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Based on nuclear ribosomal DNA internal transcribed spacer (ITS) sequences, Thermopsideae is phylogenetically
studied within a genistoid background. Analysis reveals that the tribe is not supported as a monophyletic group.
Some species of 

 

Sophora s.s

 

 are nested within it. The central Asian desert 

 

Ammopiptanthus

 

 forms an isolated clade
but is relatively remote to other Thermopsideae members. 

 

Piptanthus

 

, 

 

Anagyris

 

, 

 

Baptisia

 

, and 

 

Thermopsis

 

 are clus-
tered together into a robust clade. We hence propose that the tribe could either be reduced to just the four ’core gen-
era’ with 

 

Ammopiptanthus

 

 excluded, or, as an alternative, that Thermopsideae could become part of a new Sophoreae

 

s.s.

 

 if it is re-circumscribed in the future. Both 

 

Piptanthus

 

 and 

 

Baptisia

 

 appear as monophyletic. The genus 

 

Anagyris

 

is closer to some east Asian 

 

Thermopsis

 

 species than to 

 

Piptanthus

 

. The east Asian and North American disjunct

 

Thermopsis

 

 is not monophyletic. The ITS results suggest a geographical division between the Old World and New
World 

 

Thermopsis

 

. The east Asian species are clustered with 

 

Piptanthus

 

 and 

 

Anagyris

 

, whereas the North American
species are allied to 

 

Baptisia

 

. Nonetheless, the only two north-eastern east Asian native 

 

Thermopsis

 

 species appear
to be more related to the North American group than to the east Asian one. The related biogeographical significance
has therefore been additionally discussed. © 2006 The Linnean Society of London, 

 

Botanical Journal of the Linnean
Society

 

, 2006, 

 

151

 

, 365–373.
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INTRODUCTION

 

Traditionally, the small tribe Thermopsideae (Legumi-
nosae: Papilionoideae) includes six genera with a total
of (43)

 

−

 

45–(46) species scattered through the Mediter-
ranean and temperate regions of North America, the
Mediterranean Basin, and central to north-east Asia
(Turner, 1981; Lock, 2005). Recently, 

 

Pickeringia

 

, a
spinescent shrub of the coastal Chapparal vegetation of
western North America, has been confirmed to be most
closely related to the basal papilionoids 

 

Cladrastis–
Styphnolobium

 

 and distant from Thermopsideae
(Sousa & Rudd, 1993; Wojciechowski, Lavin & Sand-
erson, 2004). 

 

Thermopsis

 

 and 

 

Baptisia

 

 are two peren-

nial herbs producing rhizomes, the former being an
east Asian and North American disjunct taxon, the lat-
ter an exclusively North American element. 

 

Anagyris

 

,

 

Piptanthus

 

, and 

 

Ammopiptanthus

 

 are shrubby genera
native to Eurasia. The two species of 

 

Anagyris

 

 occur
around the Mediterranean Basin and in Macaronesia
(Browicz, 1978). 

 

Piptanthus

 

 and 

 

Ammopiptanthus

 

 are
Sino-Himalayan (Wu & Wu, 1996) and central Asian
genera, respectively. The tribe as a whole is absent from
the Southern Hemisphere. Free stamens have always
marked Thermopsideae as distinct, and led to an asso-
ciation with Sophoreae. Early workers (e.g. Bentham,
1865) placed it in the largely Australian Podalyrieae.
However, anatomical and phytochemical researches
(summarized by Turner, 1981) point to a closer rela-
tionship with Genisteae (Lock, 2005).
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Molecular analyses (e.g. Kajita 

 

et al

 

., 2001; Pen-
nington 

 

et al

 

., 2001; Wojciechowski 

 

et al

 

., 2004) and
studies combining molecular and phytochemical data
(e.g. Kaess & Wink, 1995; Wink & Mohamed Gamal,
2003) all related Thermopsideae with Genisteae and
placed them as part of the ’core genistoids’ group
[Thermopsideae, Sophoreae 

 

s.s

 

, Euchresteae, Podalyr-
ieae 

 

s.l.

