a
emplate for biogeographic speciation processes in the
rue silver saxifrages.

The morphological distinctiveness of S. florulenta
nd S. mutata and the difficulty of identifying their
axonomic affinities led Webb and Gornall (1989) to
lace each species in its own subsection within sect.
igulatae (Table 1). The molecular phylogenetic analy-
es presented here provided new insights for under-
tanding the relationships of these two problematic
pecies. Both the ITS and the matK trees were congru-
nt in providing moderate to weak support (BS values
f 79 and 50%, respectively) for the placement of S.
orulenta and S. mutata in a clade that included S.
izoides and representative species of sect. Porphyrion.
he highly distinctive morphology and life history of S.
orulenta, as well as the absence of known hybrids with
ther species, make it arduous to find any phenotypic
haracters consistent with the inclusion of S. florulenta
n sect. Porphyrion but the same can be said for the
raditional inclusion of this species in sect. Ligulatae
Webb and Gornall, 1989). The rarity and distinctive-
ess of S. florulenta call for a detailed discussion of its
orphology and natural history; thus, the implications

f phylogeny for the taxonomy and conservation of this
are species will be treated in a separate article (Conti
t al., in preparation).
As for the widespread, circumboreal S. aizoides, its

nclusion in its own section (sect. Xanthizoon Grise-
ach) in most recent taxonomic treatments (for ex-
mple, Engler and Irmscher, 1919; Kohlein, 1984;
ebb and Gornall, 1989) indicates that ‘‘its affinities

re not very clear,’’ although ‘‘it appears to be closely
elated to species of sect. Porphyrion and also to S.
utata’’ (Webb and Gornall, 1989, p. 135). A previous

enus-wide study of Saxifraga based on matK sequence
ata (Soltis et al., 1996a) supported the inclusion of S.
izoides in the sect. Porphyrion clade. The results
resented in this paper clarified the relationship of S.
izoides to S. mutata based on both matK and ITS
equence data. The sister relationship between S.
utata and S. aizoides supported by the chloroplast
nd nuclear trees (BS 5 50 and 62%, respectively; see (
igs. 2 and 3) finds further validation in previously
ublished observations. For example, the haploid chro-
osome number n 5 13 is consistent with this sister

elationship and with the inclusion of S. mutata in the
ect. Porphyrion–Xanthizoon clade, rather than in the
ubs. Aizoonia clade (n 5 14). A number of morphologi-
al and biosystematic characteristics also corroborate
he sister relationship between S. mutata and S. aizoi-
es, for example the dark green, rather than glaucous

eaves, the yellow flowers (Webb and Gornall, 1989),
he embryo development, the seed surface structure
Kaplan, 1981), the pollen exine structure (Ferguson
nd Webb, 1970), and the observation that, despite
idespread hybridization among other species of sect.
igulatae, the only convincing hybrid reported for S.
utata is with S. aizoides (S. 3 hausmanii; Kuepfer

nd Rais, 1983; Holderegger, 1998). Another observa-
ion relevant to the discussion of the relationship
etween S. mutata and S. aizoides is that these two
pecies shared most isozyme alleles among populations
t different sites (Holderegger, 1998).
Based on the phenotypic evidence reported above,
aplan (1995) included S. mutata and S. aizoides in

ect. Xanthizoon; our molecular phylogenetic analyses
upported this interpretation. However, the low degree
f phylogenetic resolution and branch support provided
y current DNA sequence data was not sufficient to
ecide conclusively whether sect. Xanthizoon should be
etained as a separate section or rather be subsumed in
ect. Porphyrion. This question would be best ad-
ressed by a cladistic reevaluation of morphological
haracters and by more intensive sampling of the large
ect. Porphyrion (100 species) with both ITS and matK
equences and possibly faster evolving molecular mark-
rs. The phylogenetic results presented here, in conjunc-
ion with recent studies of demography, reproductive
cology, and genetic variation in S. mutata and S.
izoides (Holderegger, 1996, 1997, 1998) also provide a
ramework for addressing biogeographic questions on
he possible origin of the more localized S. mutata,
estricted to the Alps and two disjunct populations in
he Carpathians, from within the more widespread,
rctic–alpine S. aizoides (Crawford 1989; Soltis et al.,
992; Soltis and Kuzoff, 1995; see Fig. 1).
Another result supported by both the ITS and the
atK trees concerned the inclusion of S. caesia and S.

