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Abstract. Comparative sequencing of internal tran-
scribed spacers (ITS) and 5.8S gene of nuclear
ribosomal DNA was carried out to examine phy-
logenetic relationships among subgenera and sec-
tions of Old World Astragalus as well as the recent
segregate genera Barnebyella and Ophiocarpus. For
a subset of these taxa (43 accessions), the ntDNA
ITS data were supplemented by sequences from the
chloroplast ndhF gene. Phylogenetic trees resulting
from separate analyses of the ntDNA ITS and
ndhF sequences were in conflict mainly on the
position and relationships of Ophiocarpus aitchiso-
nii, Astragalus hemsleyi, A. grammocalyx, A. coeli-
color, A. capito, A. epiglottis and A. annularis.
Excluding these taxa, phylogenetic analysis of a
combined ntDNA ITS-ndhF data matrix was also
conducted, so that in the resulting tree, most clades
were more resolved and better statistically sup-
ported than those were in the separate analyses.
Our results indicate that the monotypic segregate
genera Barnebyella (= A. migpo), Ophiocarpus
(= A. ophiocarpus) and morphologically isolated
annual species 4. dipelta (= Didymopelta turkes-
tanica), A. schmalhausenii (= Sewerzowia turkesta-
nica) and A. vicarius (= S. vicaria) are clearly
nested within Astragalus. Our results confirm
earlier studies that shows A. vogelii is allied with
the genera Colutea and Oxytropis rather than with

any Astragalus species. It is therefore excluded
from Astragalus and elevated to the new generic
rank and named as Podlechiella Maassoumi and
Kazempour Osaloo. None of the eight traditionally
recognized  Astragalus  subgenera  Epiglottis,
Trimeniaeus, Phaca, Hypoglottis, Calycophysa, Tra-
gacantha, Cercidothrix and Calycocystis are mono-
phyletic. Similarly, the monophyly of Podlech’s
new subgenera Trimeniaeus, Astragalus and Cerc-
idothrix is not supported. Among the many species-
rich sections analyzed here, only Cenanthrum,
Chronopus, Laxiflori, Lotidium, Incani and Amo-
dendron are monophyletic.

Key words: Astragalus, Barnebyella, Chloroplast
ndhF gene, Fabaceae, Molecular systematics,
nrDNA ITS, Ophiocarpus, Phylogeny, Podlechiella.

Astragalus L. (Fabaceae), as the largest genus
of vascular plants on earth, contains an
estimated number 3000 annual and perennial
species and 245 taxonomic sections (Lock and
Simpson 1991, Maassoumi 1998, Podlech
1998). This genus is a remarkable example of
adaptive radiation on a global scale, distrib-
uted primarily around the northern hemi-
sphere and South America. The greatest
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number of species is found in the cool
temperate semiarid and arid continental re-
gions of southwest and central Asia (ca. 1500
spp.), the Sino-Himalayan region (500 spp.),
western North America (ca. 400—450 spp.) and
along the Andes in South America (ca. 100
species). In addition, many Astragalus species
are distributed in Mediterranean climatic
regions along the Pacific coasts of North and
South America and in southern Europe and
northern Africa. Astragalus is a member of the
tribe Galegeae (Polhill 1981a) and belongs to a
large clade of 45 papilionoid genera, referred
to as the “IR-lacking clade”, or “IRLC”,
which is marked by loss of the 25 kbp inverted
repeat in the chloroplast genome (Lavin et al.
1990, Liston 1995). Within the IRLC, Astrag-
alus together with Biserrula L., Oxytropis DC.,
all of subtribe Coluteinae and the New Zea-
land endemic tribe Carmichaelicae comprises a
well supported monophyletic group (‘“‘Astra-
galean clade”: Sanderson and Liston 1995,
Sanderson and Wojciechowski 1996). More
recently, Wojciechowski et al. (1999) using
nrDNA ITS sequence data for 115 Astragalus
species (77 New World aneuploid species plus
38 Old World euploid and anecuploid repre-
sentatives) demonstrated that all but five
species are united in a highly supported single
clade, so-called Astragalus s. str. Within this
assemblage, Old World (including North
American euploids) species form a basal grade
that is sister to the “Neo-Astragalus clade”
(New World aneuploids plus the Mediterra-
nean A. echinatus).

For the purpose of this paper, we devote
our argument only to the classification history
of the genus in the Old World. Bunge (1868,
1869, 1880) recognized 10 subgenera for the
Old World Astragalus. In the Flora of former
USSR, Gontscharov et al. (1946) accepted nine
subgenera of Bunge except heterogencous
Pogonophace. Species of this subgenus were
transferred to subgenera Phaca and Trimenia-
eus. Podlech (1982) dramatically reduced the
number of these subgenera by recognizing only
two groups of perennials (excluding subgenus
Tragacantha) solely on the basis of type of

pubescence, namely subgenus Astragalus with
basifixed hairs, and subgenus Cercidothrix
with medifixed hairs. He (Podlech 1983)
removed many species of subgenus Tragacan-
tha to a new segregate genus, Astracantha (see
below). Later, Podlech (1994) placed all annual
species, except A. vogelii (Cercidothrix) with
medifixed hairs, in the subgenus Trimeniaeus
without paying attention to the type of pubes-
cence. Maassoumi (1998) modified Bunge’s
system, combining his ten subgenera into eight
by transferring species of Caprinus and Pogon-
ophace to Phaca, Trimeniaeus or Cercidothrix.
The remaining subgenera sensu Maassoumi
(1998) are Epiglottis, Hypoglottis, Calyco-
physa, Tragacantha and Calycocystis. Wojcie-
chowski et al. (1999) commented on that their
results were not consistent with the monophyly
of subgenera Epiglottis, Trimeniaeus, Hypo-
glottis, Phaca and Cercithothrix (except for
subgenus Tragacantha) in the context of the
monophyly of Astragalus and large clades
within. However, the monophyly of the two
subgenera Calycophysa and Calycocystis has
not yet been examined. These eight subgenera
altogether cover >150 sections in the Old
World. The monophyly of the proposed sec-
tions of Astragalus has not been tested and
relationships among them remain problematic.

Astragalus is morphologically diverse, espe-
cially in vegetative morphology and the struc-
ture of the pod. Several segregate genera have
been recently proposed in the Old World, one
of which is the Eurasian segregate Astracantha
Podl. (= subgenus Tragacantha sensu Bunge
1868, 1869; Maassoumi 1998) with 214 species
(Podlech 1983). Astracantha was recognized
based upon the striking thorny cushion-form-
ing habit, reduced pods and inflorescences and
gum production. This characteristics are also
found in species of several sections (e.g.
Hymenostegis, Anthylloidei, Poterion, Acidoes)
retained in Astragalus. Engel (1991) provided
anatomical evidence for the distinction of the
Astracantha from the thorny cushion-forming
Astragalus. Subsequently, Zarre and Podlech
(1997) with critical analysis of morphological
and anatomical features, concluded that this
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generic delimitation was untenable and synon-
ymized it with Astragalus under the subgenus
Astragalus (sensu Podlech 1982). The recent
molecular study based upon nrDNA ITS and
chloroplast #rnL intron sequence data also
clearly rejected the recognition of Astracantha
as separate from Astragalus (Wojciechowski
et al. 1999). However, its relationship with
other thorny cushion-forming species of Astra-
galus has not been examined by molecular data.
The other notable segregates are the south-
western Asian annuals Barnebyella Podl.
(= Dorycnium calycinum Stocks, Astragalus
migpo Kamelin, Podlech 1994), Ophiocarpus
(Bunge) Ikonn. (= A. ophiocarpus Bunge,
Ikonnikov 1977) and Thlaspidium Rassulova
(= A. thlaspi Lipisky, Rassulova 1978 cited in
Podlech 1994). These species have been segre-
gated as monotypic genera mainly because of
unusual pod morphologies. In addition to
these, some species like A. dipelta, A. schmalha-
usenii, A. vicarius and A. compositus have been
treated under their old generic names (Didy-
mopelta turkestanica, Sewerzowia turkestanica,
S. vicaria and S. composita respectively) by
some authors (e.g. Hutchinson 1964, Rassul-
ova 1978 cited in Podlech 1994). Hitherto, the
phylogenetic status and relationships of these
taxa have not been evaluated by molecular
data.

