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ABSTRACT. The morphological species concept is based on morpho-
logical traits, which are often subject to subjectivity or artifact. Molecular 
evidence is needed to test the reliability of morphological classification 
of taxa that are controversial and to provide appropriate taxonomic de-
limitation. In this study, we used 15 single-copy nuclear loci and 2 chlo-
roplast fragments to verify the morphological classification of the Salix 
matsudana Koidz. complex using phylogenetic approaches. Complete se-
quence alignment showed slight diversification in nuclear sequences and 
no variety in chloroplast DNA fragments. Phylogenetic trees revealed a 
monophyletic group consisting of all individuals of S. matsudana and 2 
clades within this group, with a 100% bootstrap support value and 1.00 
posterior probability. The topology of the phylogenetic trees was highly 
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consistent with the morphological classification of the S. matsudana com-
plex. Verifying the genetic background of these classification units based 
on remarkable morphological differences will provide a foundation for 
future studies of Salix and the breeding of new horticultural varieties.
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INTRODUCTION

Species is the essential unit of concern in biodiversity, conservation, and other biolog-
ical properties (Bradley and Baker, 2001). Various concepts of species have been developed 
(Fraser and Bernatchez, 2001). The morphological species concept is defined mainly based 
on the description of outlier taxonomic characters of different classification units. The phylo-
genetic species concept recognizes species as an irreducible cluster of individuals that is dis-
tinct from other clusters and within which there is an obvious pattern of ancestry and descent 
(Cracraft, 1989), or a species is a monophyletic group of common ancestry (de Queiroz and 
Gauthier, 1990). The development of molecular systematics over the past several decades has 
greatly advanced the phylogenetic species concept (Amato and Montresor, 2008). An inevi-
table aspect of morphological classification is the subjectivity or artifact, and thus molecular 
evidence is needed to test the reliability of morphological classification of taxa that are con-
troversial (Su et al., 2012).

Salix matsudana Koidz. has 1 varietas and 3 forma, including S. matsudana var. 
pseudo-matsudana, S. matsudana f. pendula, S. matsudana f. tortuosa, and S. matsudana 
f. umbraculifera (Wu, 1999). Compared with S. matsudana var. matsudana, the annual 
branches of S. matsudana var. pseudo-matsudana, S. matsudana f. tortuosa, and S. matsu-
dana f. pendula are long and drooped. The pistillate flower of S. matsudana var. pseudo-
matsudana contains 1 gland, while the other classification units contain 2. The branch of 
S. matsudana f. tortuosa is curly, which is distinctive in Salix. The tree form of S. matsu-
dana f. umbraculifera is significantly different from other classification units, the crown 
of which is hemispherical and appears as a steamed bread. Because of the remarkably 
different morphological characters, it remains unclear whether these classification units 
should be treated as different species or as subspecies. Verifying the placement of these 
classification units and clarifying their evolutionary relationships will not only provide 
molecular evidence for the classification of controversial taxa but also set a foundation 
for future studies of functional genes related to horticultural traits. In this study, a phylo-
genetic approach based on the concordance of multiple single-copy orthologous nuclear 
loci and chloroplast sequences was utilized to testify the reliability of morphological clas-
sification and to evaluate the evolutionary relationships of different classification units in 
the S. matsudana complex.

MATERIAL AND METHODS

The biological material was sampled from the Beijing Botanical Garden and Summer 
Palace. Three to six individuals of each classification unit were sampled. Fresh leaves were 
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Table 1. Details of the materials sampled. 

Samples No. of individuals Latitude Longitude Altitude (masl)

S. matsudana var. matsudana 5 39°59'N 116°12'E   73
S. matsudana var. pseudo-matsudana 4 45°48'N 126°31'E   52
S. matsudana f. tortuosa 5 39°59'N 116°16'E   67
S. matsudana f. pendula 5   
S. matsudana f. umbraculifera 5   
S. arbutifolia 1 40°43'N 124°47'E 433
S. triandra 1 47°22'N   87°47'E   20
S. raddeana 1 40°41'N 117°14'E 410
P. euphratica 1 47°41'N   86°49'E 670

masl, meters above sea level.

collected and dried immediately with silica gel. Populus euphratica, Salix arbutifolia, Salix 
triandra, and Salix raddeana were used as outgroups in phylogenetic analysis. Details of the 
materials sampled are listed in Table 1. 

