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Abstract To reconstruct phylogeny and verify the
monophyly of major subgroups, a total of 52 species rep-
resenting almost all species of Salsoleae s.l. in China were
sampled, with analysis based on three molecular markers
(nrDNA ITS, cpDNA psbB-psbH and rbcL), using maxi-
mum parsimony, maximum likelihood, and Bayesian
inference methods. Our molecular evidence provides
strong support for the following: (1) Camphorosmeae
is nested within Salsoleae s.l. instead of the previously
suggested sister relationship. (2) Tribe Salsoleae s.l. is
monophyletic and is composed of three monophyletic
subunits, Caroxyloneae, the Kali clade, and Salsoleae s.str.
(3) Climacoptera is separated from Salsola s.1. It does not
form a monophyletic group but is split into two mono-
phyletic parts, Climacoptera 1 and Climacoptera 11. (4)
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Halogeton is clearly polyphyletic, as are Anabasis and the
genus Salsola s.l. (5) Caroxylon, Haloxylon, Kali, and
Petrosimonia are well-supported monophyletic genera.
Additional evidence is needed regarding the monophyly of
Halimocnemis, which remains unclear.
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Introduction

Chenopodiaceae comprises ca. 110 genera and ca. 1,700
species worldwide (Kadereit et al. 2003), mainly distrib-
uted throughout arid, semiarid, saline, and hypersaline
ecosystems of temperate and subtropical regions (Pyankov
et al. 2001a; Kadereit et al. 2003, 2005; Akhani et al.
2007). The tribe Salsoleae s.1. is one of the largest tribes
within Chenopodiaceae, including one-third of the genera
currently recognized in the family (Kiihn et al. 1993).
Native species of Salsoleae are limited to the Old World
(Kadereit et al. 2003), except for Salsola kali (Wilson
1984) and Salsola tragus (Kadereit et al. 2005) in
Australia, or Salsola australis, which has been merged with
S. tragus (Borger et al. 2008). Central Asia is one of the
distribution centers for Chenopodiaceae (Pyankov et al.
2001a; Kadereit et al. 2005; Akhani et al. 2007), of which
northwestern China (e.g., Xinjiang, Gansu, Qinghai, and
western Inner Mongolia) represents the largest part
(Grubov 1999). This area has sparse annual precipitation,
ranging from 200 to 250 mm, and strongly arid or semi-
arid and saline soils (Wang 2007). These environments
serve as favorable habitats for Salsoleae due to the mor-
phological, anatomical, and physiological characters of
these species (Casati et al. 1999; Kadereit et al. 2003).
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In recent classifications, the subfamily Salsoloideae
Ulbr. is virtually synonymous with Spirolobeae (Blackwell
1977; Kiihn et al. 1993). Salsoleae was previously treated
as a tribe (Meyer 1829; Ulbrich 1934; Iljin 1936; Williams
and Ford-Lloyd 1974), and more recently as a monophy-
letic tribe of subfamily Salsoloideae (Kapralov et al. 2006;
Akhani et al. 2007). Monophyly of Salsoleae, Campho-
rosmeae, and Sclerolaeneae has been supported by
molecular data (Kadereit et al. 2003, 2005; Kapralov et al.
2006).

For morphological taxonomy, the classification of
Salsoleae has been of two kinds: first, those in which
Salsoleae s.1. is classified into subtribes, i.e., Anabaseae and
Salsoleae (Meyer 1829; Moquin-Tandon 1840); Sodeae and
Anabaseae (Moquin-Tandon 1849); or Sodinae, Anabasinae,
and Halimocnemidae by Ulbrich (1934) and second, those
in which subcategories within the tribe are not used (Iljin
1936; Kiihn et al. 1993; Grubov 1999; Assadi 2001; Zhu
et al. 2003). Considering the morphological differences
and the differing systematic treatments, there is a need for
molecular evidence to test hypotheses in an attempt to
resolve long-standing controversies, clarify phylogenic
relationships, and discern monophyletic lineages.

Salsoleae has previously been studied using molecular
methods (Pyankov et al. 2001a; Kadereit et al. 2003, 2005;
Kapralov et al. 2006; Akhani et al. 2007). Pyankov et al.
(2001a) used ITS sequences from 34 species, with an
emphasis on species of Salsola. He discovered two separate
lineages within Salsoleae s.1., corresponding to the NAD-
ME and NADP-ME photosynthetic pathways. The rela-
tionship between these and Camphorosmeae was poorly
supported [bootstrap value (bt) < 50%].

