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Molecular phylogeny of Solms-laubachia (Brassicaceae) s.l., based
on multiple nuclear and plastid DNA sequences, and its
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Abstract The Hengduan Mountains region of south-west China is a noted biodiversity hotspot, but the geographic
origins and historical assembly of its rich endemic flora, including the sky-island species of Solms-laubachia Muschl.
(Brassicaceae), have been little studied. Previous molecular studies on the phylogeny of Solms-laubachia showed it
to be paraphyletic, leading to considerable expansion not only of its taxonomic limits, but also its geographic range,
with the inclusion of taxa from outside the Hengduan region. However, these studies provided little resolution of
interspecific relationships, preventing inferences about historical biogeography within the clade. In the present study,
new sequence data from two nuclear genes (LEAFY and G3pdh) and two chloroplast intergenic spacers (petN–psbM
and psbM–trnD) were combined with existing markers to increase phylogenetic signals. Phaeonychium villosum
(Maxim.) Al-Shehbaz was found to be nested within Solms-laubachia s.l. In general, phylogenetic relationships
appear to be a good predictor of geography, with the Hengduan Mountain endemics embedded in a paraphyletic grade
of species from the western Himalayas and central Asia, but they also imply morphological homoplasy. Incongruence
was detected between the nuclear and chloroplast gene trees, perhaps resulting from incomplete lineage sorting of
ancestral polymorphisms. The crown age of Solms-laubachia s.l. was estimated to be approximately 1.42–3.68 mya,
using Bayesian relaxed molecular clock analysis. Historical biogeographic analysis using a parametric dispersal–
extinction–cladogenesis model inferred central Asia and the western Himalayas as most probable ancestral range
of Solms-laubachia s.l., and estimated higher rates of eastward expansion than westward during the diversification
of descendant lineages. In summary, our results suggest that Solms-laubachia s.l. originated during the Pliocene
in central Asia, and subsequently migrated eastward into the Hengduan Mountains, colonizing sky-island, alpine
scree-slope habitats that may have provided novel ecological opportunity and accelerated speciation, ultimately
establishing this region as the present center of diversity of the genus.
Key words biogeography, Brassicaceae, Hengduan Mountains, phylogeny, Solms-laubachia s.l.

For the genus Solms-laubachia Muschl. (Bras-
sicaceae), recent molecular sequence data have con-
tributed substantially to revision of its phylogenetic re-
lationships. Nine species were traditionally recognized,
characterized morphologically by entire leaves, simple
or absent trichomes, stigmas that are entire and capi-
tate, and fruits that are latiseptate (flattened parallel to
the septum), detach from the pedicel at maturity, and
possess a rounded replum concealed by strongly an-
gled valve margins (Lan & Cheo, 1981; Al-Shehbaz
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& Yang, 2001). Its closest relative was long thought
to be Parrya R. Br., with several species originally de-
scribed under that name. Schulz (1936) placed both gen-
era in the same tribe, Matthioleae, a treatment followed
by several taxonomists thereafter (e.g. Lan & Cheo,
1981; Kuan, 1985; Lan, 1987; An, 1995; Huang, 1997).
In contrast, Al-Shehbaz (2001) and Al-Shehbaz and
Yang (2001) more recently suggested a closer relation-
ship between Solms-laubachia and Desideria Pamp. and
Leiospora (C. A. Mey.) F. Dvořák, based primarily on
the morphology and detachment of fruits. This hypoth-
esis was subsequently corroborated by evidence from
cytology (Yue et al., 2004) and molecular phylogenetics
of the family Brassicaceae (Beilstein et al., 2006, 2008;
Warwick et al., 2007).
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Fig. 1. Approximate distribution range of Solms-laubachia s.l. and the sites of species sampled in the study. CA, central Asia; WH, western Himalayas;
CX, central Xizang, HM, Hengduan Mountains. Species numbers: 1, S. platycarpa; 2, S. lanata; 3, S. linearifolia; 4, S. eurycarpa; 5, S. pulcherrima;
6, S. zhongdianensis; 7, S. angustifolia; 8, S. xerophyta; 9, S. retropilosa; 10, S. minor; 11, S. grandiflora; 12, S. calcicola; 13, S. sunhangiana; 14, S.
baiogoinensis; 15, S. himalayensis; 16, S. linearis; 17, S. stewartii; 18, S. prolifera; 19, S. pumila; 20, S. incana; 21, S. jafrii; 22, Christolea crassifolia;
23, Phaeonychium villosum; 24, Leiospora pamirica.