Table 2. Primers used for rbcl and trnK in this study (primers underlined are internal sequencing primers).

Locus Primer Sequence (5'-3') Ta (°C) References

trnK trnKF GGGTTGCCCGGGACTCGAAC 58 modified from Demesure et al. (1995)
 trnkR ATTGGATTTGCTGTGATA  
 trnK-3F ACTAATGGGATGTCCTACTG  Wang et al. (2014)
 trnK-3R GATTTCTAGTCACCTATTAC  
rbcl rbclF ATGTCACCACAAACAGAAACT 56 Bobowski et al. (1999)
 rbclR CTTCACAAGCAGCAGCTAGTTCAGGACTCC  

DNA extraction, polymerase chain reaction amplification, and sequencing

The primers used for amplifying and sequencing single-copy nuclear loci in this study 
were developed in our previous study (Du et al., 2014). Primers for chloroplast DNA (cpDNA) 
rbcl and trnK are listed in Table 2. All DNA sequences of this study have been submitted to 
GenBank (#KJ101449-KJ101504 and #KJ155027-KJ155446).

Total genomic DNA was extracted from 30 mg leaf tissue from each individual using 
a modified protocol that has been described previously (Doyle, 1987). Polymerase chain reac-
tion was performed in a total volume of 30 μL containing 10-60 ng genomic DNA, 0.8 μM of 
each dNTP, 2.4 μM of each primer, 0.15 U exTaq DNA polymerase (TaKaRa, Shiga, Japan), 
and 2.0 mM MgCl2. Amplification was carried out in a temperature gradient 96 U thermocy-
cler (Applied Biosystems, Foster City, CA, USA) as follows: 5 min at 94°C, followed by 35 
cycles of 30 s at 94°C, 60 s at 50-60°C (depending on the annealing temperature of specific 
primers and length of the amplified regions), 90 s at 72°C, and a final extension at 72°C for 
10 min. Products were examined by agarose gel electrophoresis and purified using a DNA 
Purification kit (Amersham Pharmacia Biotech, Piscataway, NJ, USA). The purified DNA 
was directly sequenced using an ABI 3730XL DNA analyzer (Applied Biosystems). The same 
primers were utilized for amplification and sequencing.
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Data analysis

The assembled contigs of each individual were aligned using CLUSTAL X (Thompson 
et al., 1997) and refined manually in BioEdit (Hall, 1999). Homogeneity across nuclear DNA 
was tested using the incongruence length difference test (Farris et al., 1994) as implemented 
in PAUP* 4.0b10* (Swofford, 2003). A heuristic search was performed with 10 random ad-
dition replicates and tree-bisection-reconnection branch swapping. Phylogenetic trees were 
reconstructed using maximum parsimony (MP) and Bayesian methods. MP analysis was 
conducted in PAUP* 4.0b10* (Swofford, 2003), with all characters equally weighted and 
treated as unordered and gaps treated as missing data. A heuristic search was performed with 
tree-bisection-reconnection branch swapping, MULPARS option, and RANDOM stepwise 
addition with 1000 replicates. Topological robustness was assessed by bootstrap analysis 
with 1000 replicates using simple taxon addition (Felsenstein, 1985). An appropriate nu-
cleotide substitution model for each locus was determined using Modeltest 3.7 (Posada, 
2003). Models were chosen mainly based on the Akaike information criterion and used 
for subsequent Bayesian analysis. Bayesian analysis was conducted using Mrbayes 3.2.1 
(Ronquist and Huelsenbeck, 2003). Two independent runs of Metropolis-coupled Markov 
chain Monte Carlo were conducted simultaneously, with each run including 1 cold chain 
and 3 incrementally heated chains, starting randomly in the parameter space. A total of 
2,000,000 generations were run, and trees were sampled once every 100 generations. The 
Tracer v1.5 program (Drummond and Rambaut, 2007) was utilized to evaluate stationary 
characteristics. The first 25% of sampled trees were discarded as burn-ins, and the posterior 
probabilities were calculated from the remaining trees. The phylogenetic trees were viewed 
in FigTree v 1.3.1 (Rambaut, 2008).