Analysis of rbcL sequences from 12 species likewise
suggested that Salsoleae was composed of two lineages,
Salsoleae I and Salsoleae II, but these were weakly sup-
ported (bt < 50%) (Kadereit et al. 2003). Salsoleae was
again placed as sister to Camphorosmeae (bt = 88%), but
the sampling was not sufficiently extensive to ensure
accuracy.

Based on 132 species, mainly collected from western
Asia (e.g., Iran, Turkey), Akhani et al. (2007) used ITS and
psbB—psbH sequences to explore the phylogeny of Salso-
leae. They determined that it was split into two mono-
phyletic tribes (bt = 92%), Salsoleae s.str. and
Caroxyloneae, and that Caroxyloneae and Camphorosmeae
were both well supported (bt = 94, 97% respectively).
They presented a revised classification of Salsoleae s.l. on
the basis of their study.

Besides the organization of Salsoleae into subgroups,
there remain debatable treatments for some of the genera
within it. For instance, Climacoptera has been considered a
section of Salsola (Freitag 1997; Assadi 2001; Zhu et al.
2003) or has been segregated from that genus and given
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generic status (Botschantzev 1956; Grubov 1999; Akhani
et al. 2007; Takhtajan 2009). It has been shown to form a
well supported monophyletic genus with the exclusion of
Climacoptera brachiata (bt = 100%) (Akhani et al. 2007).

To date, only a few sequences of Salsoleae from
northwestern China have been reported (Pyankov et al.
2001a; Kadereit et al. 2003; Akhani et al. 2007). This is a
regional gap in data for the molecular phylogeny of
Salsoleae, contrasting with coverage in other regions, such
as western Asia (Akhani et al. 2007). Utilizing the revised
classification of Salsoleae s.I. by Akhani et al. (2007), we
sequenced nrDNA ITS, ¢pDNA psbB-psbH and rbcL
spacer, mainly sampling Chinese species, with a focus on
the following aims:

(1) Testing the relationships between Salsoleae and
Camphorosmeae

(2) Reconstructing the phylogeny of tribe Salsoleae and
testing the monophyly of the major classification
units within the tribe

(3) Testing the phylogenetic position of Climacoptera
and its monophyly

(4) Testing the monophyly of Halogeton and Anabasis

Materials and methods
Taxon sampling

Fifty-two species of Salsoleae were sampled for this study.
This represents almost the total number of species of
Salsoleae that occur in China (a total of 64 species in Flora
of China) (Zhu et al. 2003). Most samples were from field
collections from the Province of Xinjiang, China, which
were dried by silica gel, with vouchers deposited in XJBI
(Herbarium, Xinjiang Institute of Ecology and Geography,
Chinese Academy of Sciences, Urumgqi, Xinjiang). Other
samples came from herbaria: HNWP (Herbarium, North-
west Institute of Plateau Biology, Chinese Academy of
Sciences, Xining, Qinghai), PE (Herbarium, Institute of
Botany, Chinese Academy of Sciences, Beijing), and
SHI (Herbarium, Shihezi University, Shihezi, Xinjiang)
(Table 1). The abbreviations of herbaria follow Index
Herbariorum (Holmgren and Holmgren 1998) and Index
Herbariorum Sinicorum (Fu et al. 1993). Sequences pre-
viously reported were also employed (Kadereit et al. 2003,
2005; Akhani et al. 2007). Identification of plant specimens
was the responsibility of Professor G. L. Zhu, who has been
engaged in Chenopodiaceae taxonomy for many years
(Zhu 1996; Zhu et al. 2003). Six species of Suaedoideae
and four species of Salicornioideae were chosen as
outgroups. New sequences (see accessions HM131608-
HM131803 of Table 1) have been deposited in GenBank.
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DNA sequencing