In this study, ntDNA ITS and chloro-
plast gene ndhF were sequenced for phyloge-
netic reconstructions. In the last ten years,
sequencing of the ITS regions has been the
main source of nuclear DNA characters for
inferring intra- and intergeneric evolutionary
relationships in plants (e.g. Baldwin 1992;
Baldwin et al. 1995; Wojciechowski et al.
1993, 1999; Kazempour Osaloo and Kawano
1999). The ndhF gene, which is located in the
small single-copy region of the chloroplast
genome close to the junction with the inverted
repeat, is approximately 2220 base pairs in
length and codes for a subunit of a putative
NADH dehydrogenase involved in chloroplast
photorespiration (Sugiura 1992). Several stud-
ies have demonstrated the great potential of
ndhF sequence data for resolving relationships

at a range of taxonomic levels, from closely
related species (Bohs and Olmstead 1997,
Schnabel and Wendel 1998), to the generic,
and familial level (e.g. Olmstead and Sweere
1994, Scotland et al. 1995, Catalan et al. 1997,
Olmstead et al. 2000). Our molecular phylo-
genetic study, based on both ndhF and in
particular ntDNA ITS sequences, is the first
survey at the broad level for the Old World
Astragalus, mostly from Iran, as it is one of the
most important centers of biodiversity of the
genus.

The objectives of this study, therefore, were
to:

(1) reconstruct ntDNA ITS and ndhF
phylogenies separately and in combination
for the Old World Astragalus and related
genera; (2) compare the ntDNA ITS phylog-
eny with the ndhF phylogeny; (3) explore the
relationships and phylogenetic status of several
segregate annual genera (Barnebyella, Ophio-
carpus, Didymopelta and Sewerzowia); and (4)
evaluate the taxonomic classification of sub-
genera and sections of the Old World Astra-
galus in the light of our molecular phylogenetic
results.

Materials and methods

Taxon sampling. A total of 124 Old World Astra-
galus species/subspecies (including newly segregate
genera Barnebyella and Ophiocarpus) plus aneu-
ploid A. oophorus of the New World, was
sequenced for nr DNA ITS+5.8S (Appendix 1).
Sequences of another 11 Astragalus species (includ-
ing the New World aneuploid 4. arizonicus) and
Biserrula pelecinus L. (= A. pelecinus (L.) Barneby)
determined by Wojciechowski et al. (1993, 1999)
were obtained from Genbank. Our sampling of
Astragalus endemic to Eurasia and Africa included
annual and perennial species/subspecies from 75
sections of all eight Old World subgenera (sensu
Maassoumi 1998). This represents nearly half of
the Old World sections recognized by Podlech
(1986) and Maassoumi (1998). Astragalus oophorus
and A. arizonicus were used as placeholders for the
“Neo-Astragalus clade” which is nested within the
Old World Astragalus based on previous studies
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(Wojciechowski et al. 1993, 1999). We have also
sequenced the chloroplast gene ndhF for a subset of
37 species of Astragalus and the two segregate
genera sampled for ntDNA ITS. In addition to
Astragalus, three related genera from the “Astra-
galean clade” (Sanderson and Liston 1995,
Sanderson and Wojciechowski 1996 ) including
Biserrula, Oxytropis and Colutea, were included in
the ntDNA ITS data set (Appendix 1). With the
exception of Biserrula, the remaining two genera
were also sequenced for the ndhF gene. Caragana
grandiflora and Chesneya astragalina were chosen
as outgroups in both data sets according to
previous studies (Sanderson and Wojciechowski
1996, Wojciechowski et al. 1999).

DNA extraction. Leaf materials were sampled
from herbarium specimens deposited in the Her-
barium of the Research Institute of Forests and
Rangelands (TARI), Tehran, Iran, or in the
Herbarium of Kyoto University (KYO), Kyoto,
Japan. But, in the case of Astragalus sinicus L.,
fresh leaves were taken from plants growing in
Kyoto, Japan. Its voucher specimen was deposited
at TARI. Total genomic DNA was extracted
following the modified CTAB method of Doyle
and Doyle (1987).

Polymerase chain reaction (PCR). The com-
plete nrDNA ITS + 5.8S region was amplified using
primers ITS4 and ITSS of White et al. (1990). The
chloroplast gene ndhF was amplified using primers
16F (Schnabel and Wendel 1998) and 2110R
(Olmstead and Sweere 1994). These double-
stranded DNA amplifications were performed in
a 50 pl volume containing 36 pul of sterile water,
S5yl of 10 x GeneTaq universal buffer (Wako
Nippon Gene), 5 pl of 2.5 mM dNTP mixture
(Wako Nippon Gene), 1 ul of each primer
(10 pmol/ul), 0.8 ul (4 units) of Taq polymerase
(Wako Nippon Gene), and 2 pl of genomic DNA
template (2040 ng). Amplification was done in a
DNA Thermal Cycler (Perkin Elmer Cetus, model
PJ2000) for 35 cycles (Kazempour Osaloo and
Kawano 1999). Each set of reactions was moni-
tored by the inclusion of a negative (no template)
control. To remove unused amplifying primers and
dNTPs, the PCR product was electrophoresed in a
1% agarose gel (using 1x TAE as the gel buffer)
stained with ethidium bromide, and then excised
under UV light with a scalpel. The gel slice
containing the DNA fragment was transferred to
a 1.5 ml microcentrifuge tube and the DNA was

recovered from the agarose gel using the Gene
Clean III Kit (Bio 101, Inc., USA) according to the
manufacturer’s instruction. The purified DNA was
resuspended in 20 pl of sterile water.

DNA sequencing. Purified double-stranded
DNAs were then used in cycle sequencing reactions
that were conducted using the Big Dye™ Termi-
nator Cycle Sequencing Ready Reaction Kit
(Applied Biosystems, USA). The same nrDNA
ITS primers ITS4 and ITSS were used for cycle
sequencing reactions. For the ndhF gene, the
sequencing primers 16F (Schnabel and Wendel
1998), 536F, 972F, 1603F, 2110R, 1318R and 536R
(Olmstead and Sweere 1994) were employed. The
reactions were purified using the Ethanol Precipi-
tation Protocol 1 (according to the Perkin Elmer
Corporation’s instruction protocol, revision A,
August 1995) to remove unincorporated dye ter-
minators and then completely dried in a vacuum.
The reaction pellets were resuspended in 6 pl of
loading buffer and analyzed in an ABI Prism . 377
DNA Sequencer.