quarrosa in the sect. Porphyrion–Xanthizoon clade.
espite only moderate to low branch support for the
onophyly of the Porphyrion–Xanthizoon clade

BS 5 79 and 50% in the ITS and matK trees, respec-
ively), the placement of S. caesia and S. squarrosa in
his clade was corroborated by the relatively high
umber of extra steps (11) that were necessary in order
o move S. caesia 1 S. squarrosa to the sect. Ligulatae,
ubs. Aizoonia clade in both trees and by the significant
ejection of the same constraint by the matK data set

Table 4; constraint b). Based primarily on the overall
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esemblance of S. caesia and S. squarrosa with small-
eaved species of sect. Ligulatae, Kohlein (1984) sug-
ested that these two species should be included in sect.
igulatae. Webb and Gornall (1989) proposed the alter-
ative view that these two species are best placed in
ubs. Kabschia of the large sect. Porphyrion (about 100
pecies) with which they share a chromosome number
f n 5 13, while members of sect. Ligulatae typically
ave n 5 14. Furthermore, neither S. caesia nor S.
quarrosa are known to form any hybrids with mem-
ers of sect. Ligulatae, whereas S. caesia forms a hybrid
ith S. aretioides of sect. Porphyrion. Finally, S. caesia
nd S. squarrosa share the same growth habit typical of
ect. Porphyrion, whereby individual rosettes do not die
fter blooming but persist for another year. On the
ontrary, in most members of sect. Ligulatae, the
ndividual rosettes die after anthesis but, before dieing,
end off lateral offshoots that achieve perennation
Webb and Gornall, 1989; see below). Our results
onfirmed the taxonomic interpretation of Webb and
ornall (1989) that S. caesia and S. squarrosa are
embers of sect. Porphyrion and the close relationship

etween S. caesia and S. squarrosa proposed on the
asis of morphology. As the history of synonyms sug-
ests [for example, S. squarrosa’s synonym is S. caesia
ar. squarrosa (Sieber); Webb and Gornall, 1989] these
wo species are morphologically very similar and differ
rimarily in micromorphological features of the leaves.
oth species are calcicole and are found almost exclu-
ively on limestone or dolomite (Webb and Gornall,
989). The matK and ITS data sets confirmed the close
elationship between these two species by recording a
ery low pairwise sequence divergence (11 NTPs differ-
nce, or 2.1%, for ITS sequences; 7 NTPs difference, or
.6%, for matK sequences) and strongly supporting a
ister relationship in the resulting MP trees (BS 5 98
nd 88% in the ITS and matK trees, respectively).

nter-sectional Relationships and the Evolution
of Hydathodes and Substrate Specificity

Neither the ITS nor the matK tree conclusively
dentified the sister clade of the true silver saxifrages,
s relationships among the major lineages were poorly
esolved and supported (Figs. 2 and 3). A trait that
nites sections Porphyrion, Xanthizoon, and Ligulatae

s the presence of lime-secreting hydathodes. The shared
istribution of this trait led Webb and Gornall (1989) to
uggest that these three sections evolved from a com-
on ancestor of Asian origin. These lime-secreting
ydathodes differ morphologically from the hydathodes
ound in other sections of Saxifraga because they are
sually sunk in pits and arranged in a row along the

eaf margin, rather than being flush with the leaf
urface and occurring only at the leaf tip (Webb and
ornall, 1989). Normally, hydathodes discharge water

rom the interior of the leaf to its surface, in a process

alled guttation (Esau, 1977; ‘‘non-lime-secreting’’ hyda- t
hodes). In Saxifraga, hydathodes sunk in pits secrete
ater containing excess calcium salts, which, upon
vaporation, leave a residue that forms whitish calcare-
us encrustations (‘‘lime-secreting’’ hydathodes). None
f the MP ITS or matK trees supported a clade formed
xclusively by sections Ligulatae, Porphyrion, and Xan-
hizoon; thus, molecular data did not provide any direct
orroboration for the immediate common ancestry of
hese three sections as proposed by Webb and Gornall
1989). However, the integration of our molecular re-
ults with morphological evidence does support the
lose relationship among these three sections.
Despite caveats on the use of single-gene trees for
aking inferences of character evolution (see for ex-