RESULTS

Sequence characteristics

We successfully obtained all 15 nuclear DNA sequences and 2 cpDNA fragments 
for all individuals. The characteristics of the 17 loci and their most appropriate nucleotide 
substitution models are summarized in Table 3. After removing regions showing ambiguous 
alignment, the aligned length of the nuclear loci ranged from 329 to 1054 bp with a total 
length of 8599 bp. The number of variable and informative sites ranged from 1-34 and 1-32, 
with total numbers of 218 and 203, respectively. The sequence length of rbcl ranged from 
978 to 1329 bp, with an aligned length of 924 bp. The aligned length of trnK was 2440 bp, 
and the sequencing length varied from 2445 to 2562 bp, in which there was an indel of 21 
bp. Unexpectedly, no variable sites were detected in the rbcl and trnK sequences of all 24 
individuals of S. matsudana. To confirm this, we repeated the amplification and sequencing 
for all individuals and observed the same result.

Phylogenetic analysis of the nuclear loci

Phylogenetic trees generated based on individual nuclear DNA sequences were 
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Table 3. Characteristics of nuclear and cpDNA loci and the combined data (excluding outgroups).

Locus Aligned No. of variable  No. of informative  Nucleotide Gamma shape
(without outgroups) length sites (%) sites (%) substitution model parameter

Nuclear DNA
   DSL 1   426   25 (5.87)   24 (5.63) HKY+I+G 0.2473
   DSL 2   329     3 (0.91)     2 (0.61) F81 equal
   DSL 3   540   24 (4.44)   24 (4.44) JC equal
   DSL 4   427     4 (0.94)     4 (0.94) JC equal
   DSL 5   403     6 (1.49)     6 (1.49) F81 equal
   DSL 6   473   12 (2.54)   12 (2.54) F81 equal
   DSL 7   390   10 (2.56)     9 (2.31) HKY equal
   DSL 8   476     1 (0.21)     1 (0.21) F81 equal
   DSL 24 1054   25 (2.37)   22 (2.09) F81+I+G 0.6230
   DSL 25   635   10 (1.57)     9 (1.42) F81 equal
   DSL 26   504     2 (0.40)     1 (0.20) JC equal
   DSL 28   825   28 (3.39)   27 (3.27) F81+I+G 1.1356
   DSL 29   834   34 (4.07)   32 (3.84) TrN+I+G 0.8756
   DSL 33   531   23 (4.33)   21 (3.95) F81+I+G 0.5468
   DSL 35   752   11 (1.46)     9 (1.20) F81 equal
   Concatenated data 8599 218 (2.54) 203 (2.36) HKY+I+G 0.6165
cpDNA
   rbcl   924 0 0
   trnK 2440 0 0

very similar to each other (results not shown). The incongruence length difference test 
showed significant incongruence among the nuclear DNA sequences (P = 0.03). However, 
previous studies have examined the limitations of this statistical test (Hipp et al., 2004; 
Quicke et al., 2007). Therefore, we combined the 15 individual nuclear DNA loci into a sin-
gle data set to sufficiently reconstruct the phylogeny of classification units in S. matsudana.