Phylogenetic analyses. Alignment of the
nrDNA ITS sequences required the introduction
of numerous single and multibase insertion/dele-
tion events (indel). For the ndhF data, alignment
was trivial as only three indel events of 6-9 base
pairs needed to be postulated. In both nrDNA
ITS and ndhF analyses, indel positions were
treated as missing data and only in the former,
a small subset of these were included as addi-
tional characters, cases wherein alignment was
absolutely unambigious. Individual sequences
from taxa included in the present study have
been deposited in the DNA Data Bank of Japan
(DDBJ) (see Appendix 1 for accession numbers).
The aligned nrDNA ITS and ndhF data sets are
available upon request from the corresponding
author. Phylogenetic analyses were performed on
the aligned data matrices both separately and in
combination (i.e. for those 43 taxa where both
sequenced regions were available). Initially, phy-
logenies were inferred from all data matrices
using maximum parsimony method (MP) as
implemented in the version 4.0b4a (Macintosh
PPC) of PAUP* (Swofford 2000). Due to the
large number of taxa (142) in the nrDNA ITS
data set, we could not ascertain the number of
equally most parsimonious trees. As a result, the
following heuristic search strategies (according to
Catalan et al. 1997, Downie et al. 1998) were
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employed: One thousand replications of random
addition sequence with tree bisection-reconnection
(TBR) branch swapping were initiated, but no
more than five of the shortest trees from each
replication were saved. These equally most par-
simonious trees were then used as starting trees
for TBR branch swapping (with MulTrees and
Steepest Descent selected). In all analyses, the
maximum number of trees saved was set at 10000
and these trees were permitted to swap to
completion. The strict consensus of these 10000
shortest trees was subsequently used as a topo-
logical constraint in another round of 1000
replications of random addition sequence. But,
in this analysis, only those trees that did not fit
the constraint tree were saved. No additional
trees were found at the length of the initial 10000
trees, which suggests that the strict consensus tree
adequately summarizes the available evidence,
even though the exact number of trees at that
length is not known. To obtain confidence limits
for various clades, a bootstrap analysis (Felsen-
stein 1985) was conducted. Bootstrap values were
calculated from 1000 replicate analyses, simple-
addition sequence and TBR branch swapping
with a set MAXTREES limit of 100 trees per
bootstrap replicate. For both the ndhF and
combined ntDNA ITS-ndhF data sets as well as
for a reduced nrDNA ITS data set to 43 taxa, a
finite number of shortest trees was obtained
separately using the heuristic search option
involving 100 replications of random addition
sequence and TBR branch swapping (with Mul-
Trees and Steepest Descent selected). Bootstrap
values with 1000 replications were calculated
using the heuristic search option, simple addition
sequence and TBR branch swapping. Distance
trees for both the ntDNA ITS and ndhF data sets
were obtained using the neighbor-joining method
(NJ; Saitou and Nei 1987) in PAUP*, using the
two-parameter method of Kimura (1980). One
thousand bootstrap replicates for each data set
were completed.

Combinability of the ntDNA ITS and ndhF
data sets was assessed using the permutation tail
probability (PTP) test (Faith and Cranston 1991) to
test for the presence or absence of phylogenetic
signal and the partition homogeneity test (the
incongruence length difference test of Farris et al.
1994) to test for incongruence between the data
sets. These two tests were applied using the PAUP*
version 4.0b4a. The partition homogeneity test was
implemented with invariant characters excluded
(Cunningham 1997) using TBR branch swapping
with 1000 replicates. The maximum number of
trees held in memory (MAXTREES) option was set
to 100 to allow the test to proceed to completion.

Results

nrDNA ITS sequence data. The alignment of
nrDNA ITS sequences for 136 Astragalus
species/subspecies (including new segregates
Barnebyella and Ophiocarpus) and for four
species of 3 Astragalean genera plus two
outgroups produced a matrix of 648 base pairs
(bp) inlength. Despite the presence of numerous
indels which ranged in size from one to 34
nucleotides, we conservatively included only
seven of these as additional characters in the
nrDNA ITS data set (numbers 649—-655 in the
data set). There were 189 parsimony informa-
tive characters out of 655 total characters. The
length of the nrDNA ITS region ranged
from 567 bp in Astragalus macrobotrys and
A. squarrosus (both of section Ammodendron) to
613 bp in Chesneya astragalina (an outgroup
species). Pairwise sequence divergence values
were generally less than 8% substitution per site
across Astragalus as a whole. Divergence values
between Astragalus and other Astragalean gen-
era as well as outgroup taxa were typically under
13% substitution per site. The nrDNA ITS

>

Fig. 1. Strict consensus of 10000 most parsimonious trees resulting from phylogenetic analysis of 142 complete
nrDNA ITS sequences for Astragalus and related genera (Length= 804 steps; CI= 0.547; RI= 0.831).
Numbers above branches are bootstrap values for 1000 replicate analyses (with a set maxtrees limit of 100 trees
per replicate); values <50% are not indicated. Clades within Astragalus s. str. identified by letters (A—H) are
discussed in the text. New World aneuploid Astragalus taxa (species, section and subgenus) are indicated by

asterisk
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region was resequenced for the following taxa,
in which, their sequences have minor differences
relative to the published ones (Wojciechowski
et al. 1999). Oxytropis szovitsii, Astragalus
vogelii, A. epiglottis, A. atropilosulus, A. alope-
cias, A. crenatus (= A. corrugatus), A. siliquo-
sus, A. hamosus, A. boeticus, A. asterias, A.
tribuloides, and A. echinatus. These differences
may be due to technical errors or to the existence
of nucleotide variations within species analyzed.
Nevertheless, we included these resequenced
taxa in the data matrix rather than the published
ones. Likewise, the ntDNA ITS sequences of
A. sinicus and A. cerasocrenus were very differ-
ent from those of the already published ones
(Wojciechowski et al. 1999).

Maximum parsimony analysis of the full
nrDNA ITS data set resulted in many thou-
sands of equally parsimonious topologies. The
strict consensus of 10000 of these trees, with
accompanying bootstrap values, is presented
in Fig. 1. These trees have a length of 804
steps, a consistency index (CI) of 0.547, and a
retention index (RI) of 0.831. The neighbor-
joining distance tree (Fig. 2) rendered, with
few exceptions, a similar topology for phyloge-
netic relationships within and between Astra-
galus and its allies as the most parsimonious
tree. Phylogenetic analyses of the ntDNA ITS
data set by the two methods demonstrated that
all Astragalus species sampled except three
annuals, 4. vogelii, A. epiglottis and A. annu-
laris, belong to a well supported monophyletic
group (with bootstrap values of 81 or 90%),
so-called, Astragalus s. str. as recognized in
previous studies (Sanderson and Wojciechow-
ski 1996, Wojciechowski et al. 1999). Besides
these species, three close relatives of the genus
including Oxytropis (O. szovitsii and O. auche-
ri), Colutea persica and Biserrula pelecinus are
located at the base of the trees as sister taxa to
Astragalus s. str. Biserrula pelecinus together
with two closely related species, A. epiglottis
(sect. Epioglottis) and A. annularis (sect. An-
nulares) form a highly supported monophyletic
group with bootstrap values of 99 or 100%.
Likewise, 4. vogelii (sect. Herpocaulos) forms a
clade with C. persica (59 or 62% bootstrap).

Both MP strict consensus and NJ trees
(Figs. 1 and 2) reveal that the Astragalus s. str.
is composed of two large clades. One clade
(hereafter called the clade “A’) is strongly
supported (97 or 98% bootstrap) and contains
representatives of perennial sections Chloro-
stachys, Cenanthrum, Caraganella, Nuculiella,
Chronopus, Astragalus, Alopecuroidei, Laxi-
flori, Eremophysa, Pelta, Pendulina and Cap-
rini. Section Chlorostachys, represented by east
African A. atropilosulus, forms the most basal
branch of this group. Next is section Cenan-
thrum, represented by A. wumbellatus and
A. membranaceus, which is in turn sister to
the large core of the clade “A” (supported by
bootstrap values of 82 or 90%).