Isolation of total DNA followed the modified 2x CTAB
buffer method (Doyle and Doyle 1987). The ITS gene was
amplified with primers ITS1 (5'-AGA AGT CGT AAC
AAG GTT TCC GTA GC-3') (Kang et al. 2003) and ITS4
(5’-TCC TCC GCT TAT TGA TAT GC-3’) (White et al.
1990). The psbB-psbH region was amplified using the
primers psbB—psbH-f (5'-AGA TGT TTT TGC TGG TAT
TGA-3') and psbB—psbH-r (5'-TTC AAC AGT TTG TGT
AGC CA-3’) (Xu et al. 2000). For rbcL, two overlapping
fragments were amplified using standard primers IF
(5'-ATG TCA CCA CAA ACA GAA ACT AAA GC-3'),
875F (5-GCA GTT ATT GAT AGA CAG A-3'), 955F
(5'-CGT CTA TCT GGT GGA GAT C-3'), and 1460R
(5-CTT TTA GTA AAA GAT TGG GCC GAG-3').
Polymerase chain-reaction (PCR) amplifications followed
the procedures described by Kadereit et al. (2003) and
Schiitze et al. (2003).

PCR products were electrophoresed using a 0.8% aga-
rose gel in a 0.5x TAE (pH 8.3) buffer, then stained with
ethidium bromide to confirm a single product, and purified
using the PEG precipitation procedure (Johnson and Soltis
1995). Sequencing was performed with an ABI Prism 3730
Genetic Analyzer (Shanghai Sangon Biological Engineer-
ing Technology & Service, China).

The ITS sequences were truncated to include only ITS1,
5.8S, and ITS2. The psbB—psbH sequences were trimmed
to include the 3’ end of the psbB coding region, the psbB—
psbT intergenic spacer, the psbT coding region, the psbT—
psbN intergenic spacer, the psbN coding region, and the
psbN-psbH intergenic spacer. The rbcL sequences were
truncated to start from nucleotide position 64 of the
translated region and end with position 1406 (Zurawski
et al. 1981). The identification of terminal ends and spacer
boundaries of all sequences was based on comparisons with
other species of Chenopodiaceae (Pyankov et al. 2001a;
Kadereit et al. 2003, 2005; Kapralov et al. 2006; Akhani
et al. 2007). Forward and reverse sequences were aligned
using Clustal X (Thompson et al. 1997). Gaps were
introduced to the alignment as missing data. Finally, four
datasets consisting of ITS, ITS + psbB-psbH, psbB-
psbH + rbcL. (cpDNA), and the three genes combined
were assembled.

Maximum parsimony (MP), maximum likelihood (ML),
and Bayesian inference (BI) analyses were employed for
phylogenetic analysis of the four datasets. MP analyses
were performed using PAUP* 4.0b1.0 (Swofford 2002).
The MP analyses used heuristic searches (1,000 random
addition cycles, tree bisection-reconnection, and branch-
swapping), and swapping was run to completion for all
random addition replicates. Clade support was estimated
using 1,000 heuristic bootstrap replicates (100 random

addition cycles per replicate, tree bisection-reconnection
branch-swapping; Felsenstein 1985; Hillis and Bull 1993).

The ML analyses were conducted in PHYML v.2.4.3
(Guindon and Gascuel 2003). ML support values were
estimated using 1,000 bootstrap replicates in PHYML.
Bayesian analyses were conducted using MrBayes, version
3.0b4 (Huelsenbeck and Ronquist 2001; Huelsenbeck and
Rannala 2004). Four chains were run (Markov Chain
Monte Carlo) by beginning with a random tree and saving a
tree after every 100 generations for 1 million generations.