The combined data set generated the 121 most parsimonious trees of 837 steps with 
a consistency index of 0.81 and a retention index of 0.71 using the MP method, which re-
covered a fully resolved monophyletic group consisting of all 24 individuals with a 100% 
bootstrap support value (Figure 1). This group was also yielded through Bayesian analysis 
with a 1.00 posterior probability (Figure 2). Within the monophyletic group, all individu-
als were subdivided into 2 clades (I and II) with 100% bootstrap support and 1.00 posterior 
probability. Individuals of S. matsudana var. pseudo-matsudana clustered in clade I, while 
the sister clade, clade II, comprised the remaining individuals. Within this clade, individu-
als of different classification units were scattered and most braches were polytomic. In the 
Bayesian phylogenetic tree, several branches with relatively high posterior probability were 
recovered. However, not all individuals of the same classification unit were clustered to-
gether in 1 branch or individuals from different classification units linked to each other in 
1 clade. For example, 3 individuals of S. matsudana f. pendula grouped into 1 clade, but 
the remaining samples clustered with S. matsudana f. umbraculifera and S. matsudana var. 
matsudana in another clade. Furthermore, these branches were not supported or showed 
relatively low bootstrap support values in the MP tree.

DISCUSSION

With a large data set of combined 15 single-copy nuclear loci and 2 cpDNA frag-
ments, the phylogeny of the S. matsudana complex was reconstructed (Figures 1 and 2). All 
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Figure 1. Phylogenetic tree reconstructed based on the MP method. Numbers after scientific name indicate the 
individual order. Bootstrap support values are listed next to nodes.
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Figure 2. Phylogenetic tree reconstructed based on the Bayesian method. Numbers after scientific names indicate 
the individual order. Posterior probabilities are listed next to the nodes.
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individuals of S. matsudana grouped together as a monophyletic group separate from the out-
group species with 100% bootstrap support value or 1.00 posterior probability, revealing the 
close relationships between classification units.

In the 2 phylogenetic trees, individuals of S. matsudana var. pseudo-matsudana formed 
a single clade sister to other remaining individuals with 100% bootstrap and 1.00 posterior prob-
ability (Figures 1 and 2). Furthermore, S. matsudana var. pseudo-matsudana showed significant 
morphological differences from other classification units as the only varietas in the S. matsudana 
complex. The female flower has only 1 gland, while the others have 2 (Wu, 1999). Based on the 
nuclear phylogenetic trees and no variable sites in cpDNA fragments, we support the traditional 
classification of S. matsudana var. pseudo-matsudana as a varietas in S. matsudana. 

The remaining classification units showed significant morphological differences; 
however, slight differences were detected at the molecular level (clade II in Figures 1 and 
2). Furthermore, no variable sites existed in cpDNA fragments. Although some nodes were 
supported by high posterior probability (>95%) in the Bayesian phylogenetic tree, it is well-
known that posterior probability calculated from actual data for some clades often appears 
to be too high (Yang and Rannala, 2012). Furthermore, internal nodes within clade II were 
supported by a low bootstrap support value (~50%) in the MP tree. Overall, the classification 
units were not sufficiently diversified at the molecular level and thus were classified as differ-
ent forma with close evolutionary relationships.

The number of variable sites in the 15 single-copy nuclear loci of the 24 individuals 
was relatively high; however, extremely weak resolution in the phylogenetic trees showed that 
most of the variation was commonly shared by these classification units. Furthermore, there 
were no variable sites in the cpDNA rbcl and trnK sequences, which have been widely utilized 
in phylogenetic studies at the species or genus level (Kusumi et al., 2000; Soltis et al., 2001; Fan 
and Xiang, 2003; Guo and Ge, 2005; Tang et al., 2010). Shared variation in nuclear loci and no 
variation in cpDNA sequences of the classification units indicated that these classification units 
were not sufficiently diverse to be treated as different taxonomic species and that they belonged 
to 1 species, S. matsudana, both according to the morphological and phylogenetic species con-
cept. The conspicuous morphological differences among the varietas and forma of S. matsu-
dana may result from the differential expression of a small number of genes or a unique gene. 
Determining the genetic background of the morphological differences will set the stage for a 
broad range of future studies in S. matsudana and the breeding of new horticultural varieties.
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