 

 (including Liparieae), Crotalarieae and
Genisteae] (Crisp, Gilmore & Van Wyk, 2000;
Wojciechowski, 2003; Lock, 2005). Circumscription,
as well as taxonomy and phylogeny, of the genistoid
alliance (Polhill, 1976, 1981, 1994) has been the sub-
ject of intensive research over the last 20 years (Crisp

 

et al

 

., 2000), and especially during the past 4–5 years
(Pennington 

 

et al

 

.,  2000, 2001; Kajita 

 

et al

 

.,  2001;
van der Bank 

 

et al

 

., 2002; Aïnouche 

 

et al

 

., 2003; van
Wyk, 2003; Wojciechowski, 2003; Heenan, Dawson &
Wagstaff, 2004; Wojciechowski 

 

et al

 

., 2004). Several
genistoid tribes have been studied based on various
molecular sequences (e.g. Kaess & Wink, 1995,
1997a; Thompson, Ladiges & Ross, 2001; van der
Bank 

 

et al

 

., 2002; Aïnouche 

 

et al

 

., 2003). More indi-
vidual genistoid taxa need to be studied to further
understand the phylogeny of the whole genistoid
group.

Many molecular phylogenetic studies concerning
Thermopsideae have been carried out (Kaess & Wink,
1995, 1996, 1997a, b; Doyle 

 

et al

 

., 1997, 2000; Crisp

 

et al

 

., 2000; Kajita 

 

et al

 

., 2001; Pennington 

 

et al

 

., 2001;
Heenan 

 

et al

 

., 2004; Wojciechowski 

 

et al.

 

, 2004), but
all of these analyses adopt a few samples and

 

Ammopiptanthus

 

 is omitted. In some analyses, Ther-
mopsideae (usually represented by 

 

Anagyris foetida

 

,

 

Piptanthus nepalensis

 

, 

 

Thermopsis fabacea

 

, and 

 

Bap-
tisia tinctoria

 

) is supported as monophyletic and sister
to Sophoreae 

 

s

 

.

 

s

 

. [Crisp 

 

et al

 

., 2000, based on internal
transcribed spacer (ITS) and a combination of ITS and

 

rbc

 

L; Heenan 

 

et al

 

., 2004, based on ITS]; however, in
other analyses (Kaess & Wink, 1995, on 

 

rbc

 

L; Kajita

 

et al

 

., 2001, on 

 

rbc

 

L; Wojciechowski 

 

et al.

 

, 2004, on

 

mat

 

K), the tribe is not supported as monophyletic. In
the latter analyses, some of its elements are nested
within a paraphyletic Sophoreae 

 

s.s.

 

 (e.g. some, but not
all, species of 

 

Maackia

 

, 

 

Ammodendron

 

, and 

 

Sophora

 

,
etc.), and the combined Sophoreae 

 

s.s.

 

–Thermopsideae
clade is sister to a Podalyrieae–Crotalarieae–
Genisteae clade.

Therefore, a re-circumscribed Thermopsideae,
excluding 

 

Pickeringia

 

, requires further study to ascer-
tain its tribal composition and validity (Lock, 2005).
Moreover, making a phylogenetic and biogeographical
study of the typical Northern Hemisphere temperate
member is also significant. Species of the tribe are dis-
tributed sparsely in Eurasia and North America, and
materials for testing are difficult to obtain, especially
samples of the endemic oligotypical taxa confined to

narrow areas or those taxa close to extinction. The pri-
mary goals of this study are: (1) to test whether or not
Thermopsideae is monophyletic and to assess the
placement of 

 

Ammopiptanthus

 

; (2) to estimate the
related biogeographical significance, with special ref-
erence to the east Asian and North American disjunct

 

Thermopsis

 

.

 

MATERIAL AND METHODS

S

 

TUDY

 

 

 

GROUP

 

A total of 53 species was sampled (Table 1), 18 of
which were sequenced in the study; the others can be
obtained from GenBank. Among them, 25 species rep-
resent five genera of the Thermopsideae group. Three
small genera, including 

 

Anagyris

 

, 

 

Piptanthus

 

, and

 

Ammopiptanthus

 

, were completely sampled. Five spe-
cies of 

 

Baptisia

 

 were sampled to represent the genus
(about 35 species; Turner, 1981). Fourteen species of

 

Thermopsis

 

 were selected so as to provide a balanced,
representative sample of the recognized resolution
and of the geographical range of the genus (about 21
species, ten in North America and 11 in east Asia;
Chen, Mendenhall & Turner, 1994; Sa, Chen & Li,
2000). Among 

 

Thermopsis

 

, 

 

T. fabacea

 

 (a native north-
eastern east Asian species, GenBank number:
AY091573) has been detected having identical ITS
sequences with that of the same-named species sam-
pled previously by Kaess & Wink (1995, 1997a,
1997b), Doyle 

 

et al

 

. (1997), Crisp 

 

et al

 

. (2000), and
Heenan 

 

et al

 

. (2004) (GenBank numbers: Z72316 and
Z72317). We additionally refer to the species for con-
sideration as it has some biogeographical significance
in the discussion. We investigated Thermopsideae
within the ’core genistoids’ in order to test the phylog-
eny of it as rigorously as possible. This analysis was
similar to part of the work of Crisp 

