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Abstract

It has been suggested that rbcL and matK are the core barcodes in plants, but they are not powerful enough to distinguish

between closely related plant groups. Additional barcodes need to be evaluated to improve the level of discrimination

between plant species. Because of their well-studied taxonomy and extreme diversity, we used Chinese Lysimachia

(Myrsinaceae) species to test the performance of core barcodes (rbcL and matK) and two additional candidate barcodes

(trnH-psbA and the nuclear ribosomal ITS); 97 accessions from four subgenus representing 34 putative Lysimachia species

were included in this study. And many closely related species pairs in subgen. Lysimachia were covered to detect their

discriminatory power. The inefficiency of rbcL and matK alone or combined in closely related plant groups was validated

in this study. TrnH-psbA combined with rbcL + matK did not yet perform well in Lysimachia groups. In contrast, ITS,

alone or combined with rbcL and ⁄ or matK, revealed high resolving ability in Lysimachia. We support ITS as a supplemen-

tary barcode on the basis of core barcode rbcL and matK. Besides, this study also illustrates several mistakes or underlying

evolutionary events in Lysimachia detected by DNA barcoding.
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Introduction

DNA barcoding has been established as a fast and reli-

able way of identifying species by analysing a portion of

their genetic sequence. This technology has been used in

a broad range of applications including creating rapid

biodiversity inventories (Ebihara et al. 2010; Kress et al.

2010), identifying cryptic species (Lahaye et al. 2008;

Newmaster & Ragupathy 2009; Ragupathy et al. 2009)

and detecting misidentifications (Pryer et al. 2010). How-

ever, barcoding depends on having a reliable reference

database of DNA sequences for each species. Unlike the

situation with animals, the identification of suitable plant

DNA barcodes has been the subject of extensive debate,

largely because of the inherently slow rate of nucleotide

evolution in plants and their ability to undergo complex

evolutionary processes such as hybridization and poly-

ploidy (Rieseberg et al. 2006; Fazekas et al. 2009). Conse-

quently, no single plant barcode sequence is accepted to

be universally applicable. Candidate loci including rbcL,

matK, rpoB, rpoC, trnH-psbA, psbK-psbI and atpF-atpH have

been examined individually, but none exhibit sufficient

nucleotide variation by themselves to distinguish

between all species. It has therefore been suggested that

multilocus barcodes might be more useful in plant bar-

coding systems. Chase et al. (2005) and Newmaster et al.

(2006) suggested a stepwise multilocus approach for

identifying species (their approach has also been referred

to as a traffic light approach or a tiered approach), and

other researchers have suggested several candidate bar-

code combinations (Chase et al. 2007; Kress & Erickson

2007; Pennisi 2007). The most authoritative suggestion,

which was published in PNAS by the CBOL Plant Work-

ing Group, involves using portions of the coding genes

rbcL and matK as the core barcodes (CBOL Plant Working

Group 2009). However, because coding regions always

evolve slowly, these two core barcodes are not expected

to perform well in closely related plant species (Spooner

2009; Starr et al. 2009; Ren et al. 2010). Despite these warn-

ings, few studies have examined the performance of

these barcodes in discriminating between closely related
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species (Pettengill & Neel 2010). It would therefore be

desirable to examine the performance of these barcodes

in a wider range of species than has been done to date,

and to evaluate the use of other loci in unique plant

groups, as was proposed at the third International Bar-

code of Life Conference (Mexico 7–13 November 2009).

Noncoding regions exhibit higher rates of substitution

than coding regions and are attractive candidates for use

in plant barcoding systems (CBOL Plant Working Group

2009). Of the many noncoding plastid regions, trnH-psbA

is considered to be the most promising candidate for use

as a third barcode in plants because it evolves rapidly

(Shaw et al. 2005; Kress & Erickson 2007; CBOL Plant

Working Group 2009). In addition, the internal tran-

scribed spacer (ITS) is a promising barcode because it is

commonly used in phylogenetic studies and there is a

large amount of ITS data in GenBank that can be used as

reference material (Chase et al. 2005; Kress et al. 2005).