mple Doyle, 1992) and potential mistakes derived
rom comparing paralogous copies of the ITS region
Suh et al., 1993; Buckler et al., 1997), we chose the
uclear ITS tree over the matK tree as the best available
ypothesis of taxic phylogeny for tracing the evolution of
ydathodes and substrate specificity. The matK tree
epresents a maternal phylogeny and, in the case of the
ilver saxifrages and allied groups, the diphyly of sect.
ymnopera strongly suggests that its topology is af-

ected by past events of hybridization and chloroplast
apture and thus may not correctly represent species
hylogeny (Fig. 2; see also Soltis and Kuzoff, 1995;
oltis et al., 1996b). If the distribution of the two
ifferent types of hydathodes (‘‘lime-secreting’’ and

‘non-lime-secreting’’) is mapped on the ITS majority-
ule consensus tree, the emerging evolutionary sce-
ario suggests that ‘‘lime-secreting’’ hydathodes evolved
nce in the common ancestor of the Ligulatae subs.
anthizoon clade, sect. Mesogyne clade, and sect. Por-
hyrion–Xanthizoon clade and were lost in sect. Meso-
yne (Fig. 5). Because all other sections of Saxifraga are
haracterized by hydathodes that do not produce calcar-
ous deposits (flush with the leaf surface), it is likely
hat the ancestor of all clades included in the ingroup
as characterized by ‘‘non-lime-secreting’’ hydathodes;

herefore, ‘‘lime-secreting’’ hydathodes would represent
he derived condition.

It is unclear whether the common ancestor of the
ngroup was calcifuge or calcicole, as either condition
ould require a reversal to the alternative substrate
reference in one of the two lineages derived from it
see Fig. 5). Regardless of the substrate specificity or
ack of edaphic specialization of the ingroup common
ncestor, it is likely that the common ancestor of the
igulatae subs. Xanthizoon clade, sect. Mesogyne clade,
nd sect. Porphyrion–Xanthizoon clade was calcicole,
s the alternative scenario (calcifuge ancestor) would
e much less parsimonious. Calcifuge specificity inde-
endently evolved in the ancestors of S. cotyledon and
. florulenta, two species restricted to acidic, specifi-
ally siliceous, substrates (Webb and Gorhnall, 1989).
n the evolutionary scenario emerging from this pat-

ern of character distribution, these two species main-
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ained a structure (‘‘lime-secreting’’ hydathodes) that
ost its function as a result of the switch from calcare-
us to acidic substrates. Thus, by interpreting the
volution of a chosen trait (hydathode type) and selec-
ive regime (substrate specificity) in a phylogenetic

FIG. 5. Distribution of hydathode types and substrate specificity
axa represent the outgroup. Hydathodes: non-lime-secreting (0); l
pecialized (n). Lig/Aiz, sect. Ligulatae, subs. Aizoonia; Mes, sect. Mes
ramework, we can propose that ‘‘lime-secreting’’ hyda- s
hodes in S. cotyledon and S. florulenta represent a
econdary nonaptation, as their presence does not
pparently confer any selective advantage on siliceous
ubstrates (Baum and Larson, 1991). An alternative,
lightly less parsimonious scenario is that ‘‘lime-

he ingroup taxa on the ITS majority-rule consensus tree. Asterisked
-secreting (1). Substrate specificity: calcicole (a); calcifuge (b); not
ne; Por, sect. Porphyrion; Gym, sect. Gymnopera.
in t
ime
ogy
ecreting’’ hydathodes were acquired in parallel twice
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552 CONTI ET AL.
y the ancestor of sect. Porphyrion and by the ancestor
f sect. Ligulatae subs. Aizoonia. This different sce-
ario, however, would not change the proposed conclu-
ion on the adaptative value of hydathodes in S.
otyledon and S. florulenta.