 

et al

 

. (2000),
whereas some data were moderately altered (Table 1).
Outside Thermopsideae, an additional 27 species rep-
resenting five other genistoid tribes were included.
The monogeneric Euchresteae was omitted because its
ITS sequence is unavailable, but this will not influence
the phylogenetic analysis of Thermopsideae. A single
outgroup sequence of 

 

Amorpha fruticosa

 

 (tribe Amor-
pheae) was used as it has been shown to be basal to
the genistoid alliance (Crisp 

 

et al

 

., 2000; Kajita 

 

et al

 

.,
2001; Pennington 

 

et al

 

., 2001; Wojciechowski 

 

et al

 

.,
2004). Accession information, including GenBank
numbers, are listed in Table 1, and vouchers for the
new sequences are deposited in the Herbarium of the
Institute of Botany (PE), The Chinese Academy of
Sciences and the Herbarium of Kunming Institute of
Botany (KUN), The Chinese Academy of Sciences.
The complete data sets are available upon request
from the first author.
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G

 

ENOMIC

 

 DNA 

 

EXTRACTION, POLYMERASE CHAIN 
REACTION AMPLIFICATION AND SEQUENCING

Total DNA was extracted from leaves using a modified
cetyl trimethyl ammonium bromide (CTAB) procedure
(Doyle & Doyle, 1987). We used silica gel-dried or fresh
leaves for all accessions, sterilizing the surface of the
leaves prior to DNA isolation. Double-stranded DNA
was directly amplified by symmetric polymerase chain
reaction (PCR) amplification using the ITS5 and ITS4
primers of White et al. (1990). Reaction volumes were
20 µL and each contained 1.5 U AmpliTaq DNA poly-
merase, Replitherm TM buffer, 1.5 mmol/L MgCl2,
0.4 mmol/L dNTP, 0.1 µmol/L primer, 5% dimethylsul-
phoxide (DMSO), and 25–60 ng sample DNA. PCR
was performed in a GeneAmp 9600 thermal cycler
(Perkin-Elmer) and consisted of 30 cycles of 1.5 min at
94 °C for template denaturation, 2 min at 55 °C for
primer annealing, 1 min at 72 °C for primer extension,
followed by a final extension of 7 min at 72 °C. PCR
products were purified using Watson’s purification kit
prior to sequencing.

Double-stranded purified PCR products were
sequenced using the dideoxy chain termination
method employing an ABI PRISM Bigdye Terminator
Cycle Sequencing Ready Reaction Kit with AmpliTaq
DNA polymerase FS (Perkin-Elmer). Reactions and
programs were chosen according to the recommenda-
tions of the handbook, with slight modification in some
cases. Samples were electrophoresed in an ABI310
automated sequencer. Primers ITS5 and ITS4 were
used to sequence all samples and, in the case of poten-
tial nucleotide site polymorphisms or ambiguous
sequences, primer N18L18 (Wen, Jansen & Zimmer,
1996) was also used. Boundaries of both ITS1 and
ITS2 genes were determined by comparison with the
published sequences (Baldwin, 1992).

DNA sequences were aligned by Megalign (DNAS-
TAR) and adjusted manually where necessary. In all
phylogenetic analyses, characters were unordered
and weighted equally. Maximum parsimony (MP)
analysis was performed using PAUP version 4.0b10
(Swofford, 2003). Gaps were treated as missing data.
Heuristic searches for MP analysis with 100 random
taxon addition replicates, tree bisection–reconnection
(TBR) branch swapping, and collapse of zero-length
branches were conducted. The amount of support for
the clades revealed in the maximum parsimony
tree(s) [MPT(s)] was examined with 1000 bootstrap
replicates with the heuristic search options using
parsimony.

RESULTS

The ITS sequences varied in length from 589 to 608
nucleotides. The aligned sequences comprised 644

characters, 37 (5.74%) of which were indel positions. A
total of 111 positions were parsimony-informative.
During the sequence matrix alignment, we found just
one or two regions in a few taxa that seemed a little
ambiguous, and the result was insignificantly differ-
ent when they were removed from the analysis. A heu-
ristic search of the ITS data recovered 42 MPTs of 813
steps (CI = 0.519, excluding uninformative characters;
RI = 0.810) in a single island. The strict consensus tree
of 42 representative equally most parsimonious trees
was resolved and is presented in Figure 1 with boot-
strap values.