The ITS region possesses sufficient variation and rela-

tively high discrimination power for many groups (Sass

et al. 2007; Edwards et al. 2008; Ren et al. 2010; Muellner

et al. 2011). Recently, Chen et al. (2010) suggested that

ITS2, a substitute of ITS, could be used as a universal

DNA barcode across plants and animals because of its

relatively high discriminatory power. However, ITS has

not yet been comprehensively evaluated in a sufficiently

wide range of plant groups. Therefore, there is an urgent

need to evaluate the performance of the two most rapidly

evolving candidate barcodes (trnH-psbA and ITS) in

different plant groups.

Lysimachia L. is cosmopolitan, but is most common in

the Northern Hemisphere, and includes approximately

180 species across the world (Hu & Kelso 1996). Lysima-

chia is one of the most intensively studied taxonomic

groups in China; its taxonomy was entirely revised by

Chen et al. (1989) and re-appraised by Hu & Kelso (1996).

China is considered to be the diversity centre of this

genus, being home to approximately 132 species (Hu &

Kelso 1996). The Chinese members of this genus are

divided into five subgenera, subg. Idiophyton Hand.-

Mazz., subg. Lysimachia, subg. Palladia Hand.-Mazz.,

subg. Heterostylandra Chen et C. M. Hu and subg. Naum-

burgia Klatt (Chen et al. 1989). The first three subgenera

are extremely diverse and each comprises more than 30

species, while the other two are monotypic. Subg. Lysima-

chia consists of 58 species in China, but approximately

half are restricted to southwest China (Chen & Hu 1979;

Chen et al. 1989). The relationships between species in

each of the three diverse subgenera are ambiguous,

which indicates that the genus might have experienced

rapid evolution in China (Hao et al. 2004; Anderberg et al.

2007). In addition, many species of this genus have medi-

cal uses, particularly in Asia. For example, Lysimachia

christinae Hance is a famous medicinal herb that is widely

used to cure calculus, and Lysimachia capillipes Hemsl.

can be used to treat influenza (Chen & Hu 1979). Given

the potential uses of these species, their well-studied tax-

onomy and their high diversity in small areas, this genus

is an excellent test case for DNA barcoding. In this study,

we collected several closely related species in Lysimachia

and aimed to (i) evaluate the performance of the core bar-

codes rbcL and matK; (ii) test the level of species discrimi-

nation achievable when using trnH-psbA and ITS as

barcodes in Lysimachia; (iii) identify which locus or com-

bination of loci is most suitable for distinguishing

between species within the genus Lysimachia; and (iv)

find out what useful information will be added to the

taxonomy of the genus provided by DNA barcoding.

Materials and methods

Taxon sampling

Intraspecific sampling is particularly important when

testing the utility of barcoding regions, so more than two

accessions per species were selected in this study. In

total, 97 individuals representing 34 putative Lysimachia

species were included. The corresponding voucher speci-

mens were deposited at the herbaria of the South China

Botanical Garden (IBSC) and ⁄ or Kunming Institute of

Botany (KUN) (Appendix S1, Supporting Information).

Using the classification system described by Chen et al.

(1989), 20 species were from the most diverse subg. Lysi-

machia, while six and seven species belonged to subg.

Idiophyton and subg. Palladia, respectively. Moreover,

Lysimachia crispidens Hemsl., representing the monotypic

subg. Heterotylandra, was also included in our study. Sev-

eral pairs of sister species from the Lysimachia subgenus

were also included, namely Lysimachia christinae and Lysi-

machia dextrosiflora X. P. Zhang, X. H. Guo et J. W. Shao,

Lysimachia hemsleyi Franch. and Lysimachia erosipetala

Chen et C. M. Hu, and Lysimachia hemsleyana Maxim. and

Lysimachia chekiangensis C. C. Wu. These species are all

particularly difficult to distinguish in the field (Chen et al.

1989). Ardisia verbascifolia Mez was used as an outgroup

for the tree-based analysis.

PCR and sequencing

Total genomic DNA was extracted from silica-dried plant

leaves using a modified CTAB protocol (Doyle & Doyle

1987), and then target DNA regions including the two

core barcodes (rbcL and matK), trnH-psbA and ITS were

amplified with common DNA barcoding primers

(Appendix S2, Supporting Information). Specifically, rbcL

was amplified and sequenced using primers rbcLa_f

(Kress & Erickson 2007) and 724R (Fay et al. 1997). Two

primer pairs, 3F-KIM ⁄ 1R-KIM and 3F-KIM ⁄ XF, were
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used to amplify the matK region for all species in this

study (Ford et al. 2009; K. J. K. Kim unpublished). trnH-

psbA was amplified using the universal primers provided

by Sang et al. (1997) and Tate & Simpson (2003). The ITS4

and ITS 5HP primer pair was used to amplify the ITS

region (White et al. 1990; Hershkovitz & Zimmer 1996).