For ML and Bayesian analyses, the appropriate model of
DNA substitution was estimated using Modeltest 3.06
(Posada and Crandall 1998). For the ITS dataset, the
GTR + I + G model was chosen with the gamma distri-
bution shape parameter set to 1.3504. Base frequencies
were set to A = 0.2114, C = 0.2664, G = 0.2673, and
T = 0.2550. The rate matrix was set to AC = 1.2082,
AG = 2.6459, AT = 1.7846, CG = 0.5266, CT = 3.6483,
and GT = 1.0000. For ITS + psbB-psbH dataset, the
GTR + G + I model was chosen with the gamma distri-
bution shape parameter set to 0.7738. Estimated base
frequencies were set to A = 0.2563, C = 0.2298, G =
0.2270, and T = 0.2869. The rate matrix was set to AC =
1.0464, AG = 2.2013, AT = 1.0010, CG = 0.6282,
CT = 3.1537, and GT = 1.0000. For the cpDNA dataset,
the GTR + G 4+ I model was chosen with the gamma
distribution shape parameter set to 0.8461. Estimated
base frequencies were set to A = 0.2867, C = 0.1843,
G = 0.2091, and T = 0.3199. The rate matrix was set
to AC = 1.1044, AG = 2.3890, AT = 0.3834, CG =
0.7923, CT = 3.2776, and GT = 1.0000. For the dataset of
the three combined genes, the GTR + G + I model was
chosen with the gamma distribution shape parameter set
to 0.6566. Base frequencies were set to A = 0.2621,
C = 0.2146, G = 0.2311, and T = 0.2902. The rate matrix
was set to AC = 1.1882, AG = 2.3862, AT = 0.9805,
CG = 0.6321, CT = 3.8690, and GT = 1.0000.

Results

The results of MP analyses are detailed in Table 2. The
MP, ML, and BI analyses all yielded similar topologies for
each of the data sets.

ITS analysis

The ML analysis resulted in a single optimal tree
(=In L = 12,134.470129, where L = likelihood). The mono-
phyly of Salsoleae s.l. is strongly supported [bt = 100%,
posterior probability (pP) = 99%] (Fig. 1), and the tribe
includes three monophyletic clades, Caroxyloneae, Salso-
leae s.str., and the Kali clade. Camphorosmeae is nested in
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Salsoleae s.l., and the monotypic Sympegma is sister to
Salsoleae s.str. 4+ the Kali clade. The monophyly of the
genera Kali, Caroxylon, Haloxylon, and Petrosimonia are
all strongly supported. However, several other genera are
not monophyletic, namely, Anabasis, Climacoptera, Hali-
mocnemis, and Halogeton. The genus Salsola s.l. itself is
clearly polyphyletic, with species of Salsola present in
different clades.

ITS + psbB—psbH analysis

The ML analysis of ITS + psbB—psbH resulted in a single
optimal tree (—In L = 16,941.540684). Camphorosmeae is
again nested in Salsoleae s.l., and Salsoleae s.I. includes
three well-supported clades, Caroxyloneae (bt = 91%,
pP = 98%), the Kali clade (bt = 96%, pP = 99%), and
Salsoleae s.str. (bt = 100%, pP = 98%) (Fig.2). The
genus Sympegma and the clade Salsoleae s.str. are sup-
ported. The Kali clade is sister to Sympegma + Salsoleae
s.str. The Caroxyloneae clade and Camphorosmeae form a
supported clade. The monophyly of the genus Halimocn-
emis is poorly supported (bt = 70%, pP = 55%); Clima-
coptera is divided into two monophyletic clades,
Climacoptera 1 (bt = 100%, pP = 99%) and Climacoptera
II (bt = 99%, pP = 99%); and Climacoptera 1 is sister to
Climacoptera 11 + Halimocnemis.

cpDNA analysis

The ML analysis of ¢pDNA resulted in a single optimal
tree (—In L = 8070.098675). Camphorosmeae is sister to
Salsoleae s.l. (bt = 81%, pP = 99%). The monophyly of
Salsoleae s.l. is well supported (bt = 97%, pP = 85%). It
is composed of three monophyletic clades: Caroxyloneae
(bt = 98%, pP = 87%), Kali clade (bt = 100%, pP =
98%), and Salsoleae s.str. (bt = 64%, pP = 98%) (Fig. 3).
The genus Sympegma is sister to Salsoleae s.str. The Kali
clade and Caroxyloenae clade are supported. The mono-
phyly of Anabasis is supported (bt = 79%, pP = 99%).
The genus Halimocnemis is not monophyletic.