volution of Differential Parity
in Long-Lived Perennials

The life history of an organism encompasses all the
tages through which it passes between birth and
eath. As Stearns (1992, p. 9) recently suggested: ‘‘Life
istories lie at the heart of biology . . . Fascinating in
hemselves, they are also the keys to understanding
elated fields, . . . from the action of natural selection
. . to genetic variation, both central elements of evolu-
ion.’’ Most perennial plants and animals reproduce
ore than once in their lives, a life history strategy

nown as iteroparity, or polycarpy in plants. However,
n some plant species scattered over more than 20
ngiosperm families, as well as a few animals, such as
almon and cicads, a massive reproductive output is
irectly associated with preprogrammed whole-organ-
sm death (Young and Augspurger, 1991). The general
erm that describes this life history strategy is semelpar-
ty, whereas the specific botanical term is monocarpy. It
s generally held that in semelparous species postrepro-
uctive mortality results from allocating resources that
re normally invested in maintenance and growth to
eproduction (Gadgil and Bossert, 1970; Schaffer and
chaffer, 1979). Once semelparous organisms enter the
eproductive phase, they develop almost exclusively
eproductive structures, and their reproductive effort
uddenly shifts from zero to 100% (Schat et al., 1989).
revious studies of parity in plants have primarily

ocused on the ecology of a single semelparous species
i.e., Baskin and Baskin, 1979; Inouye and Taylor, 1980;
linkhamer et al., 1987), on life history variation of

hort-lived semelparous species (i.e., Klinkhamer et al.,
987; Gálvez and Hernandez Bermejo, 1989), or on the
omparative demography of one semelparous and one
losely related iteroparous species (i.e., Young 1984,
990). A number of theoretical models have been pro-
osed to explain the evolution of differential parity.
hese models involve considerations based on the
caling of reproductive success with reproductive effort
Schaffer and Gadgil, 1975; Schaffer and Rosenzweig,
977) or on demographic parameters (Young 1984,
990).
Given the rarity of semelparous species, as compared

o closely related iteroparous ones, it is generally held
hat semelparity has evolved a number of times (Young
nd Augspurger, 1991). However, this assumption has
ever been explicitely tested in a phylogenetic frame-
ork. The silver saxifrages, with their documented
ariation of life histories, provided an ideal group for
nswering questions on the origin of semelparity in

ong-lived perennial plants. Specifically, a phylogenetic i
pproach allowed us to test whether the three semelpa-
ous species of the silver saxifrages belonged to the
ame clade and thus semelparity evolved only once or
ather the three species were not immediately related
nd thus semelparity evolved repeatedly in this group.
arsimony analyses of matK and ITS sequences were
ongruent in suggesting that the three semelparous
pecies previously attributed to sect. Ligulatae actually
elong to two well to moderately supported clades: the
ect. Ligulatae, subs. Aizoonia clade (S. longifolia; BS
f 78 and 99% in the matK and ITS trees, respectively)
nd the sect. Porphyrion–Xanthizoon clade (S. floru-
enta and S. mutata; BS of 50 and 79% in the matK and
TS trees, respectively). Analyses of constraints in both
he matK and the ITS data sets (Table 4) significantly
ejected trees in which S. longifolia, S. florulenta, and
. mutata formed a clade but did not significantly reject

rees in which S. florulenta and S. mutata were sister
pecies. These results suggested that semelparity
volved two or possibly three times in the clade that
ncludes sect. Ligulatae subs. Aizoonia, sect. Porphyri-
n–Xanthizoon, sect. Gymnopera, and sect. Mesogyne.
urther sampling of ITS and matK sequences from
ect. Porphyrion, a large section of about 100 species,
anging from western Europe to south-western China
Webb and Gornall, 1989), should help clarify whether
emelparity originated two or three times.
The integration of evidence from biogeography, de-
ography, and paleoclimatology with the phylogenetic