For any failed amplification, we also used other unique

plant ITS primer sets to detect the cause of the failure

(Wen & Zimmer 1996). PCR mixtures (20 lL) each con-

tained approximately 10 ng of template DNA, 1· PCR

buffer (MgCl2 free; TaKaRa), 0.2 lM of each primer,

1.5 mM of MgCl2, 0.2 mM of each dNTP and 1 U Taq EX

polymerase (TaKaRa). Polymerase chain reaction (PCR)

amplification was performed using a PTC-200 thermocy-

cler (Bio-Rad). Amplicons were purified using a DNA gel

cleaning Kit (TaKaRa), and bidirectional sequencing reac-

tions were carried out by Invitrogen Trading Shanghai

Co., Ltd. All sequences were deposited in GenBank

(Appendix S1, Supporting Information).

Data analyses

Raw bidirectional sequences were checked against the

original trace files and verified by a BLASTN search on

GenBank, then assembled by SeqMan�, one of the pro-

grams in the LASERGENE software package (DNASTAR,

Inc.). Alignment data sets for all regions were generated

by MUSCLE (Edgar 2004) and then inspected visually using

Se-Al 2.0a11 (Rambaut 2002). We evaluated four single-

locus barcodes and all possible combinations of them

using three different methods.

Genetic distance–based method. An ideal barcode

should exhibit high interspecific, but low intraspecific

divergence, a so-called barcoding gap. Successful dis-

crimination was confirmed if the minimum K2P-distance

involving a species was larger than its maximum intra-

specific distance (CBOL Plant Working Group 2009; Hol-

lingsworth et al. 2009). Therefore, we calculated pairwise

genetic distances based on the Kimura 2-parameter (K2P)

nucleotide substitution model obtained from MEGA 4.0

(Tamura et al. 2007). We then estimated the presence of

any barcoding gaps, which were estimated whether the

intraspecies distances were larger than interspecies dis-

tances for each pair of regions and for all possible combi-

nations (Hollingsworth et al. 2009; CBOL Plant Working

Group 2009).

Tree-based method. Genetic distance overlap occurs

when intraspecific variation in parts of the tree exceeds

interspecific divergence in other parts of the tree, even

though some species are reciprocally monophyletic to all

others in tree analysis (Meyer & Paulay 2005). Thus, tree-

based analyses provide a convenient method for evaluat-

ing discriminatory performance by calculating the pro-

portion of monophyletic species, which may increase the

resolving power than that provided by distance method.

Neighbour-joining (NJ) trees were constructed for each

individual barcode and the different barcode combina-

tions by PAUP* version 4b10 based on a K2P distance

model (Swofford 2003). Relative support for the branches

of the NJ tree was assessed via 1000 bootstrap replicates.

Only species with multiple individuals forming a mono-

phyletic clade in NJ trees with a bootstrap value above

60% were considered to be successfully identified.

DNA sequence similarity–based method. A sequence

comparison identification approach was conducted with

TaxonDNA based on K2P distances (Meier et al. 2006).

The ‘best match’ and the ‘best close match’ option were

used to determine whether the query sequence matched

correctly. In ‘best match’ analysis, each query is to find

out its closest barcode match. If sequences were from the

same species, then the species is classified as ‘correct’,

whereas mismatched names were counted as ‘incorrect’.

Several equally good best matches from different species

were considered ‘ambiguous’. The ‘best close match’ was

more rigorous, as it depended on a 95% pairwise distance

threshold, as calculated by the ‘pairwise summary’ func-

tion (Meier et al. 2006). All queries whose pairwise

genetic distances between query and reference sequence

above the threshold value were classified as ‘no match’.

And the remaining queries that match below the thresh-

old could be assigned to correct, incorrect and ambigu-

ous respectively, according to the outline above for ‘best

match’ analysis. These tests were only used for species

that were represented by at least two individuals in the

experimental set.