More intensive taxon sampling of molecular se-
quence data has since shown that Solms-laubachia and
Desideria are closely related but not reciprocally mono-
phyletic. Phylogenetic analysis of the nuclear gene
Chs encoding chalcone synthase and the chloroplast
gene matK revealed that four species of Desideria (D.
baiogoinensis (K. C. Kuan & Z. X. An) Al-Shehbaz,
D. himalayensis (Camb.) Al-Shehbaz, D. linearis (N.
Busch) Al-Shehbaz, and D. stewartii (T. Anderson) Al-
Shehbaz) and one species of Phaeonychium (P. jafrii
Al-Shehbaz) are nested within a well-supported clade
of Solms-laubachia sensu stricto (Yue et al., 2006). With
additional corroborating evidence from the nuclear ri-
bosomal internal transcribed spacer (ITS) region, the
chloroplast non-coding trnL-F region, and seed epider-
mal micromorphology, Yue et al. (2008) provided a new
synopsis of Solms-laubachia that includes 26 species,
of which nine were previously recognized, four were
described as new, 12 were transferred from Desideria,
and one was transferred from Phaeonychium. Chris-
tolea crassifolia Cambess., a taxon superficially resem-
bling Desideria, was determined as the sister group of
the expanded Solms-laubachia clade (Yue et al., 2006,
2008). The biogeographic implications of this change
are considerable. As traditionally circumscribed, Solms-
laubachia was endemic to alpine areas of the Heng-
duan Mountains region of China, encompassing north-

western Yunnan, western Sichuan, and eastern Xizang
(Tibet), with the sole exception of S. platycarpa (Hook.f.
& Thomson) Botsch., whose range extends into Bhutan
and Sikkim. The species transferred from Desideria are
distributed in Kyrgyzstan, Tajikistan, India, Kashmir,
Nepal, and western China (Xizang and Xinjiang; Al-
Shehbaz, 2001, 2005), and Phaeonychium jafrii is en-
demic to Xizang (Al-Shehbaz, 2000). Under the new cir-
cumscription (hereafter Solms-laubachia s.l.), the range
of the genus is much broader, encompassing central
Asia, the western Himalaya, central Xizang, and the
Hengduan Mountains region (Fig. 1).

Although Yue et al. (2006, 2008) established
the generic boundaries and relationship for Solms-
laubachia, the low genetic divergence of the markers
used did not resolve the phylogeny within the genus.
In the present paper, we examine the phylogeny and
biogeography of Solms-laubachia s.l. in greater de-
tail. To increase phylogenetic resolution, we add data
from two nuclear genes (G3pdh and LEAFY ) and two
chloroplast non-coding spacer regions (petN–psbM and
psbM–trnD) to published nuclear (Chs, ITS) and chloro-
plast (matK, trnL-F) data sets, and construct an eight-
marker phylogeny. Using a Chs matrix with broadly
sampled taxa across Brassicaceae, we estimate times of
lineage divergence within Solms-laubachia s.l. based on
relaxed molecular clocks. With these results, we use a
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parametric model of geographic range evolution to in-
fer the historical biogeography of Solms-laubachia s.l.,
focusing on the geographic origin of the clade and the
relative rates of lineage movement east and west along
the Himalayan axis connecting the Hengduan Moun-
tains region to central Asia.

1 Material and methods

1.1 Taxon and gene sampling
Following the synopsis of Yue et al. (2008),

21 species of Solms-laubachia s.l. and one each of
Phaeonychium, Christolea, and Leiospora were sam-
pled (Table 1), for which data from a total of eight
genes were assembled. New sequences of the nuclear
genes G3pdh and LEAFY and chloroplast non-coding
spacers petN–psbM and psbM–trnD were generated for
the present study and combined with existing data sets
(Chs, ITS, matK, and trnL-F) obtained from GenBank.
We selected L. pamirica (Botsch. & Vved.) Botsch. &
Pachom. as the outgroup for phylogenetic rooting based
on results from Yue et al. (2006, 2008).

1.2 DNA extraction, PCR amplification, and se-
quencing

Genomic DNA was extracted from leaf tissues us-
ing the cetyltrimethylammonium bromide (CTAB) pro-
tocol of Doyle and Doyle (1987). The PCR amplifi-
cations of LEAFY and G3pdh were performed using
primers 001F and 832R of Baum et al. (2005), as
well as G3PDHX7F and G3PDHX9R of Strand et al.
(1997), respectively. A 25 μL PCR reaction included
20–50 ng DNA, 2.5 μL of 10× Taq polymerase buffer,
4 μL dNTP (2.5 mmol/L), 3 μL MgCl2 (25 mmol/L),
1 μL each primer (10 μmol/L), 0.3 μL Taq polymerase
(5 units/μL), and 2 μL dimethylsulfoxide (DMSO). The
PCR program included a 3-min hotstart and then 33 cy-
cles followed by an additional 10 min at 72 ◦C. Each
cycle consisted of 30 s denaturing at 94 ◦C, 90 s anneal-
ing at 50–55 ◦C, and a 150 s extension at 72 ◦C. All
reactions yielded single dominant bands, which were
gel purified using a Qiagen (Valencia, CA, USA) Gel
Purification Kit according to the manufacturer’s instruc-
tions, and then cloned into the pGEM-T cloning vector
(Promega, Madison, WI, USA). To detect possible al-
lelic variation, four clones from two independent PCR
reactions were sequenced for each sample, using uni-
versal vector primers T7 and Sp6.

The primers petN2 and psbM2R, and psbM2 and
trnD (Lee & Wen, 2004) were used to amplify the
chloroplast non-coding spacers petN–psbM and psbM–
trnD, respectively. The PCR reactions were performed

in 50 μL, consisting of 50–100 ng DNA, 5 μL of 10×
Taq polymerase buffer, 4 μL dNTP (2.5 mmol/L), 4 μL
MgCl2 (25 mmol/L), 2 μL each primer (10 μmol/L),
and 0.4 μL Taq polymerase (5 units/μL). The PCR pro-
gram for both regions was the same as described above
for LEAFY . The PCR products were purified and se-
quenced following the same procedure described above
using the same primers.