Fig. 1 Maximum likelihood tree derived from ITS sequences.
Maximum parsimony bootstrap values are shown above branches,
Bayesian posterior probabilities below branches. We follow the
revised classification of Salsoleae s.l. by Akhani et al. (2007).
A. = Anabasis, B. = Bassia, Bor. = Borszczowia, C. = Climacop-
tera, Ca. = Camphorosma, Ch. = Chenoleoides, Co. = Cornulaca,
F. = Fadenia, G. = Girgensohnia, H. = Halimocnemis, Halo. =
Halogeton, Halox. = Haloxylon, Ho. = Horaninowia, 1. = lljinia,
K. = Kalidium, Ki. = Kirilowia, N. = Nanophyton, No. = Noaea,
O. = Ofaiston, P. = Panderia, Pe. = Petrosimonia, S. = Salsola,
Se. = Seidlitzia, Su. = Suaeda, Sy. = Sympegma

Combined three-gene analysis

The ML analysis of the tree genes combined resulted in a
single optimal tree (—In L = 18496.621367). Salsoleae s.1.
forms a monophyly and is composed of three monophyletic
clades: Caroxyloneae (bt = 100%, pP = 99%), Kali clade
(bt = 100%, pP = 99%), and Salsoleae s.str. (bt = 99%,
pP = 99%) (Fig. 4). Camphorosmeae is nested in Salso-
leae s.l. and sister to the Caroxyloneae clade (bt = 58%,
pP = 99%). The genus Sympegma is sister to the clade
Salsoleae s.str. + Kali clade. The monophyly of Hali-
mocnemis is supported (bt = 75%, pP = 98%). Halogeton
is polyphyletic, as is Anabasis.

Discussion

The relationship between Salsoleae s.1.
and Camphorosmeae

In the cpDNA tree, Camphorosmeae is sister to Salsoleae
s.l. (Fig. 3), which is in keeping with the results of previous
investigations, a single gene-based study by Kadereit et al.
(2003) and a two gene-based study by Akhani et al. (2007),
and this has statistical support (bt = 81%; pP = 99%).
However, in the other trees, the five genera of Campho-
rosmeae are nested within Salsoleae s.1. (Figs. 1, 2, 4). We
therefore prefer to regard Camphorosmeae as nested wthin
Salsoleae s.l., instead of having a sister relationship as
suggested by the previous authors (Kadereit et al. 2003;
Akhani et al. 2007). Several morphological characters are

Table 2 Data set and tree statistics from separate MP analyses of ITS, ITS + psbB—psbH, cpDNA (psbB—psbH + rbcL), and the three genes

combined for Salsoleae

Data set statistics

Tree statistics

Genic region Taxa Aligned Number (%) Number (%) parsimony Number of Length CI RI RC
length (bp) variable characters informative characters  shortest trees

ITS 114 685 430 (62.77) 343 (50.07) 145 2271 0378 0.802 0.303

ITS + psbB—psbH 114 1,349 655 (48.55) 473 (35.06) 118 2,779 0412 0.803 0.331

cpDNA 83 2,007 415 (20.68) 251 (12.51) 6 832 0595 0.832 0.495

Three genes combined 83 2,692 791 (29.38) 562 (20.88) 83 2,623 0466 0.802 0.374

CI Consistency index, RI retention index, RC rescaled consistency
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Fig. 2 Maximum likelihood Sa. europaea
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Girgensohnia, Haloxylon, Halogeton, lIljinia, and Symp-
egma of Salsoleae (Zhu et al. 2003). The winged fruiting
perianth has been shown to provide some support for the
taxonomic implications of the molecular phylogeny of
Camphorosmeae (Cabrera et al. 2009). It may be an
important shared feature reflecting the close molecular
relationship between Camphorosmeae and Salsoleae s.1.
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Relationships within the clade Caroxyloneae
and the position of Climacoptera

Our analyses strongly support three major clades of
Salsoleae s.l.: Caroxyloneae, Salsoleae s.str., and the
Kali clade (Figs. 1, 2, 3, 4), whereas previous molecular
studies divided the tribe Salsoleae into two clades
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Fig. 4 Maximum likelihood tree derived from ITS, psbB—psbH, and
rbcL. sequences. Maximum parsimony bootstrap values are shown

0.1 substitution/site

above branches, Bayesian posterior probabilities below branches. We
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Table 3 Morphological and anatomical comparisons between Climacoptera 1 and Climacoptera 11

Characters Climacoptera 1 Climacoptera 11
Habit Annual Annual

Leaf phyllotaxy Alternate or opposite Alternate

Leaf shape Semiterete Semiterete or terete
Leaf base Not decurrent Mostly decurrent
Leaf apex Obtuse Obtuse

Leaf anatomy

with the Kranz layer

Stem Alternate or opposite
Number of flowers per bract Solitary
Number of perianths Five