The core genistoid alliance was shown to form a
strong monophyletic group (Clade A, 100% bootstrap)
(Fig. 1). Despite a few discrepancies (e.g. the uncertain
position of Liparia umbellifera), the major phyloge-
netic frame and relationships within the genistoid
alliance were consistent with those of Crisp et al.
(2000) as well as other workers (Kaess & Wink, 1995,
1996, 1997b; Doyle et al., 2000; Kajita et al., 2001;
Pennington et al., 2001; van der Bank et al., 2002;
Wojciechowski et al., 2004).

Within Thermopsideae, three main clades occur.
First, the four genera, Piptanthus, Anagyris, Ther-
mopsis, and Baptisia, called ’core Thermopsideae’
members, cluster into a group (Clade C, 100% boot-
strap); second, the two species of the central Asian
Ammopiptanthus form a monophyletic group (Clade B,
100% bootstrap); third, however, a monophyletic
Sophora s.s. clade (Clade D, 99% bootstrap), including
two Eurasian species (Sophora davidii and S. flave-
scens) and a New Zealand endemic S. microphylla, is
embedded within Thermopsideae. Sophora s.s. is sis-
ter weakly to the four core Thermopsideae genera, in
agreement with the studies of Heenan et al. (2004)
and Crisp et al. (2000). Ammopiptanthus is basal in
Sophora s.s. plus other Thermopsideae members (89%
bootstrap). Within core genistoids, all of them as a
whole are allied to a Podalyrieae–Amphithalea
(Liparieae) clade (99% bootstrap).

DISCUSSION

The present ITS analysis reveals that Thermopsideae
(excluding Pickeringia but including Ammopiptan-
thus) may not be a monophyletic group, as some mem-
bers of Sophora s.s. are nested within it. The four core
Thermopsideae genera are closer to Sophora s.s. than
to Ammopiptanthus. This indicates that the placement
of Ammopiptanthus may be problematic and that
Thermopsideae needs further re-circumscription.
Obviously, it is not fitting that some members of
Sophoreae, e.g. Sophora s.s and relatives, should be
included as part of a wider Thermopsideae. We hence
propose that the tribe could either be reduced to just
Thermopsis, Piptanthus, Baptisia, and Anagyris, with
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ű

http://
http://


370 H. C. WANG ET AL.

© 2006 The Linnean Society of London, Botanical Journal of the Linnean Society, 2006, 151, 365–373

Ammopiptanthus excluded, or perhaps, as an alterna-
tive, it could be treated as a subclass (e.g. treated as a
subtribe) of a new Sophoreae s.s. if this tribe is re-cir-
cumscribed in future (Lock, 2005).

Nevertheless, we must still be careful in ascertain-
ing whether or not the new reduced Thermopsideae is
monophyletic. Although the cladogram indicates that
it forms a robust clade (Fig. 1, Clade C, 100% boot-
strap), and Crisp et al. (2000) and Heenan et al. (2004)
have revealed that it is a strong monophyletic group
also, information from other phylogenetic analyses
should not be ignored. Wojciechowski et al. (2004)
(based on matK) not only indicated that Pikeringia is
remote from the tribe, but also showed that Piptan-

thus is closely allied with Maackia, and Baptisia plus
Thermopsis is allied with Ammodendron and Sophora
s.s. In an unweighted MPT, Kaess & Wink (1995: 158)
(based on rbcL) also revealed that the Anagyris–Pip-
tanthus clade is more related to Sophora s.s. than to
the Thermopsis–Baptisia clade. We are now virtually
certain that the main Thermopsideae members are
always sister to some Sophoreae s.s. species. However,
some important genera of Sophoreae s.s., such as
Maackia, Ammodendron, Bolusanthus, etc., shown by
other phylogenetic analyses (mentioned above) to be
close to Sophora s.s., have not been included in this
analysis. To elucidate the phylogeny of Thermop-
sideae, sampling of these taxa would be very desirable.