The second clade is a larger assemblage
that, in turn, comprises three well supported
clades, namely, clade “B” (75 or 81%), clade
“C” (90 or 94%), and clade “D” (73 or 80%
bootstrap). The NJ analysis shows the clade
“B” is followed, in order, by clades “C” and
“D”. But, in the MP tree, the sister relation-
ship among these clades collapsed into a

trichotomy.
Clade “B” comprises representatives of
annual sections Annulares, Heterodonthus,

Oxyglottis, and Sesamei and of perennial
sections Theiochrus, Hemiphaca and Hemi-
phragmium. Next is clade “C”, in which,
section Glycyphyllus, represented by A. glycy-
phyllos, is sister to a highly supported small
core clade (73 or 86% bootstrap). This core
clade comprises annual sections Bucerates,
Cyamodes and Edodimus as well as perennial
sections Uliginosi and Acmothrix.

Clade “D” forms the largest core of
Astragalus s. str., in which several smaller
clades with weak to high bootstrap supports
are apparent (labeled E-H in Figs. 1 and 2).
Clade “E” represents a weakly (<53% boot-
strap) supported group of two east Asian
sections Lotidium and Polycladus that is sister
to all other members of clade “D”’. Clade “F”
is a weakly supported (62% bootstrap in MP)
large group which is composed of weakly/well-
supported subclades and sections/species
belonging to the unsupported subclades
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(< 50% bootstrap) or unresolved branches.
The group “F” is also marked by a 7 bp
deletion (except that the members of section
Ammodendron have a long deletion of 34 bp)
in ITS1. In both MP and NJ analyses,
A. daenensis of section Hemiphaca is allied
very weakly with this group (< 50% bootstrap
support). In the MP tree, unlike in the NJ one,
thorny cushion-forming taxa plus non-thorny
perennial A. paradoxus altogether are not
gathered in a single clade (““G”). Instead, they
form several smaller clades (labeled G1-G3)
and branches. Clade “H” is a strongly (100%
bootstrap) supported group comprising sec-
tions of Incani and Laguropsis (A. subsecun-
dus). This clade “H” is allied with all cushion-
forming taxa (clade “G”) only in the NIJ tree
but unsupported (< 50% bootstrap).

ndhF sequence data. Our ndhF sequences
produced a matrix of 2103 bp in length. Three
indels of 6 or 9 nucleotides were detected and
accounted for minor length variation in our
sequences. These indels were not used to
construct the phylogenetic trees. There were
163 parsimony informative characters out of
2103 total characters in the ndhF data matrix.
Pairwise sequence divergence values were gen-
erally less than 3% substitution per site across
Astragalus as a whole. Divergence values
between Astragalus and other Astragalean
genera were typically lower than 5% substitu-
tion per site. MP analysis of the ndhF sequence
data for 43 Astragalus and related taxa
resulted in 180 most parsimonious trees. The
strict consensus of these trees, each 503 steps in
length, with a CI of 0.819 and an RI of 0.842,
is shown in Fig. 3, with accompanying boot-
strap values. With one exception, the NJ tree
(not shown) was topologically identical to the
MP strict consensus tree. The difference
included the sister relationship of A. horridus-

A schistocalyx clade with the remaining cush-
ion-forming species (clade “G”). The ndhF
data show all Astragalus species except A.
vogelii are united in a single large clade that is
weakly supported (with bootstrap value of
57%). Colutea persica and Oxytropis aucheri
together with A. vogelii are placed at the base
of the tree. This large assemblage of Astragalus
comprises the following successive clades. The
first one is a clade representing a sister
relationship between Ophiocarpus aitchisonii
and cushion-forming A4. hemsleyi and three
closely related species, A. capito, A. coelicolor
and A. grammocalyx. This clade (called here-
inafter Ophiocarpus-A. grammocalyx clade) is
strongly supported (89% bootstrap), as is each
of the respective subclades. The second is the
A. epiglottis-A. annularis clade which is highly
supported (100% bootstrap) and is sister to the
large core of Astragalus. This large core forms
a well supported monophyletic group (93%
bootstrap) which comprises, in turn, two large
clades. One large clade is composed of clade
“A” (sections Caraganella, Caprini, Alopecu-
roidei and Astragalus) and clade “B” (sections
Theiochrus, Annulares and Oxyglottis). Next
large one is clade “D” which contains several
polytomies including clades “C” (sections
Bucerates and Uliginosi), “E” (section Lotidi-
um), “F” (minus A. echinatus and A. oopho-
rus), “G” (cushion-forming taxa) and “H”
(section Laguropsis). The Mediterranean
A. echinatus and the New World aneuploid
A. oophorus unite as sister taxa (a highly
supported clade) which in turn ally strongly
with clade “G” (94% bootstrap support).
Combined nrDNA ITS-ndhF data. The
PTP test was run on the full ntDNA ITS, the
reduced ITS and ndhF data sets, and indicated
that each data set had a significant phyloge-
netic structure (P =0.001 for all data sets). The

>

Fig. 2. Neighbor-joining distance tree resulting from phylogenetic analysis of 142 complete nrDNA ITS
sequences for Astragalus and related genera. Branch lengths are proportional to distances estimated from
Kimura’s (1980) two-parameter method (note scale bar). Numbers above branches are bootstrap values for
1000 replicate analyses; values <50% are not indicated. Clades within Astragalus s. str. identified by letters

(A—H) are discussed in the text
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partition homogeneity test showed that the
null hypothesis that the two data partitions
(the reduced ITS and ndhF data sets) were
homogeneous (not incongruent) was rejected
(P=0.001). This result indicates statistically
significant incongruence between the data sets
(the reduced ITS and ndhF data sets). A
comparison of Fig. 4A and Fig. 4B indicates
substantial incongruence in the placements of
some taxa, such as Ophiocarpus aitchisonii,
Astragalus hemsleyi, A. capito, A. coelicolor
and A. grammocalyx as well as A. epiglottis
and A. annularis, but not wholesale conflict in
all clades. Therefore, these taxa were not
included in the analysis of combined nrDNA
ITS-ndhF data set.

MP analysis of the aligned combined
nrDNA ITS-ndhF sequences (2739 nucleotide
positions) for 36 taxa of Astragalus and related
genera resulted in 44 most parsimonious trees,
each of 794 steps (CI=0.775; RI=0.780;
Fig. 5). Once again, progressing upwards from
the base, Oxytropis plus Colutea and A. vogelii
are the sister group to all remaining Astragalus
which corresponds to Astragalus s. str. in the
nrDNA ITS tree (Figs. 1 and 2). In this large
core, clade “A” (sections Caraganella, Caprini,
Alopecuroidei and Astragalus) is followed suc-
cessively by clade “B” (sections Oxyglottis,
Theiochrus and Annulares), clade “C” (sections
Bucerates and Uliginosi) and the large clade “D”
[circumscribed by group “E” (section Lotidium)
through group “H” (section Laguropsis)].