Sequences for all genes were analyzed using an
automated ABI 3730 DNA Analyser (Applied Biosys-
tems, Foster City, CA, USA), edited using Sequencher
(version 4.0; Gene Codes, Ann Arbor, MI, USA), and
aligned with Clustal_X version 1.83 (Thompson et al.,
1997), followed by manual adjustment.

1.3 Phylogeny reconstruction
Three data matrices of concatenated sequence

alignments were constructed. The first included all
eight markers (LEAFY , G3pdh, Chs, ITS, petN–psbM,
psbM–trnD, matK, trnL-F) and all 24 taxa, but 25%
of the data was missing (because not all markers were
sequenced for every species). The other two matrices
contained only either nuclear or chloroplast sequences
and each included 17 taxa with complete sequences. For
each matrix, phylogenetic analyses were preformed us-
ing maximum parsimony (MP; Farris et al., 1970; Fitch,
1971). Heuristic parsimony searches were conducted
using PAUP 4.0b10 (Swofford, 2002) with the follow-
ing conditions: 1000 replicates of random sequence ad-
dition, holding 10 trees at each step, tree bisection–
reconnection (TBR) branch swapping, MULPARS on,
and steepest descent off. Nucleotide substitutions were
treated as unordered, equally weighted changes, and
gaps were treated as missing data. Bootstrap (BS) sup-
port values for clades were calculated from 1000 repli-
cates.

Bayesian estimation of phylogeny (Rannala &
Yang, 1996; Mau et al., 1999) was conducted us-
ing MrBayes version 3.1.2 (Ronquist & Huelsenbeck,
2003). The best-fitting substitution model for each
marker was selected using the Akaike Information
Criterion (AIC) as implemented in Modeltest version
3.7 (Posada & Crandall, 1998; Posada & Buckley,
2004). The chosen models were TVM+G (nst = 6,
rate = gamma) for trnL-F, petN–psbM and psbM–trnD;
TIM+I+G (nst = 6, rate = gamma) for matK; GTR+G
(nst = 6, rate = gamma) for Chs and G3pdh; SYM+G
(nst = 6, rate = gamma) for ITS; and HKY+G (nst = 2,
rate = gamma) for LEAFY . For each analysis two si-
multaneous runs were performed, starting from random
trees for 2 × 106 generations, having three heated and
one cold chain. Markov chains were sampled every
100 generations. Analyses were run until the average
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êq

ên
,Y

un
na

n,
C

hi
na

(�
�

m
at

K
D

Q
40

92
49

C
hs

D
Q

40
92

25
�

)
�

�
)

tr
nL

-F
D

Q
52

33
13

IT
S

D
Q

52
34

14
pe

tN
–p

sb
M

D
Q

52
33

90
G

3p
dh

D
Q

52
33

42
ps

bM
–t

rn
D

D
Q

52
33

66
L

E
A

F
Y

F
J0

26
81

8
So

lm
s-

la
ub

ac
hi

a
li

ne
ar

is
(N

.B
us

ch
)

J.
P.

Y
ue

,A
l-

S
he

hb
az

&
H

.
B

ar
th

ol
om

ew
et

al
.

X
in

ji
an

g,
C

hi
na

(�
�

)
m

at
K

D
Q

40
92

54
C

hs
D

Q
40

92
30

S
un

95
49

(M
O

)
tr

nL
-F

D
Q

52
33

16
IT

S
D

Q
52

34
17

pe
tN

–p
sb

M
D

Q
52

33
93

G
3p

dh
D

Q
52

33
45

ps
bM

–t
rn

D
D

Q
52

33
69

L
E

A
F

Y
F

J0
26

82
2

C© 2009 Institute of Botany, Chinese Academy of Sciences



406 Journal of Systematics and Evolution Vol. 47 No. 5 2009

Ta
bl

e
1

C
on

tin
ue

d

Ta
xo

n
Vo

uc
he

r
S

ou
rc

e
M

ar
ke

rs

C
hl

or
op

la
st

A
cc

es
si

on
N

o.
N

uc
le

ar
A

cc
es

si
on

N
o.

S
ol

m
s-

la
ub

ac
hi

a
m

in
orH

an
d.

-M
az

z.
(�

�
�

�
)

Yu
e

03
79

(K
U

N
)

Ya
ny

ua
n,

S
ic

hu
an

,C
hi

na
(

�
�

�
�

)
m

at
K

D
Q

40
92

57
C

hs
D

Q
40

92
33

tr
nL

-F
D

Q
52

33
17

IT
S

D
Q

52
34

18
pe

tN
–p

sb
M

D
Q

52
33

94
G

3p
dh

D
Q

52
33

46
ps

bM
–t

rn
D

D
Q

52
33

70
LE

A
F

Y
F

J0
26

81
3

S
ol

m
s-

la
ub

ac
hi

a
pl

at
yc

ar
pa(

H
oo

k.
f.

&
T

ho
m

so
n)

B
ot

sc
h.