Fruiting perianth

Seed orientation Horizontal or vertical

Ecology

Without hypodermis, one central bundle and
secondary bundles peripheral and associated

Five winged perianths; perianth segments above
wing hairy and connate, forming a cone

Halophytic and xerohalophytic communities

Without hypodermis, one central bundle
and secondary bundles subperipheral
and not associated with the Kranz layer

Alternate

Solitary

Five

Five winged perianths; perianth segments
above wing hairy or not, reflexed or
connate, forming a cone

Horizontal

Halophytic and xerohalophytic
communities

(Pyankov et al. 2001a; Kadereit et al. 2003; Akhani et al.
2007).

The Chinese species in Caroxyloneae belong to Carox-
ylon, Petrosimonia, Halimocnemis, the Climacoptera 1
clade, the Climacoptera 1l clade, and the monotypic genus
Nanophyton (Figs. 1, 2, 3, 4). Caroxylon was often regar-
ded as a section of Salsola (Ulbrich 1934; Iljin 1936;
Botschantzev 1956, 1974; Freitag 1997; Grubov 1999), but
also as a genus (Tzvelev 1993; Akhani et al. 2007). Rela-
tionships within Caroxylon were weakly supported in the
previous study (Akhani et al. 2007). Our analyses strongly
support the monophyly of Caroxylon and relationships
within it (Figs. 1, 2, 3, 4). Three primary lineages or clades
within Caroxylon are clear. S. carpatha (a European spe-
cies, Akhani et al. 2007) is sister to the remaining species
of Caroxylon (Figs. 1, 2). A small clade consisting of three
shrubby species from Africa is sister to the subsequent
clade (Figs. 1, 2). Finally, a large clade is composed of
Chinese species and S. vermiculata (Figs. 1, 2, 3, 4).
S. vermiculata is restricted to North Africa, but others
species are mainly distributed throughout Middle Asia, the
Middle East, and Central Asia (Pyankov et al. 2001b; Zhu
et al. 2003). These share some morphological characters,
such as plants covered with hair, the obtuse apex of the
leaves, the expanded leaf base, nondecurrence, and the
spicate-paniculate inflorescence (Zhu et al. 2003).

The classification of Climacoptera has been a long-
standing controversy (Botschantzev 1956; Freitag 1997;
Grubov 1999; Assadi 2001; Zhu et al. 2003; Akhani et al.
2007; Takhtajan 2009). Our analyses support the separation
of Climacoptera from Salsola s.1. (Botschantzev 1956;
Grubov 1999; Akhani et al. 2007). From field observations,

the winged fruiting perianths of Climacoptera are often
brightly colored red or purple, which is different from most
species of Salsoleae. No data yet suggest whether end-
ozoochorous dispersal might have developed (Sukhorukov
2008). Based on our analysis, Climacoptera is composed of
two parts, Climacoptera 1 and Climacoptera 11, but these
do not form a monophyletic group (Figs. 1, 2, 3, 4).
Morphological evidence for the division of Climacoptera
into two clades is detailed in Table 3. Climacoptera 1
consists of Climacoptera brachiata and Climacoptera
affinis (Figs. 1, 2, 3, 4), which does not support the previous
treatment of C. brachiata as a monotypic genus, Pyankovia
(Akhani et al. 2007). C. brachiata and C. affinis were
placed in Salsola by Ulbrich (1934), Iljin (1936), Assadi
(2001), and Zhu et al. (2003), and in Climacoptera by
Botschantzev (1956), Kiihn et al. (1993), and Grubov
(1999). Several shared morphological features such as
habit, leaf shape, leaf anatomy, and the winged fruiting
perianth support their close affinity (Table 3). They are
dominant summer annuals in Central Asia and Caucasia
(Wang 2007; Wei et al. 2008). The monophyly of Clima-
coptera 1l is strongly supported, as sister to the genus
Halimocnemis (Figs. 2, 4). Climacoptera 1l is a Eurasian,
especially Irano-Turanian group (Akhani et al. 2007). In
Climacoptera 11, C. subcrassa is sister to the remaining
species of Climacoptera 11 (Figs. 1, 2, 3, 4). A point of
morphological evidence supporting this placement of
C. subcrassa is that perianth segments above the wing are
reflexed, forming a star shape (Zhu et al. 2003), which is
unlike the other species of Climacoptera II.