Discussion

Discrepancy between nrDNA ITS and ndhF
phylogenies. The molecular trees obtained in
this study, based on nrDNA ITS and ndhF
sequences, are topologically discordant. It has
been known that a molecular tree does not
necessarily agree completely with the actual
evolutionary pathways of the taxa under study
(Doyle 1992, 1997; Maddison 1997; Soltis and
Kuzoff 1995). The most significant difference
between the ntDNA ITS and ndhF phylogenies
is the placement of Ophiocarpus aitchisonii,
A. hemsleyi, A. capito, A. coelicolor and

A. grammocalyx. These taxa belong to three
different clades derived in the nrDNA ITS
phylogeny (Figs. 1, 2 and 4A) while they form
the most basal clade (Ophiocarpus-A. grammo-
calyx clade) of Astragalus in the ndhF phylog-
eny (Figs. 3 and 4B). There are many biolog-
ical processes, such as hybridization/
introgression, lineage sorting, unequal rates
of molecular evolution and long branch attrac-
tion that can lead to falacious phylogenies
(Rieseberg and Soltis 1991, Soltis and Kuzoff
1995, Wendel and Doyle 1998).This discrep-
ancy between nuclear- and chloroplast-DNA
based trees regarding the placement of these
taxa can be the result of hybridization/intro-
gression event and subsequent chloroplast
capture long time ago. Hybridization and
introgression are thought, however, to be rare
to nonexistent among Astragalus species
(Liston 1992, Sanderson and Doyle 1993, Judd
et al. 1999). Parallelism in long branches
(Felsenstein 1978) may afford a more plausible
explanation for this discrepancy. The ndhF tree
(Fig. 4B), unlike the nrDNA ITS one
(Fig. 4A), obviously shows that Ophiocarpus-
A. grammocalyx clade and each of its sub-
clades have long branches possibly due to
parallel nucleotide substitutions mistakenly
identified as actual synapomorphy (Felsenstein
1978). Sequence data from nrDNA ITS put
Ophiocarpus in a small unresolved clade with
three annual species 4. arpilobus, A. commix-
tus and A. sesamoides within the large clade
“F” (Figs. 1 and 2). ndhF sequence data,
however, ally Ophiocarpus strongly with A.
hemsleyi of section Acanthophace. This ndhF
result is not supported by morphological
evidence. Ophiocarpus differs from A. hemsleyi
in possessing: annual rather than woody
perennial habit; longitudinally grooved rather
than smooth stems; imparipinnate rather than
paripinnate leaves; multiflorous (3—5 flowers)
racemes rather than a laterally solitary flower;
and linear/curved, unilocular rather than
ovoid, bilocular pods (Maassoumi 1986,
1989; Podlech 1994). According to these fea-
tures, Ophiocarpus is much closer to the annual
species, as indicated by nrDNA ITS data
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(Figs. 1 and 2), than to perennial 4. hemsleyi.
Interestingly, in both phylogenies, A. grammo-
calyx, A. coelicolor and A. capito are very
closely related species.

Another substantial difference between the
nrDNA ITS and ndhF phylogenies is the
placement of a A. epiglottis and A. annularis.
They are placed along with Biserrula pelecinus
and Oxytropis (0. aucheri and O. szovitsii)
outside the Astragalus s. str. clade in the
nrDNA ITS tree (Figs. 1 and 2), whereas form
the second deepest clade within Astragalus
assemblage in the ndhF tree (Fig. 3). Previous
studies (Liston and Wheeler 1994, Wojcie-
chowski et al. 1999) both show B. pelecinus
and A. epiglottis (A. annularis was not ana-
lyzed) on long branches near base of Astra-
galus clade.

The third conflict between the two gene
trees is on the relative position of a pair species
A. echinatus and A. oophorus. These two
species, which are relatively distantly separated
from thorny cushion-forming taxa (clade “G”)
in the ntDNA ITS tree (Fig. 4A), become the
sister group to them in the ndhF tree (Fig. 4B).
Phylogenetic analyses of the two other chlo-
roplast fragments, rpoC genes (Liston and
Wheeler 1994) and #rnL intron (Wojciechowski
et al. 1999) indicated the same relationship as
of the ndhF. At present, we can not judge
which one of the above mentioned processes
have caused these discrepancies. Additional
nuclear genes are necessary to resolve all of
these problems precisely. Excluding the most
incompatible taxa (the five species from Ophio-
carpus through A. grammocalyx plus A. epi-
glottis and A. annularis), the analysis of
combined nrDNA ITS-ndhF data set provided
a tree topology, which is more resolved than
either of the separate analyses and, in general,
greater bootstrap support for the most clades
(see Fig. 5). With keeping these problems in
mind, we present below the phylogenetic
implications for Astragalus based upon both
nrDNA ITS and ndhF as well as the combined
sequence data.

The phylogenetic position of problematic
annual genera. As reviewed in the introduc-

tion, a number of monotypic and polytypic
annual genera have been considered allied to,
or part of Astragalus. Most notable of these
are Barnebyella, Ophiocarpus, Didymopelta
and Sewerzowia.

More recently, southwest Asian A. migpo
(= Dorycnium calycinum) was moved to the
new separate genus Barnebyella based on its
elongated calyx in fruiting time and fruit
features that are subglobular, laterally com-
pressed, unilocular and one seeded (Podlech
1994). The genus Dorycnium was in fact
treated in the tribe Loteae (Polhill 1981b).
On the basis of these odd features, Podlech
(1994) concluded that this species (Barnebyella
calycina) is not related to Astragalus nor to
Dorycnium. The latter taxon is more closely
related to the genus Lotus (Allan and Porter
2000) which, in turn, has no close affinity with
Astragalus (Hu et al. 2000). Our molecular
analyses indicate that B. calycina is nested
within Astragalus, and allied weakly with
A. tribuloides (ndhF data), rejecting the treat-
ment and idea of Podlech (1994).

The monotypic Ophiocarpus (O. aitchisonii)
is another annual species widely distributed in
southwest Asia. It is distinguished from all of
Astragalus by its odd fruit morphology. The
fruit is sessile, linear or arcuately curved,
unilocular and constricted between the seeds.
Based on these features, Podlech (1994) provi-
sionally accepted the segregate genus Ophio-
carpus, but stated that it required further
study, such as using DNA analyses, to deter-
mine its affinities. As noted in previous part,
both nrDNA ITS and ndhF sequence data
place Ophiocarpus within Astragalus. Conse-
quently, based on these molecular data, both
Barnebyella and Ophiocarpus are suggested to
be returned into Astragalus again.

Astragalus dipelta (= Didymopelta turkes-
tanica) is an annual species distributed widely
in central Asia through Afghanistan and Iran.
This taxon is distinguished from other Astra-
galus species by a 2-seeded didymous pod on a
filiform stipe. More recent authors (e.g. Hutch-
inson 1964) have nonetheless resurrected Didy-
mopelta as a distinct genus. Our ntDNA ITS
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phylogeny shows that this species like former
segregates is nested among other Astragalus
species within the large clade “F” (Figs. 1 and
2). It is allied with annual A. duplostrigosus of
section Hispiduli only in the NIJ tree.

Some recent authors (e.g. Hutchinson
1964, Rassulova 1978 cited in Podlech 1994)
treated the three annual species A. schmalha-
usenii, A. vicarius and A. compositus as mem-
bers of the segregate genus Sewerzowia. These
species are characterized by particular fruit
morphology including boat-shaped valves with
spinous margins. Most recently, Podlech
(1991, 1994) has placed these species in Astra-
galus section Oxyglottis. Significantly, our
molecular data not only place two of which
sampled here, 4. schmalhausenii and A. vica-
rius, within Astragalus, but closely ally them
with other relatives in sections Oxyglottis
and Sesamei. Astragalus schmalhausenii and
A. vicarius are morphologically very similar to
each other, but in the ntDNA ITS tree, they
did not unite as sister taxa (Figs. 1 and 2). The
former species is allied moderately with
A. persepolitanus of section Sesamei within a
clade containing A4. biserrula, A. oxyglottis and
A. coronilla, while A. schmalhausenii is sister to
all of them (NIJ tree, Fig. 2). An independent
DNA fragment, such as the ndhF gene, is
needed to evaluate these relationships.

Infrageneric relationships and classifica-
tion. Relationships among the subgenera and
sections of the Old World Astragalus, like that
of the New World ones (Wojciechowski et al.
1999), are highly problematic. It is noteworthy,
therefore, that results of our study, while with
much greater sampling of the Old World taxa
than previous studies (Wojciechowski et al.
1993, Wojciechowski et al. 1999), essentially
came to the same conclusions as Wojciechow-
ski et al. (1999) that the vast majority of

Astragalus species belong to one monophyletic
group-Astragalus s. str. These phylogenies
show that none of the traditionally recognized
subgenera (Maassoumi 1998) in the genus are
monophyletic. Our data convincingly demon-
strate the absurdity of Podlech’s (1982, 1991,
1994) one-character taxonomy approach to the
subgeneric classification (recognizing only
three subgenera) in Astragalus-annual versus
perennial, and basifixed versus medifixed hairs,
and annuals evolving separate from and earlier
than perennials (see Figs. 1, 2 and 3). In order
to avoid confusion, below we will discuss our
results only in the context of Maassoumi’s
(1998) subgeneric classification.