Figure 1. Strict consensus tree resulting from nuclear ribosomal DNA internal transcribed spacer (ITS) sequence data.
Forty-two maximum parsimony trees of 813 steps (CI = 0.519, excluding uninformative characters; RI = 0.810) were
recovered and these were in a single island. Numbers on the branches indicate the bootstrap values where these are 50%
or more. The two north-eastern east Asian endemic species of Thermopsis, T. fabacea and T. chinensis, are marked in bold.
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The systematic position of Ammopiptanthus needs
to be clarified in future. Its two species can be distin-
guished by the shape of their leaves (trifoliate in
A. mongolicus compared with simple leaves in
A. nanus). Both species are narrowly distributed;
A. mongolicus is endemic to the south Gobi desert and
A. nanus is restricted to the borders between China
and Kyrgyzstan, growing in a narrow altitudinal strip
between 1800 and 2800 m (Liu et al., 1995; Liu, 1998;
Ge et al., 2005). In the north-western desert of China,
Ammopiptanthus is the only evergreen broadleaf
shrub, which has been viewed as an ancestral trait
that identifies it as a Tertiary relict taxon (Liu et al.,
1995). Morphologically, the genus is different from
other Thermopsideae members in, for example,
stipules small, subulate, not united, arising on either
side of the petiole and possessing two bracteoles
(Turner, 1981). Liu & Qiu (1982) and Yuan, Peng &
Chen (1991) investigated its special anatomical and
ecological characteristics as adaptations to an arid
environment, and Yuan & Peng (1991) observed its
distinct pollen structure. Yuan & Chen (1993) there-
fore thought of the genus as an isolated taxon. In our
analysis, Ammopiptanthus may not be a member of
Thermopsideae, but it forms a single clade well out-
side Sophora s.s. plus core Thermopsideae species
(89% bootstrap). This implies that it has a more or less
close affinity with the Sophoreae s.s.–Thermopsideae
clade, and hence it is not possible to be a member of
any other core genistoid, e.g. Podalyrieae, Crotalarieae
or Genisteae, etc. Combining its morphological and
ecological features as well as its geographical distri-
bution with the present molecular analysis, we believe
that the genus may be a remnant survivor of the ever-
green broadleaf forest of the central Asian desert from
the Tertiary period, when the vegetation in north-
western China was dominated by evergreen and/or
deciduous broadleaf forest (Geng, Tao & Xie, 2001). To
sum up, Ammopiptanthus is an interesting but contro-
versial taxon and its phylogeny requires further study.

The remaining four genera of Thermopsideae are
clustered together to form a strong clade (Clade C).
Within the group, the three species of Piptanthus and
five species of Baptisia form two monophyletic groups
(99% and 100% bootstrap, respectively). However, the
phylogeny of Thermopsis is relatively complex, and
has no support as a monophyletic group. Anagyris,
proposed previously to be a relative of Piptanthus
(Turner, 1981; Kaess & Wink, 1995, 1997b; Crisp
et al., 2000; Kajita et al., 2001; Heenan et al., 2004), is
nested within some species of east Asian Thermopsis.

Thermopsis can generally be divided into two parts,
with the east Asian group allied with Anagyris as well
as Piptanthus (Fig. 1, Clade C1) and the North Amer-
ican group with Baptisia (Clade C2). Obviously, the
ITS results suggest a geographical division between

the Old World and New World Thermopsis. There is a
rich morphological diversity in Thermopsis and the
genus occurs in a wide range of eco-geographical con-
ditions in both east Asia and North America (Larisey,
1940; Isely, 1981; Peng & Yuan, 1992; Chen et al.,
1994; Sa et al., 2000). The east Asian species are pri-
marily distributed in Sino-Himalayan regions (Wu &
Wu, 1996) at elevations of 1500−4000 m, west as far as
India and northward into central Asia, and east as far
as the Bering Strait regions. The North American
parts are mainly distributed throughout the western
states (seven endemic species) and in the southern
Appalachian foothills (three endemic species) (Sa
et al., 2000). Sa et al. (2000) have classified Thermop-
sis into five sections including Archithermopsis,
Thermia, Thermopsis, Thermopsidella, and
Pseudothermia. The first two, representing the North
American species, are generally taller with free bracts,
whereas the last three, representing the east Asian
parts, are relatively dwarf, pubescent with connate
bracts. Combining the above molecular results, we
suspect that the derivatives of Thermopsis in east Asia
and in North America might each have their own
unique evolutionary history.

In addition, the only two north-eastern east Asian
endemic species (T. fabacea and T. chinensis, sampled
in this analysis) may exhibit profound phytogeograph-
ical significance. They are restricted to north-east
China, Japan, Korean Peninsula to Far Eastern Rus-
sia (Wei, 1998), and are the typical Sino-Japanese flo-
ristic elements (Wu & Wu, 1996). Nevertheless, our
analysis shows that the two species are instead clus-
tered with the North American parts. Sa et al. (2000)
have also included them with six North American
species to comprise the sect. Archithermopsis. This
phylogenetic relationship may reveal corresponding
morphological convergence as well as divergence
between east Asian and North American Thermopsis.
Consider that, in Thermopsis, some intercontinental
exchanges of species could have taken place around
the Bering Strait regions in earlier geological history,
and such floristic connections consequently have
enriched Thermopsis diversity. This is a preliminary
molecular systematic study on Thermopsideae. In
order to resolve the phylogeny of the tribe more
clearly, more evidence and more samplings are
needed.
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