(�
�

�
�

)
Yu

e
02

39
(K

U
N

)
D

am
xu

ng
,T

ib
et

,C
hi

na
(

�
�

�
�

)
m

at
K

D
Q

40
92

45
C

hs
D

Q
40

92
21

tr
nL

-F
D

Q
52

33
06

IT
S

D
Q

52
34

07
pe

tN
–p

sb
M

D
Q

52
33

83
G

3p
dh

D
Q

52
33

34
ps

bM
–t

rn
D

D
Q

52
33

59
LE

A
F

Y
F

J0
26

81
9

S
ol

m
s-

la
ub

ac
hi

a
pr

ol
ife

ra(
M

ax
im

.)
J.

P.
Yu

e,
A

l-S
he

hb
az

&
H

.S
un

IT
S

1
•A

J6
28

33
3

IT
S

2
•A

J6
28

33
4

S
ol

m
s-

la
ub

ac
hi

a
pu

lc
he

rr
im

aM
us

ch
l.

(�
�

)
Yu

e
01

53
(K

U
N

)
Li

jia
ng

,Y
un

na
n

C
hi

na
(�
�

�
�

)
m

at
K

D
Q

40
92

47
C

hs
D

Q
40

92
23

tr
nL

-F
D

Q
52

33
10

IT
S

D
Q

52
34

11
pe

tN
–p

sb
M

D
Q

52
33

87
G

3p
dh

D
Q

52
33

38
ps

bM
–t

rn
D

D
Q

52
33

63
LE

A
F

Y
F

J0
26

80
9

S
ol

m
s-

la
ub

ac
hi

a
pu

m
ila(

K
ur

z)
F.

D
vo

� r á
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standard deviation of split frequencies approached 0.01,
indicating the convergence of two runs. The plot of gen-
eration versus log probability was inspected after the run
to ensure that stationarity was reached and to determine
the burn-in. Typically, approximately 10% of trees were
discarded as burn-in. The majority rule consensus tree
(not shown) containing posterior probabilities (PP) was
built from the remaining sampled trees.

1.4 Estimation of divergence time
Molecular clock analysis of the Chs gene was

conducted to estimate divergence times within Solms-
laubachia. This gene was chosen because it has been
broadly sampled across Brassicaceae (Koch et al., 2000,
2001), and was used to infer the phylogenetic relation-
ships of Solms-laubachia to its presumably related gen-
era Baimashania, Christolea, Desideria, and Leiospora
etc. (Yue et al., 2006). The Chs data matrix in our
previous study consisted of 50 sequences represent-
ing 30 genera and 50 species within Brassicaceae (Yue
et al., 2006); in the present study, we analyzed an align-
ment of 30 sequences selected from the data set in Yue
et al. (2006) using a Bayesian coalescent method im-
plemented in the computer program BEAST version
1.4.1 (Drummond & Rambaut, 2007). The analysis in-
cluded a relaxed-clock GTR substitution model, with
rate variation among sites following a discrete gamma
distribution with four rate categories, and rates across
branches being uncorrelated and drawn from a log
normal distribution. Posterior distributions of parame-
ters were approximated using two independent Markov
chain Monte Carlo (MCMC) runs of 2 × 107 steps, dis-
carding a burn-in period of 2 × 104 steps, as determined
by convergence analysis using TRACER (Rambaut &
Drummond, 2007). Samples from the two chains, which
yielded similar results, were combined. To calibrate the
Chs analysis to absolute time, we used pollen deposits
of Rorippa (sister of Cardamine) from the Pliocene,
2.5–5.0 mya (Mai, 1995), to calibrate the node splitting
Barbarea–Rorippa and Cardamine. The distribution of
ages at this node was set to follow a normal distribution
with a mean of 6 million years (my) and a standard de-
viation of 0.2 to account for the uncertainty of the fossil
age (Fig. 4), which corresponds to the study of Koch
et al. (2000).

1.5 Historical biogeography
To infer the geographic history of Solms-laubachia

s.l., we constructed a dispersal–extinction–cladogenesis
(DEC) model of geographic range evolution (Ree &
Smith, 2008). The DEC models describe transition rates
between geographic ranges as functions of stochastic
dispersal events (range expansion) and local extinction

events (range contraction), and enumerate geographic
scenarios of lineage divergence at internal nodes on phy-
logenetic trees. Our model included four component ar-
eas arrayed along an east–west axis (i.e. central Asia, the
western Himalayas, central Xizang, and the Hengduan
Mountains (Fig. 1), which we abbreviate as CA, WH,
CX, and HM, respectively). Geographic ranges of all
species included in the eight-marker phylogenetic analy-
sis were scored as vectors of presence/absence values for
each area. Our model constrained widespread ancestral
ranges to occupy a maximum of two spatially adjacent
areas (CA+WH, WH+CX, and CX+HM), consistent
with observed species ranges, and constrained dispersal
events to occur only east or west between adjacent areas.

For a given phylogenetic tree, three rate param-
eters were estimated, namely the rate of local extinc-
tion (e) and rates of eastward and westward dispersal
(dE and dW, respectively). These rates were first es-
timated by maximum likelihood without conditioning
on any ancestral range values. Then, these “global”
rates were used to estimate the most likely ances-
tral range at the root node of Solms-laubachia s.l.
(Clade A, Fig. 2). This procedure was repeated across
500 trees randomly sampled from the posterior dis-
tribution estimated by Bayesian analysis in order to
integrate biogeographic inferences over uncertainty in
phylogenetic relationships and branch lengths. All bio-
geographic analyses were based on the likelihood-based
method of Ree et al. (2005) and Ree and Smith (2008)
implemented in lagrange2.0.1 (by R. H. Ree and S. A.
Smith, available at http://lagrange.googlecode.com, ac-
cessed July 2008).