Our analyses give only uncertain information on the
monophyly of Halimocnemis, because its monophyly is not
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supported in ITS and c¢pDNA trees (Figs. 1, 3), but in
ITS + psbB—psbH and three-gene analyses, the mono-
phyly of Halimocnemis is weakly supported (Figs. 2, 4),
similar to a previous study (Akhani et al. 2007), in which a
broader circumscription of Halimocnemis, including spe-
cies from Halanthium, Gamanthus, and Halotis, was pro-
posed. According to traditional taxonomy, Halimocnemis
has ca. 12 species and occurs in the Black Sea region and
through the Caspian region to central Asia. It consists of
annuals, characterized by having perianth segments con-
nate, with these hardening and forming an urceolate body
in fruit, and by inflated bladderlike anther appendages (Zhu
et al. 2003). Therefore, Halimocnemis should be studied
more intensively.

Classification and relationships within the clade
Salsoleae s.str. and the polyphyly of the genera
Anabasis and Halogeton

The clade Salsoleae s.str. is strongly supported (Figs. 2, 3).
It is mainly composed of Anabasis, Cornulaca, Horanin-
owia, Haloxylon, Halogeton, Iljinia, and Salsola s.str.

Anabasis forms a well supported monophyletic genus
with the exclusion of Anabasis setifera (Figs. 1, 2, 4), as
found by Akhani et al. (2007), even though some of the
species of Anabasis examined were different. However,
the cpDNA tree (Fig. 3) supported monophyly including
A. setifera (bt = 79%; pP = 99%). We cannot be sure of
the accuracy of this because only the psbB—psbH sequence
of A. setifera was available from GenBank for ¢pDNA
analyses. Additional sequences will be needed to verify
the position of A. setifera in the cpDNA tree. Sukhorukov
(2008) showed that A. setifera and A. annua were sepa-
rated from the remainder of the genus by a combination of
carpological characteristics and chorotype data, while
Akhani et al. (1997) merged A. setifera and A. annua.
Anabasis comprises ca. 30 species characterized by fleshy
annual shoots, opposite leaves and branches, leaves usu-
ally reduced or short, and sometimes with blunt spines at
their apex, and vertical seeds (Zhu et al. 2003; Sukhoru-
kov 2008). A. setifera has linear striated stems, well
developed leaves, a colored wing, and a small fruit (2.0-
2.5 mm), with a single-layered epidermis, and cylindrical
papillae across the entire surface (Sukhorukov 2008).
Notably, under different climatic regimes, A. setifera
exhibits contrasting life forms, annual and perennial, that
may depend upon the fluctuation of annual rainfall
(Akhani et al. 1997), which may be an important character
distinguishing it from other species of Anabasis. Com-
bining the morphological characteristics of A. setifera, we
may give a tentative suggestion that A. setifera should be
separated from Anabasis in order to retain the monophyly
of the genus.
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Halogeton is not monophyletic (Figs. 1, 2, 3, 4), even
though Akhani et al. (2007) determined that Halogeton
was monophyletic in his analysis of two species, the
perennial H. alopecuroides and the annual H. glomeratus.
Based on our results, the annual H. glomeratus has a
closer relationship with H. alopecuroides than does the
other annual species H. arachnoideus, which is in a sep-
arate clade (Figs. 1, 2, 3, 4). Halogeton is a minor genus
considered to have either one (Grubov 1999), three
(Ulbrich 1934; Zhu et al. 2003), or about five species
(Akhani et al. 2007), and two life forms (Akhani et al.
2007). The present analyses suggest that Halogeton is
polyphyletic and do not support the hypothesis that the
two life forms form monophyletic sister lineages as sug-
gested by Akhani et al. (2007).

Iljinia is sister to a clade consisting of Haloxylon,
Girgensohnia, and Halogeton in the Salsololeae s.str.
clade (Figs. 2, 4). A monotypic genus, lljinia is restricted
to the Gobi desert in central Asia and consists of extre-
mely xerophytic subshrubs, characterized by alternate
leaves, knotless branches, solitary flowers in leaf axils, and
a subglobose perianth. It has a —119%o carbon isotope
ratio, showing a value typical of C4 species. Both coty-
ledons and true leaves have a salsoloid mesophyll struc-
ture (Pyankov et al. 2001b). The cotyledons have salsoloid
anatomy and notably thickened (25-40 pum) periclinal cell
walls in the outer epidermis (Sukhorukov 2008), which
may help its survival in drought conditions, especially
during the period of germination (Butnik 1979; Pyankov
et al. 2000).