1. subgenus Epiglottis

This is the smallest subgenus of Astragalus
with only the two monotypic sections Epiglot-
tis (A. epiglottis) and Herpocaulos (A. vogelii).
Both nrDNA ITS and ndhF sequence data
were obtained for these two species, and they
did not emerge as sister taxa in all analyses.
Instead, A. epiglottis is strongly supported (99/
100% bootstrap) as sister to A. annularis of
section Annulares (subgenus Trimeniaeus)
along with Biserrula pelecinus. They are placed
outside the Astragalus s. str. clade in ntDNA
ITS tree (consistent with Wojciechowski et al.
1999), whereas form the second deepest clade
within Astragalus assemblage in the ndhF tree
(B. pelecinus is not sampled for ndhF). Previ-
ous studies (Liston and Wheeler 1994, Wojcie-
chowski et al. 1999) both show B. pelecinus
and A. epiglottis (A. annularis was not ana-
lyzed) on long branches near base of Astra-
galus clade. It would be premature to remove
A. epiglottis and A. annularis from Astragalus
before additional nuclear or chloroplast genes
are sequenced. Biserrula pelecinus and these

<

Fig. 3. Strict consensus of 180 most parsimonious trees resulting from phylogenetic analysis of 43 ndhF
sequences for Astragalus and related genera (Length=3503 steps; CI=0.819; RI=0.842). Numbers above
branches are bootstrap values for 1000 replicate analyses; values <50% are not indicated. Clades/branches
identified by letters (A—H) are comparable with those outlined in Figs. 1 and 2. New World aneuploid
Astragalus taxa (species, section and subgenus) are indicated by asterisk
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two Astragalus species share several morpho-
logical features, including annual habit, dorsi-
ventrally flattened pods and flowers with only
five fertile anthers. Despite the great affinity,
each of the two Astragalus species display
substantial autapomorphic nucleotide substi-
tutions (see Fig. 4), indicating that they
diverged from a common ancestor long time
ago. This pattern is correlated with morphol-
ogy so that A. epiglottis is different from
A. annularis in possessing several features
including, asymmetrically medifixed hairs,
dense capitate racemes and trigonose pods.

Astragalus vogelii, the other presumbed
member of subgenus Epiglottis, is allied with
the genera Colutea and Oxytropisin a clade that
forms the sister relationship to the remaining
Astragalus. This situation has also been already
detected by other workers (Liston and Wheeler
1994, Wojciechowski et al. 1999). Podlech
(1984, 1991, 1999) has repeatedly suggested that
A. vogeliihas evolved from perennial Astragalus
more recently. But, his idea is not supported by
the molecular data. Astragalus vogelii is mor-
phologically and ecologically isolated among
the other annual species. It possesses a unique
combination of medifixed hairs and unilocular
fruits, and is the only Astragalus widely distrib-
uted in the subtropical deserts of north Africa
and southwest Asia (Podlech 1984, 1999). Thus,
on the basis of these morphological features and
supported by the molecular data, we exclude
this peculiar taxon from Astragalus and elevate
it to a new generic rank named as Podlechiella
Maassoumi and Kazempour Osaloo (see taxo-
nomic treatment).

I1. subgenus Trimeniaeus

This subgenus is also not monophyletic as
currently circumscribed. It contains all remain-
ing annual species (including Biserrula peleci-
nus = A. pelecinus) divided into 14 currently
recognized sections. Twenty six representatives
from 12 sections of the subgenus were included
in ntDNA ITS study (see Figs. 1 and 2). Seven
species from 5 sections of the subgenus were
also analyzed for the ndhF gene. The results

show that these species are all scattered
throughout the trees. Liston and Wheeler
(1994) and Wojciechowski et al. (1993, 1999)
using chloroplast rpoC gene restriction site
data and ntDNA ITS sequences, respectively,
also came to the same conclusion, although
these authors sampled a more limited number
(four to six) of species in this subgenus.
Moreover, nrDNA ITS data shows that
its species-rich sections such as Annulares,
Oxyglottis and Sesamoides are not each mono-
phyletic.

After a careful morphological examination
of all Old World annual sections of Astragalus,
Podlech (1991, 1998, 1999) has claimed that all
except the monotypic sections Herpocaulos
(A. vogelii) and Cyamodes (A. boeticus) are
closely related and that they have a common
origin. He postulated that they may have
evolved very early from perennial ancestors,
before the latter’s separation within the Old
World into groups with basifixed and medifixed
hairs. However, all available molecular data
clearly show that the annual Astragali form a
very heterogeneous group and have evolved
independently from various groups of Astra-
galus several times (see also Podlech 1982).

According to Podlech (1991), the monotypic
section Cyamodes appears to be closely related
to species of the perennial section Glycyphyllus
(subgenus Phaca) rather than to any other
annual sections. Astragalus boeticus shares sev-
eral features with section Glycyphyllus, includ-
ing a robust habit, free leafy stipules, loose
racemes and linear leathery pods (Podlech 1991,
1999). In contrast, sequence data from nrtDNA
ITS indicate that Cyamodes and Glycyphyllus
are not closest relatives, suggesting that these
morphological features may be symplesiomor-
phic or homoplastic. Instead, Cyamodes is allied
with the annual monotypic section Edodimus
(A. edulis), and altogether in turn sister to
A. hamosus of section Bucerates. Section Glycy-
phyllus, represented by A. glycyphyllos, as a
member of clade ““C”, is sister to a core subclade
containing these three annual sections plus the
two perennial sections Uliginosi and Acmothrix
(of subgenus Cercidothrix) (Figs. 1 and 2).
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I11. subgenus Phaca

The largest subgenus, Phaca (45 sections and
725 species), as currently circumscribed, is not
a monophyletic group. This conclusion was
first reached by Wojciechowski et al. (1999)
and those authors went to great lengths in that
article to discuss the relationship of Phaca, as
originally circumscribed, to Astragalus and
how clearly its’ continued recognition is not
longer tenable. Some of its members are highly
derived and others basal within Astragalus.
Several sections of the subgenus such as
Astragalus, Caprini, Pendulina, Pelta, Chron-
opus, Glycyphyllus, Acanthophace, Lamprocar-
pa and Macrosemium were analyzed for the
first time in the present work. Of which,
sections Astragalus, Caprini, Pendulina, Pelta
and Chronopus are part of the large clade “A”
that is sister to the rest of Astragalus s. str.
(ntDNA ITS data). As discussed above, sec-
tion Glycyphyllus is a member of clade “C”.
Thorny cushion-forming sections Acanthoph-
ace and Lamprocarpa as well as nonthorny
herbaceous section Macrosemium are members
of the large clade “G” (NIJ tree, Fig. 2).

The largest section, Caprini, is paraphyletic
due to the inclusion of the trifoliolate 4. dieterlei
of section Pendulina. These two sections are
morphologically similar to each other. Section
Caprini comprises ca. 280 species divided into 4
subsections: Caprini, Erionotus, Purpurascentes
and Gontscharoviella (Podlech 1988, 1999).
Although more extensive taxon sampling is
needed to address intrasectional relationships of
Caprini, it is noteworthy, that ntDNA ITS
sequence data support the monophyly of sub-
section Erionotus (including A. citrinus and
A. curvipes). Podlech (1986, 1988) has claimed
that the huge section Caprini has close affinities
to the sections Astragalus, Chronopus and Ae-
gacantha. However, our ntDNA ITS data show
Carpini together with Pendulina is closely
related to the section Pelta (A. peltatus) rather
than to loosely resolved sections Astragalus and
Chronopus.