esults presented here is essential for elucidating the
cenario that favored the independent evolution of
emelparity in this clade. First, the three semelparous
pecies here considered have nonoverlapping geo-
raphic distributions (Fig. 1). S. longifolia occurs in the
yrenees and in disjunct populations of southern Spain
nd northern Morocco (High Atlas range); S. mutata
ccurs primarily in the central Alps, with disjunct areas
n the Low Tatra and in the Carpathians; and S.
orulenta is restricted to a small area of the Maritime
lps (Webb and Gornall, 1989). A second line of evi-
ence relevant to this discussion comes from demo-
raphic studies conducted on Mount Kenya lobelias
Young, 1984, 1990). The iteroparous Lobelia keniensis,
losely related to the semelparous L. telekii, shows
igher adult mortality and greater intervals between
eproductive episodes in drier sites, providing a clue to
he likely demographic and environmental conditions
hat might have favored the evolution of semelparity in
obelias. The third line of evidence derives from paleocli-

atological studies of Pleistocene glaciations strongly
uggesting that European periglacial areas during
lacial maxima were characterized by drier environmen-
al conditions (Andersen and Borns, 1994; van Andel
nd Tzedakis, 1996). The evolutionary scenario emerg-
ng from these different lines of evidence suggests that
n these saxifrages semelparity evolved independently

n different refugia, possibly in response to dramati-
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553PHYLOGENETIC RELATIONSHIPS OF THE SILVER SAXIFRAGES
ally drier conditions that occurred during Pleistocene
lacial maxima. This proposed hypothesis would be
est tested by conducting comparative demographic
cological studies on the three semelparous species and
losely related iteroparous species (Young, 1990) and by
ntegrating the results of these studies into the phyloge-
etic framework presented here (Felsenstein, 1985b,
988a; Harvey and Pagel, 1991). This integrated com-
arative approach would improve our understanding of
he processes as well as the patterns that led to the
volution of semelparity in Saxifraga.

CONCLUSIONS

To summarize, parsimony analyses of molecular data
roved useful for gaining new insight on the phyloge-
etic relationships of the silver saxifrages and provided
framework for interpreting the evolution of biogeogra-
hy, substrate specificity, and life histories. Analyses of
ongruence between chloroplast matK and nuclear ITS
equences suggested that the two types of data are
robably tracking different underlying genealogical
istories; thus, the two data sets are best analyzed
eparately. Parsimony analyses of matK and ITS se-
uences produced trees that were congruent in suggest-
ng that sect. Ligulatae, as defined by Engler and
rmscher (1919), Kohlein (1984), and Webb and Gornall
1989), does not constitute a monophyletic group be-
ause S. florulenta and S. mutata, traditionally as-
ribed to this section, are best placed in sect. Porphyri-
n–Xanthizoon. These results thus suggested that
axonomic and nomenclatural changes should be consid-
red. Molecular phylogenetic analyses also supported
he inclusion of S. caesia and S. squarrosa in the sect.
orphyrion–Xanthizoon clade, rather than in the sect.
igulatae clade, confirming the classification proposed
y Webb and Gornall (1989). Another conclusion emerg-
ng from this study is that narrowly distributed species,
or example S. cochlearis and S. crustata, might have
riginated from within the widespread S. paniculata
hrough a process of fragmentation of S. paniculata
opulations into southern refugia during Pleistocene
laciations. This evolutionary scenario could be tested
y population-level phylogeographic studies of the three
entioned species. Our molecular phylogenetic analy-

es also provided a framework for elucidating patterns
f evolution of hydathodes and substrate specificity.
he topology of the ITS majority-rule consensus tree
upported a sequence of character evolution whereby
‘lime-secreting’’ hydathodes in calcifuge species appar-
ntly represent secondary nonaptations, as they lost
heir function of eliminating excess calcium salts. Fi-
ally, the integration of biogeographic, demographic,
nd paleoclimatological evidence in a phylogenetic con-
ext allowed us to propose that semelparity evolved
ndependently two or three times in the silver saxi-

rages and allied clades, possibly in response to the
rier environmental conditions of Pleistocene glacial
axima. This hypothesis would be best tested by a

omparative demographic–ecological study of the three
emelparous species and their closest iteroparous rela-
ives.
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