2 Results

2.1 Combined eight-gene analysis
Descriptive statistics of all markers are given in

Table 2. The eight-marker data set consisted of 8426
characters, of which 7088 were constant and 337 were
parsimony informative. The parsimony analysis yielded
one most parsimonious tree (MPT) of 1729 steps, which
has almost identical topology with consensus trees from
the Bayesian analyses (Fig. 2). All species of Solms-
laubachia s.l. and Phaeonychium villosum formed a
monophyletic clade (Clade A; Fig. 2) sister to Chris-
tolea crassifolia with 100% BS and 100% PP support.
In Clade A, S. linearis and S. pumila, together with S.
himalayensis and S. stewartii, formed the weakly sup-
ported (62% BS) Clade B (Fig. 2), which was sister to
other remaining taxa that formed the weakly supported
(59% BS) Clade C (Fig. 2). Solms-laubachia incana,
which formed the first branch within Clade C, was

C© 2009 Institute of Botany, Chinese Academy of Sciences
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Fig. 2. The single most parsimonious tree generated from analysis of the combined data set for eight markers (LEAFY , G3pdh, Chs, internal transcribed
spacer (ITS), petN–psbM, psbM–trnD, matK, and trnL-F). Tree length = 1729; consistency index (CI) = 0.85; retention index (RI) = 0.61; rescaled
consistency index (RC) = 0.52. Bootstrap (BS; > 50%) and posterior probability (PP) values are shown above and below the branches, respectively.
Letters A–H refer to the clades discussed in the text. Species origin: HM, Hengduan Mountains; CX, central Xizang; WH, west Himalayas; CA, cental
Asia. Note, “Solms-laubachia”is abbreviated to“S.” throughout.

Table 2 Characteristics of the chloroplast and nuclear data sets for parsimony analysis, as well as pairwise Kimura-2 parameter distances (%) of DNA
sequences within ingroup and Hengduan Mountains (HM) species

Dataset No. No. Sequence Sequence No. Tree CI RI RC
aligned variable divergence divergence MPTs length

sites sites (%) (ingroup; %) (HM; %)

LEAFY 1463 24 0.63–5.4 0.63–2.6 1062 419 0.96 0.78 0.74
G3pdh 693 19.6 0.36–5.0 0.39–2.2 12 93 0.93 0.69 0.64
ITS 622 15.4 0.33–3.4 0.33–2.1 24 125 0.87 0.76 0.66
Chs 1174 12.3 0.35–4.4 0.35–1.5 56 181 0.87 0.71 0.61
Combined nuclear 3952 18.4 0.63–6.7 0.63–1.9 32 897 0.91 0.70 0.63
trnL-F 1074 13.3 0.34–4.2 0.34–3.2 4384 164 0.86 0.79 0.68
matK 1525 9.4 0.23–3.4 0.23–2.34 3 178 0.56 0.61 0.52
psbM-trnD 1100 15.2 0.37–4.6 0.37–3.4 811 222 0.81 0.60 0.49
petN-psbM 773 15.9 0.6–6.8 0.6–3.2 172 164 0.83 0.57 0.47
Combined chloroplast 4474 12.9 0.82–3.8 0.82–2.1 8 757 0.82 0.52 0.43
Combined nuclear and chloroplast 8426 15.9 0.29–8.5 0.75–2.1 1 1729 0.85 0.61 0.52

MPTs, most parsimonious trees; CI, consistency index; RI, retention index; RC, rescaled consistency index.
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followed by S. jafrii and Clade E (63% BS) to form
Clade D (62%). Within Clade E, 11 Solms-laubachia
s.s. species from Hengduan Mountains formed Clade F
(57% BS) and sister to P. villosum. Of these 11 species,
S. angustifolia and S. minor, together with S. pulcher-
rima and S. zhongdianensis, and S. xerophyta formed
Clade G (51% BS), and S. calcicola, S. grandiflora,
and S. sunhangiana formed Clade H (66% BS). Except
for the Clades A–H, the phylogenetic relationships, re-
vealed by the eight markers combined, received less
support (BS < 50%).

2.2 Nuclear gene analysis
The concatenated alignment of nuclear genes was

3952 bp in length, of which 3224 sites were invariable
and 142 were parsimony informative. The parsimony
analysis yielded 32 MPTs of 897 steps (consistency
index (CI) = 0.91, retention index (RI) = 0.69, and
rescaled consistency index (RC) = 0.63; Fig. 3). Clade
A is strongly supported (100% BS, 100% PP). Within
Clade A, S. linearis is sister to Clade B (100% BS).
Species from the Hengduan Mountains form Clade E
(91% BS), within which the S. linearifolia and S. retropi-
losa clade is sister to the other species that formed Clade
F (99% BS).