In the Salsoleae s.str. clade, in addition to C, species, C3
and C3;—C, intermediate species also occur. Salsola arbu-
sculiformis (a C3—C, intermediate species, Voznesenskaya
et al. 2001) and Salsola laricifolia [with a —23.1%0 carbon
isotope ratio, typical for C; species (Pyankov et al. 2001b),
yet according to unpublished data, with a Kranz-like
layer] are located together as a sister pair (Figs. 1, 2, 4).
Neverthless, based on a single ITS gene, Pyankov et al.
(2001a) placed them in different clades. Their shared
morphological characters support the sister pair relation-
ship, in that they consist of small shrubs characterized by
semiterete, non-decurrent leaves, with leaves of the older
branches often clustered at the apex of dwarf branches,
spicate inflorescences, and with the portion of the perianth
segments above the wing joined together in a cone (Zhu
et al. 2003). Here the placement of Salsola arbusculiformis
may not provide evidence on whether it is a phylogenetic
intermediate between C5 and C,.

Salsola foliosa in the Salsoleae s.str. clade seems to have
no close relationship to other species in Salsola s.str.
(Figs. 1, 2, 4). It has been treated as monotypic section
Coccosalsola (lljin 1936; Grubov 1999). There is an
important morphological evidence for this placement,
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possession of a berrylike utricle, which distinguishes it
from other species of Salsola. It consists of halophytic
annuals, mainly distributed in saline soils in deserts or
semideserts in North Xinjiang (Zhao et al. 2002).

The monophyly of Haloxylon is well supported (Figs. 1,
2, 3, 4), which is in agreement with the results of Akhani
et al. (2007). It traditionally comprises H. ammodendron
and H. persicum (Iljin 1936; Grubov 1999). Haloxylon is
inferred to be derived from Salsola (Botschantzev 1969,
1976). The species of Haloxylon are tree-like and have a
particular photosynthetic organ, the cylindrical shoot (Ca-
sati et al. 1999), with C, salsoloid anatomy (Voznesens-
kaya 1976). Nevertheless, the cotyledons are of C;
photosynthetic type (Pyankov et al. 2001b). Different
photosynthetic pathways between leaves and cotyledons as
well as elongate roots that have efficient access to under-
ground water (Akhani et al. 2003; Akhani 2004) may
enable them to grow well under severe conditions (Casati
et al. 1999). These are dominant species in the vegetation
of the Junggar Basin (Liu 1995) and have been widely used
for sand-binding and afforestation (Liu 1995).

Relationships in the Kali clade

The monophyly of the Kali clade is well supported
(Figs. 1, 2, 3, 4). It is comprised of two parts (Figs. 1, 2, 3,
4), the larger consisting of Kali, which Akhani et al. (2007)
placed in the Salsoleae s.str. clade of Salsoleae s.I.

Kali is shown to be monophyletic (Figs. 1, 2, 3, 4), in
agreement with the results of Akhani et al. (2007), although
limited samples were used in their phylogenic trees. As a
group, the genus Kali has a series of morphological char-
acters. They are annual herbs, plants papillate, hispid or
glabrous, stems with a striped cortex, with the chloren-
chyma consisting of palisade and Kranz layers interrupted
by longitudinal collenchymatic ridges, leaf apices spine-
tipped, flowers solitary, and the fruiting perianth winged or
with an irregular process (Rilke 1999; Zhu et al. 2003;
Akhani et al. 2007). Species in Kali are mainly distributed
in continental Asia (from Kazakhstan to Mongolia and
within the Iran-Turanian area) (Rilke 1999). In China, the
distribution is concentrated in northwestern China, espe-
cially in Xinjiang Province (Zhu et al. 2003). Rilke (1999,
Table 2) suggested that the center of genetic diversity of
Kali can be expected in Xinjiang-Dzungaria, where the
greatest number of species is found.
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