Acanthophace, a small section of six species
(Deml 1972), three of which were included

herein, is not monophyletic. In the ntDNA ITS
tree, two species of the section, 4. hemsleyi and
A. schistocalyx are sister taxa, whereas A. horri-
dus is not allied with them. And in the ndhF tree,
A. schistocalyx and A. horridus are sister taxa,
while, as discussed above, 4. hemsleyi is allied
with Ophiocarpus aitchisonii in the most basal
clade of Astragalus assemblage. This is an
unexpected result in that Acanthophace is a
small and morphologically uniform group
whose monophyly has not been questioned
(Deml 1972). The combined ntDNA ITS-ndhF
data reveal that A. horridus and A. schistocalyx
are allied strongly with the rest of thorny
cushion-forming sections (clade “G” in
Fig. 5). Among the thorny cushion-forming
sections, only Acanthophace and Aegacantha
(not analyzed here) are characterized by sem-
ibilocular/bilocular, over two-seeded pods
(Deml 1972, Maassoumi 1989). The present
molecular phylogeny might suggest that this
fruit type is a plesiomorphic character state for
this section. A more likely scenario would be
that section Acanthophace have evolved earlier
than any other thorny cushion-forming sections
from their common ancestor.

The newly established section Lamprocarpa
(A. lamprocarpus) is monotypic (Maassoumi
1994). This species is gross morphologically
similar to members of Acanthophace except in
possessing ovoid inflated and unilocular pods.
However, ntDNA ITS data put it in a clade
(“G32’) containing A. glaucacanthos, A. muri-
nus, A. cephalanthus and A. campylanthus.

Section Macrosemium is small (two spe-
cies), but is represented herein by only a
single species, 4. paradoxus; hence, the mono-
phyly of it cannot be addressed. A phylo-
genetic relationship of section Macrosemium
with the thorny cushion-forming sections and
in particular with section Anthylloidei within
the large clade “G” is unexpected. But it
shares a unique feature with most of these
taxa, including attachment of the claws of
wing and keel petals to the staminal tube
(Chamberlin and Matthews 1970, Maassoumi
1989).
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Two representatives (A. sinicus and A. nan-
kotaizanensis) of another section (Lotidium)
from the subgenus Phaca were included in our
molecular study. Previous rpoC and nrDNA
ITS studies (Liston and Wheeler 1994, Sander-
son and Wojciechowski 1996, Wojciechowski et
al. 1999) revealed that A. sinicus was allied
strongly with A. complanatus (section Phyllolo-
bium) and placed outside the Astragalus s. str.
clade. In contrast, our own nrDNA ITS and
ndhF sequence data not only place A. sinicus
within the Astragalus s. str clade, but closely ally
(innrDNA ITS tree) it with A. nankotaizanensis.
Luo et al. (2000), based on the RAPD markers,
also indicated the genetic affinity of A4. sinicus
with two Taiwanese endemic A. nankotaizenesis
and A. nokoensis. Therefore, the present results
show that the voucher specimen for A. sinicus,
from which DNA was extracted, might be
misidentified by Liston and Wheeler (1994).

1V. subgenus Tragacantha

Subgenus Tragacantha (= genus Astracantha
sensu Podlech 1983) contains exclusively thorny
cushion-forming sections (11sections and over
280 species) distributed primarily throughout
southwest and south-central Asia (Podlech
1983; Maassoumi 1998, 2000). Zarre and Pod-
lech (1997) following critical analysis of mor-
phological features, concluded that this group is
not monophyletic and many species of which
have close relatives within other thorny sections
of Astragalus (but see Zarre-Mobarakeh 2000).
In arecent analysis of ntDNA ITS sequences for
115 Astragalus species, subgenus Tragacantha
appeared monophyletic (Wojciechowski et al.
1999). However, they included only three spe-
cies of the subgenus from two sections, Adia-
spastus and Rhachophorus. Our broader analy-
sis of ntDNA ITS sequences from the species
representing 7 of 11 tragacanthic sections
reveals that species of Tragacantha are scattered
among the thorny cushion-forming species of
subgenera Calycophysa, Phaca and Cercido-
thrix in the large lade “G” (see Figs. 1 and 2).
The analyses of both ndhF and combined
nrDNA ITS-ndhF sequences data, even at the

limited taxon sampling, also show that these
tragacanthic species do not form a clade (Figs. 3
and 5). Thus, our analyses clearly indicate that
the subgenus Tragacantha is paraphyletic, sup-
porting the finding of Zarre and Podlech (1997).

V. subgenus Calycophysa

The present molecular results also suggest that
subgenus Calycophysa 1is polyphyletic. Its
thorny cushion-forming and non-thorny herba-
ceous sections are nested respectively in the
clade “G”, and clades ““A’ and ““F’’ that are well
differentiated and well separated phylogeneti-
cally. This finding has not been suggested by
previous workers. The non-thorny herbaceous
sections are Alopecuroidei, Laxiflori, Eremo-
physa and Grammocalyx. ntDNA ITS data
suggest that the first three sections are nested
in the large clade “A”. But Grammocalyx,
represented here by 4. grammocalyx, is allied
with its closest taxa, A. coelicolor (of section
Plagiophaca) and A. capito (of section Stereo-
thrix) (both of subgenus Hypoglottis, see below)
within the large clade “F’. As noted earlier,
ndhF data also suggest that these three species
are very closely related, but along with Ophio-
carpus aitchisonii and A. hemsleyi, they form the
most basal clade of Astragalus species.

Sections Alopecuroidei, and Laxiflori are
paraphyletic and monophyletic respectively,
but closely related taxa that are allied weakly
with unresolved section Astragalus of subgenus
Phaca. In contrast, monophyly of section
Eremophysa, represented here by A. chiwensis,
can not be addressed.

Thorny members of subgenus Calycophysa
nested in the large clade “G”, are sections
Anthylloidei, Hymenostegis, Tricholobus, Acid-
odes, Poterion, Campylanthus and Microphysa.
Of which, none of the first five sections appear
to be monophyletic in the ntDNA ITS tree.
Section Campylanthus and Microphysa are
sister taxa, but are represented herein by only
a single species; hence, the monophyly of
which cannot be evaluated.

In short, all the cushion-forming taxa are
characterized by a suite of correlated morpho-
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logical features with this habit, including par-
pinnate leaves, persistent spiny rachis, nearly
sessile inflated calyces and ovoid unilocular, 1-2
seeded pods (except section Acanthophace)
(Podlech 1982, 1983; Chamberlin and
Matthews 1970; Deml 1972; Maassoumi 1989,
1995, 2000). The molecular results, however, do
not show that these features represent synapo-
morphies for cushion-forming taxa nested in
clade “G”. First, there is no consistent and well
supported clade in the figures that corresponds
to clade “G” except in figure 5; second, all these
taxa are not a clade themselves- due to the
inclusion of the noncushion-forming herba-
ceous section Macrosemium.