2.3 Chloroplast gene analysis
The concatenated matrix of chloroplast genes con-

tained 4474 characters, of which 3898 were invariable
and 157 were parsimony informative. The parsimony
analysis yielded eight MPTs of 757 steps (CI = 0.81,
RI = 0.52, and RC = 0.42; Fig. 3). The topologies of
these trees are generally, but not entirely, congruent with
those from the nuclear gene analysis. In the nuclear tree,
S. lanata is sister to S. baiogoinensis (100% BS, 100%
PP), but is weakly supported as sister to S. calcicola
in the chloroplast tree (53% BS). In the nuclear tree,
S. calcicola is sister to S. grandiflora (97% BS), and S.
platycarpa is sister to S. lanata plus S. baiogoinensis
in Clade D. In the chloroplast tree, S. platycarpa is in
Clade E. The chloroplast sister group relationships of
S. angustifolia and S. minor, and S. pulcherrima and
S. zhongdianensis are not resolved in the nuclear tree.
Likewise, the sister species S. linearifolia and S. retropi-
losa in the nuclear tree are in different clades in the
chloroplast tree.

In all analyses, Solms-laubachia s.l. species formed
a strongly supported monophyletic clade and sister to
C. crassifolia, and S. linearis was always at a rela-
tively early branching (“basal”) position. Owing to dif-
ferences in taxon sampling, it is difficult to compare
phylogenetic relationships resolved by combined nu-
clear and chloroplast DNA data with those resolved by

separate analyses of nuclear and chloroplast markers
directly.

2.4 Estimation of divergence times
The divergence time of Solms-laubachia s.l. and

Christolea from Leiospora was estimated to be 5.27 mya
with a 95% high posterior density (HPD) interval of 3.0–
7.73 mya (Node A; Fig. 4). The crown ages of Solms-
laubachia s.l. and the Hengduan Mountains clade were
estimated at 2.31 mya (95% HPD: 1.42–3.68 mya; Node
B; Fig. 4) and 0.87 mya (95% HPD: 0.41–1.42 mya;
Node C; Fig. 4), respectively.

2.5 Historical biogeography
Across the 500 trees sampled from the posterior

distribution of the eight-marker Bayesian analysis, the
ancestral range of Solms-laubachia s.l. (excluding out-
groups) was reconstructed as spanning central Asia and
the western Himalayas 97.8% of the time. Other an-
cestral ranges inferred were central Asia only (1.6%)
and western Himalayas + central Xizang (0.6%). Rates
of eastward and westward dispersal, estimated for each
tree without conditioning on ancestral ranges at inter-
nal nodes, were highly asymmetric in favor of eastward
movement (Fig. 5). Parametric inferences of geographic
range evolution in Solms-laubachia s.l. that incorpo-
rated phylogenetic uncertainty thus yielded strong evi-
dence for a western ancestor, with subsequent eastward
migration of descendant lineages toward the Hengduan
Mountains region.

3 Discussion

As presently delimited, Solms-laubachia s.l. con-
sists of 26 species distributed in central Asia (Kyr-
gyzstan, Afghanistan, Tajikistan, Pakistan, Xinjiang of
China), western Himalayas (India, Kashmir, Sikkim,
Nepal, Bhutan), central Xizang (Tibet), and the Heng-
duan Mountains region (south-eastern Xizang, north-
western Yunnan, western Sichuan, southern Qinghai,
and south-western Gansu). All species occur at altitudes
of (3200–) 4000–6200 m, primarily on scree slopes and
in rock crevices in the alpine areas of the Himalayan,
Karakorum, Pamir, and Hengduan mountain ranges.
Previous studies (Yue et al., 2006, 2008) provided little
phylogenetic resolution within the genus. In the present
study, the addition of nuclear and chloroplast sequence
data gives both improved resolution and evidence for
the geographic origin of the clade.

The combined nuclear and chloroplast DNA data
included 21 of the 26 species of Solms-laubachia
s.l. Two species, namely Phaeonychium villosum and
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Fig. 3. Comparison of phylogenetic relationships based on combined nuclear and combined chloroplast sequence, respectively. The nuclear tree is the
strict consensus tree of 32 most parsimonious trees (MPTs; consistency index (CI)= 0.91, retention index (RI)= 0.69, and rescaled consistency index
(RC)= 0.63) and the chloroplast tree is the strict consensus tree of eight MPTs (CI= 0.81, RI= 0.52, and RC= 0.42), both with bootstrap (BS; > 50%)
support above and posterior probability (PP) support below the branches. Letters A–H refer to the clades discussed in the text. Arrows point to species
that are not in the same position between two phylogenetic trees. Note, “Solms-laubachia”is abbreviated to“S.” throughout.

S. pumila, are sampled here for the �rst time. The latter
is closely related toS. linearis, andP. villosumis sister
to the Hengduan Mountains clade (Fig. 2). The position
of P. villosumwithin Solms-laubachias.l. suggests that
it should be transferred to this genus, as was done by
Yue et al. (2008) to its previous congenerP. jafrii (= S.
jafrii ). However, because data from only one marker
was available forP. villosum, more evidence is needed
to make a formal change in taxonomy.

Morphologically,Solms-laubachias.l. is consider-
ably more diverse than traditionally circumscribed due
to the nesting of species from other genera within it
(Yue et al., 2008). The present study implies even fur-
ther disparity between closely related species. In the
eight-marker phylogeny,S. baiogoinensis, which has
dentate, palmately veined leaves, is not closely related to
species with the same leaf morphology, but to those with
entire, pinnately veined leaves. Furthermore,S. platy-
carpa, which has �owers in racemes, is most closely re-
lated to species with �owers solitary from a basal rosette
(Fig. 2). Both the leaf morphology and �ower orientation
largely disagree with phylogenetic grouping, suggesting
that morphological evolution inSolms-laubachias.l. is
very labile.

Compared with these morphological traits, geo-
graphic patterns inSolms-laubachias.l. have a clear
phylogenetic signal. All species endemic to the Heng-

duan Mountains form one clade nested within a grade
of lineages that range progressively eastward from cen-
tral Asia (Fig. 2). Although the species sampling within
this genus was incomplete and the HM clade did not
receive strong support, it is unlikely that sampling addi-
tional taxa would signi�cantly alter this result. For other
clades in Brassicaceae, recent molecular phylogenetic
studies similarly suggest that geographic ranges appar-
ently have a stronger phylogenetic signal than morphol-
ogy (e.g. in Eurasian and North AmericanBrayaSternb.
& Hoppe (Warwick et al., 2004), AmericanDraba
L. (Koch & Al-Shehbaz, 2002), AmericanNoccaea
Moench (Koch & Al-Shehbaz, 2004), and AsianYin-
shaniaMa & Y. Z. Zhao (Koch & Al-Shehbaz, 2000)).
These results reinforce the need for caution in using
morphological characters alone to construct phyloge-
netic relationships in Brassicaceae (Al-Shehbaz et al.,
2006).

Differences between phylogenetic relationships in-
ferred from the nuclear and chloroplast genomes war-
rant further investigation. For example, in the nuclear
phylogeny,S. lanataand S. baiogoinensisare sister
species (100% BS, 100% PP), a relationship not sup-
ported by the chloroplast data (Fig. 3). Discordance of
this kind can arise from factors such as reticulate evolu-
tion (especially hybridization and introgression), recom-
bination, or lineage sorting (Wendel & Doyle, 1998).
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Fig. 4. Chronogram of Brassicaceae generated from BEAST analysis on 30 Chs sequences selected from the data matrix in Yue et al. (2006). Clades with
posterior probability (PP) support > 95% are indicated by thicker lines. The calibration point was set to 6 mya according to pollen deposit information.
The divergence times of three lineages were estimated as follows: A (Solms-laubachia s.l. and Christolea from Leiospora), 5.27 mya with a 95% high
posterior density (HPD) interval of 3.0–7.73; B (Solms-laubachia s.l. from Christolea), 2.31 mya with 95% HPD of 1.42–3.68; and C (Hengduan
Mountains Solms-laubachia s.l. species), 0.87 mya with 95% HPD of 0.41–1.42. Note, “Solms-laubachia”is abbreviated to“S.” throughout.

Reticulate evolution caused by polyploidization and hy-
bridization has been reported in several genera of Bras-
sicaceae, such as Lepidium L. (Mummenhoff et al.,
2001, 2004), Braya and Neotorularia Hedge & J.
Léonard (Warwick et al., 2004), Yinshania (Koch & Al-
Shehbaz, 2000), and others (see Koch & Lihová, 2006,
and references therein). Except for one tetraploid popu-
lation of S. retropilosa (2n = 28), all species of Solms-
laubachia s.l. studied here are known to be diploid with
2n = 14 (Yue et al., 2003, 2004). Moreover, they are
morphologically distinct and allopatrically confined to
scree slopes of different mountains. In general, sym-
patry is very rare in the genus. The most widespread
species is S. eurycarpa, which co-occurs with S. linear-
ifolia and S. angustifolia at only one locality each. Sur-
veys of these populations revealed no morphological or
molecular evidence for hybridization (Yue, 2006), and
no distinct allelic variation was detected among con-

specific clones of the two nuclear genes (G3pdh and
LEAFY ) used in the present study. Therefore, although
reticulate evolution within Solms-laubachia s.l. cannot
be ruled out, we suggest that a more likely explanation
for incongruence between the nuclear and chloroplast
phylogenies is incomplete lineage sorting of ancestral
polymorphisms.

With 11 of 26 species endemic to the Hengduan
Mountains region, Solms-laubachia s.l. is one of many
North Temperate plant genera with a center of diversity
in this area. Others include Rhododendron L., Prim-
ula L., Pedicularis L., Gentiana L., Corydalis DC., and
Saussurea DC. (Wu, 1988). This richness and endemism
has generally been attributed to two major factors. One
is that the region was a refugium during Quaternary fluc-
tuations in climate, preserving lineages from extinction.
This idea appears to be gaining support from recent ev-
idence that a number of widely distributed plant species
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Fig. 5. Box plots of rate parameters for geographic range evolution in
Solms-laubachia s.l. Each plot shows the median (horizontal line), first
quartiles (box), and third quartiles (whiskers) of values estimated by max-
imum likelihood from 500 phylogenetic trees drawn from the Bayesian
posterior density of the combined phylogenetic analysis of eight molec-
ular markers (see text). Parameters are rates of eastward dispersal (dE),
westward dispersal (dW), and local extinction (e).

exhibit higher population genetic diversity within the
Hengduan region than elsewhere in their ranges (e.g.
Chen et al., 2008a, 2008b; Yang et al., 2008). The other
is that environmental and habitat heterogeneity asso-
ciated with uplift of the Qinghai-Tibetan Plateau pro-
moted rapid speciation (Axelrod et al., 1998; Liu et al.,
2006). This latter hypothesis is somewhat more diffi-
cult to test, not least because consensus on the timing
and stability of plateau uplift remains elusive (e.g. Shi
et al., 1998; Clark et al., 2006; Liu-Zeng et al., 2008).
However, phylogenetic inferences about the timing and
geographic origins of the plant lineages that assembled
the present flora may help provide some clarity.