V1. subgenus Hypoglottis

Ten species of subgenus Hypoglottis (sections
Plagiophaca, Malacothrix, Hypoglottidei and
Stereothrix.) were included in the present
nrDNA ITS analysis, and do not form a single
clade. Wojciechowski et al. (1999), including
only three species from two sections of the
subgenus, also suggested that this subgenus may
not be monophyletic. Section Plagiophaca is
monotypic. Only NJ analysis of ntDNA ITS
data demonstrates that the section Malacothrix
is a weakly (63%) supported monophyletic
group which is allied with A. asterias-
A. tribuloides clade. The ntDNA ITS data do
not support monophyly of sections Hypoglotti-
dei and Stereothrix. Of three species analyzed
from the former section, A. perpexus is allied
strongly with A. ledinghamii of section Stereo-
thrix. The two other ones are unrelated taxa.
The ntDNA ITS data suggest that delimitation
of these sections, like many others, based upon
morphological characters (Maassoumi 1989,
Podlech 1986) is artificial and needs re-classifi-
cation based on molecular phylogenetic results.

VII and VIII. subgenera Cercidothrix
and Calycocystis

Podlech (1998) postulated that species with
medifixed hairs (subgenera Cercidothrix and
Calycocystis or Podlech’s (1982) new subgenus

Cercidothrix) form a natural group that was
derived from species with basifixed hairs (sub-
genus Astragalus sensu Podlech 1982). How-
ever, both ntDNA ITS and ndhF phylogenies
(see also Wojciechowski et al. 1999) indicate
that subgenera Cercidothrix and Calycocystis,
are polyphyletic. Members of the former sub-
genus form several distinct monophyletic
groups or single branches throughout the
molecular trees.

The species-rich section Ammodendron 1is
monophyletic in the ntDNA ITS tree. The large
section Incani also appears to be a monophyletic
group (see NJ tree in Fig. 2). Section Uliginosiis
a paraphyletic group due to the inclusion of
A. fragrans (of section Acmothrix). Within this
group, the Eurasian A. falcatus unites with
North American A. oreganus (and A. canadensis
of section Uliginosi) rather than with Eurasian
A. odoratus. Our finding is fully concordant with
Barneby’s hypothesis (1964) that A. falcatus is
not closely related to the other members of the
Old World section Uliginosi.

Sections Onobrychoidei and Ornithopodi-
um plus section Asciocalyx (of subgenus
Calycocystis) form one clade in the nrDNA
ITS tree, but species from the sections are
intermixed. Sections Trachycercis and Leu-
cocercis appear not to be monophyletic. Our
molecular data in agreement with Boissier’s
idea (1843) based on the importance of rachis
thorns in grouping species, clearly indicate
that section Leucocercis is related with other
thorny cushion-forming taxa nested in clade
“G” rather than with any medifixed hair
herbaceous sections.

The remaining sections are small or large
(ranging from three species for Acantherio-
ceras and Cremoceras to 147 species for
Xiphidium), but are represented herein by
only a single species; hence, the monophyly
of these sections can not be evaluated. Section
Caraganella (subgenus Cercidothrix), repre-
sented here by A. stocksii, is morphologically
(spiny shrub, short bell-shape calyx and long
stipitate pods) similar to the relatives of
Astragalus such as Caragana, Chesneya and
Lessertia. 1t has been considered that the
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section is a very ancient palacoxeromorphic and
isolated taxon which has no close relative within
Astragalus (Podlech 1975, 1998). Both nrDNA
ITS and in particular ndhF and the combined
data show that A. stocksii is allied, however,
strongly with sections Caprini, Astragalus (both
of subgenus Phaca) and Alopecuroidei (subge-
nus Calycophysa) in clade “A”.

Significantly, subgenus Calycocystis, repre-
sented here with three species A. pseudorha-
codes, A. asciocalyx and A. subsecundus
(belonging to sections Macrocystodes, Ascioca-
lyx and Laguropsis respectively) is well allied in
three different clades with only members of
subgenus Cercidothrix, indicating that members
of these subgenera characterized by medifixed
hairs are morphologically and genetically
related.

In summary, based on the results of the
phylogenetic analyses of molecular data pre-
sented here, the traditional subgenera of Astrag-
alus recognized by Bunge (1868, 1869, 1880) and
later modified by Maassoumi (1998), are clearly
not monophyletic. Likewise, as mentioned
above, our ntDNA ITS phylogeny clearly shows
that many of the Old World Astragalus sections
analyzed here are not monophyletic. Therefore,
circumscription of those sections needs to be
carried out in the light of the resulting molecular
phylogenies and future works.

Taxonomic treatment

Podlechiella Maassoumi et
Osaloo, Gen. Nov.

Syn.: Astragalus sect. Herpocaulos Bunge,
Mem. Acad. Imp. Sc. Petersb. 11 (16): 9
(1868).

Typus: P. vogelii (Webb) Maassoumi et Ka-
zempour Osaloo, Genus monotypicum.

Diagnosis:

Planta annua, pilis asymmetrice medifixis vel
partim subbasifixis mixtis. Legumen oblon-
gum, valvis tenui-membranaceis, brevissime
sub-asymmetricis medifixis et longe subba-
sifixis pilis vestituum, uniloculare.

Podlechiella vogelii (Webb) Maassoumi et
Kazempour Osaloo, Comb. Nov.

Kazempour

Basionym: Phaca vogelii Webb, in Hooker,
Niger Fl.: 123 (1848) et Icon. Plant.
Tab.763. (1848).

= Astragalus vogelii (Webb) Bornm., Beih.

Bot. Centralbl. 33 (2): 233 (1915). Lectoty-
pus: Maritime rocks, St. Antonio, one of
the Cape de Verde Islands, Vogel 46 (K,
non vidi. Lectotypification: D. Podlech,
Mitt. Bot. Staatssamml. Miinchen 20: 444
[1984)).

= A. prolixus Bunge, Mem. Acad. Imp. Sc.
Petersb. 11 (16): 9 (1868) in clave et. L.c. 15
(1): 6 (1869). Tragacantha prolixa (Bunge)
O. Kuntze, Revis. Gen. 947 (1891). A.
vogelii subsp. prolixus (Bunge) Maire,
Mem. Soc. Hist. Nat. Afr. Nord. 3: 126
(1933). Lectotypus: Aegypten, Wadi Ga-
mubhs, Sieber (P, non vidi; iso-: FI, G, K,
M, WU).

= A. gautieri Bat. & Trabut, Bull. Soc. Bot.
France 53: 26 (1907). Typus: Oued silet,
Chudeau (non vidi).

P. vogelii subsp. fatimensis (Chiov.) Maasso-
umi et Kazempour Osaloo, Comb. Nov.
Basionym: Astragalus fatimensis Chiov., Ann.

Reale Ist. Bot. di. Roma 8:95 (1903).

= A. arabicus Bunge, Mem. Acad. Imp. Sc.
Petersb. 11 (16): 9 (1868), in clave et. l.c. 15
(1): 6 (1869), nom illeg. non Kotschy
(1866). A. vogelii subsp. fatimensis Maire,
Mem. Soc. Hist. Nat. Afr. Nord 3: 126
(1933). Lectotypus: Arabia, El Gidon, Jan.

1825, Ehrenberg (P, non vidi; iso-: K).

Note. We could not observe the type specimen of
Phaca vogelii Webb (= Astragalus vogelii (Webb)
Bornm L.). Instead, we saw the description and
ilustration of this type specimen in both Hooker’s
Niger Flora: 123 (1848) and Icones Plantarum Tab.
763 (1848). In addition, the type of the species and its
subspecies as well as their synonyms were carefully
examined by Podlech (1984, 1999). Therefore, we are
sure that all specimens belong to Podlechiella vogelii.
This new genus was named in the honour of Prof. Dr.
D. Podlech, who contributed greatly to the taxon-
omy of the Old World Astragali.

Appreciation is gratefully extended to Drs. H.
Tobe, M. Hakki and H. Nagamasu for providing
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copies of some taxonomic literatures of Astragalus
from Germany and Japan. The first author
thanks Mrs. R. Janamoi for help in collecting
A. sinicus in field. This research was supported by
the JSPS Postdoctoral Fellowship to S. Kazem-
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