Within Solms-laubachia s.l., sequence divergence
between Hengduan endemics is relatively low, with
Kimura-2 parameter (K2P) distances ranging from
0.63% to 1.9% for the combined nuclear alignment
and from 0.82% to 2.1% for the combined chloroplast
alignment (Table 2). This pattern and the poorly re-
solved phylogenetic relationships within this clade are
suggestive of a recent radiation. Here, we estimate the
divergence time of Solms-laubachia s.l. from its sister
group, Christolea, to be between 1.42–3.68 mya (Node
B; Fig. 4) and the crown age of the Hengduan Moun-
tains clade to be 0.87 mya (Node C; Fig. 4). One may
speculate that radiation of this clade was accelerated by
post-Miocene uplift of the Qinghai-Tibetan Plateau, a
hypothesis that has been raised numerous times in the
literature, for example in the context of apparently rapid
phylogenetic diversification within Gentiana (Yuan &
Küpfer, 1997), Rheum (Wang et al., 2005), Crawfurdia

and relatives (Chen et al., 2005b), and Nannoglottis (Liu
et al., 2002). However, geological evidence for such up-
lift is mixed at best. Oxygen isotope analyses suggest
that current elevations in south-western Tibet have been
maintained, or were perhaps even higher than present,
since the late Miocene (Saylor et al., 2009). The earliest
age at which the plateau reached its present elevation is
still contentious: geological and paleontological studies
have variously suggested that large-scale uplift (with
possible intervening lowering) occurred during at least
four different periods: 22, 15–13, 8–7, and 3.5–1.6 mya
(Harrison et al., 1992; Li et al., 1995; Shi et al., 1998; An
et al., 2001; Guo et al., 2002; Spicer et al., 2003). Phylo-
genetic divergence time estimates of endemic Hengduan
plant clades show similar variation: although our anal-
ysis suggests that the radiation of Hengduan endemics
in Solms-laubachia s.l. may have occurred recently, the
greater genetic divergence between species in Pedicu-
laris (Yang et al., 2003; Ree, 2005) and Ligularia (Liu
et al., 2006) points towards diversification coincident
with earlier periods of uplift.

The present study uses a quantitative paramet-
ric approach to provide strong evidence for a central
Asian/western Himalayan origin of Solms-laubachia s.l.
and a general trend of eastward movement of the lineage
into the Hengduan Mountains. A similar geographic
pattern is found in Incarvillea Juss., a North Temper-
ate, herbaceous clade of 16 species within the primarily
tropical and woody family Bignoniaceae, whose phy-
logeny shows a strongly supported clade of Eastern
Himalayan/Hengduan endemics nested within lineages
from central Asia (Chen et al., 2005a). Close relation-
ships between central Asian and Hengduan lineages are
also apparent in other taxa, such as Rheum (Wang et al.,
2005) and Picea A. Dietr. (Ran et al., 2006). How-
ever, as yet there is no evidence for a general pattern
or common cause for concerted lineage movement be-
tween these two areas. In general, quantitative analyses
of Sino-Himalayan historical phytogeography are lack-
ing, despite recent increases in the number of phyloge-
netic studies being published. By integrating models of
paleoclimate and paleoelevation with estimates of the
timing of diversification, geographic origin, ecological
characteristics etc. of lineages endemic to the Heng-
duan region, it may be possible to tease apart historical
pattern and contingency in the floristic assembly of this
biodiversity hotspot.

In summary, we detected morphological homo-
plasy in species of Solms-laubachia s.l. based on their
molecular phylogenetic relationships. In contrast, there
was a clearer phylogenetic signal in species ranges, with
the Hengduan Mountain endemics occupying a derived
position relative to species from the western Himalayas
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and central Asia. We also detected incongruence be-
tween the nuclear and chloroplast gene trees, which
we suggest may be explained by incomplete lineage
sorting of ancestral polymorphisms. Using Bayesian re-
laxed molecular clock analysis and pollen deposit cal-
ibration, we estimated the divergence time of Solms-
laubachia s.l. from its sister group to be between 1.42
and 3.85 mya. Results of DEC model analysis infer cen-
tral Asia and the western Himalayas as the most proba-
ble ancestral range of Solms-laubachia s.l. and estimate
a high rate of eastward movement during the diversifi-
cation of descendant lineages. We suggest that Solms-
laubachia s.l. originated during the Pliocene in central
Asia and subsequently migrated eastward into the Heng-
duan Mountains, colonizing sky-island, alpine scree-
slope habitats that may have provided novel ecological
opportunity and accelerated speciation, ultimately es-
tablishing this region as the present center of diversity
of the genus.
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