Results

PCR success and sequence characteristics

Successful amplification and high-quality sequences

were obtained for rbcL across all 97 individuals. For matK,

96.9% (94 ⁄ 97) of the sequences were successfully ampli-

fied and sequenced using 3F_KIM and 1R_KIM, and the

three failed sequences were recovered using a newly

developed primer pair, XF ⁄ 3F_KIM (Appendices S1 and

S2, Supporting Information). Sequence alignment was

reliable for rbcL and matK, as no indels existed in the two

regions. In contrast, we met many difficulties in amplifi-

cation, sequencing and alignment for trnH-psbA and ITS;

20.6% (20 ⁄ 97) ambiguous sequences of trnH-psbA

resulted from the presence of two mononucleotide

repeats, which all mainly composed of poly A ⁄ T and

required us to carefully check and manually edit. More-

over, trnH-psbA was extremely difficult to align correctly
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owing to its high level of length variation (ranging from

378 to 473 bp); further alignment was conducted visually

using Se-Al 2.0a11, and 23 indels were found in the trnH-

psbA data matrix.

The amplification success rate attained for ITS was the

lowest of all loci examined in this study across the 97

individuals (92.8%). A total of seven accessions, belong-

ing to Lysimachia clethroides Duby (two accessions), Lysi-

machia hemsleyi (one accession), Lysimachia fistulosa

var. wulingensis Chen et C. M. Hu (one accession), Lysi-

machia heterogenea Klatt (one accession), Lysimachia gram-

mica Hance (one accession) and Lysimachia pentaletala

Bunge (one accession), did not yield clear and unambigu-

ous sequences. However, we could obtain more than two

unambiguous ITS sequences from each of the extant Lysi-

machia species, except L. grammica and L. pentaletala.

These two species individually were represented by sin-

gle ITS sequence (Appendix S1, Supporting Information)

and consequently excluded from following analyses

when ITS alone or combined with plastid regions. These

failed ITS sequences were caused by double peaks in the

whole electropherograms of both strands and could not

be improved despite trying many amplification condi-

tions and primer sets (Wen & Zimmer 1996). The pres-

ence of several indels for ITS did not affect the quality of

alignment. For convenience, variable characters and the

mean intra- and interspecific distances of all four regions

are shown in Table 1.

Species discrimination

The three different analysis methods afforded slightly

different results, but the DNA sequence similarity–based

method showed the highest level of species discrimina-

tion, followed by the NJ tree method (Tables 2 and 3).

Methods were not the subject of this study, thus not

Table 1 Success rates for PCR and sequencing, and sequence characteristics of the four candidate barcodes

rbcL matK trnH-psbA ITS

Length of candidate barcodes (bp) 648 763 378–473 675–688

Alignment length of candidate barcodes (bp) 648 763 579 712

Number of test samples 97 97 97 97

Success rate of PCR and sequencing 100% 100% 100% 92.8%

Number of variable nucleotide sites 39 130 120 319

Mean intraspecific distance (K2P) 0.0005 0.00122 0.002484 0.0121

Mean interspecific distance (K2P) 0.0107 0.024793 0.039842 0.119186

Table 2 Identification success rates for single-locus and multilocus combinations of the four candidate barcodes

Candidate barcodes N

Best match Best close match

Threshold, %Correct Ambiguous Incorrect Correct Ambiguous Incorrect No match

rbcL 97 37 (38.1) 57 (58.8) 3 (3.1) 37 (38.1) 57 (58.8) 3 (3.1) 0 (0.0) 0.30

matK 97 59 (60.8) 33 (34.0) 5 (5.2) 58 (59.8) 32 (33.0) 5 (5.2) 2 (2.1) 0.68

trnH-psbA 97 55 (56.7) 37 (38.1) 5 (5.2) 55 (56.7) 37 (38.1) 5 (5.2) 0 (0.0) 0.94

ITS 88 83 (94.3) 0 (0.0) 5 (5.7) 82 (93.2) 0 (0.0) 5 (5.7) 1 (1.1) 4.40

rbcL + matK 97 59 (60.8) 31 (32.0) 7 (7.2) 58 (59.8) 31 (32.0) 6 (6.2) 2 (2.1) 0.43

rbcL + trnH-psbA 97 68 (70.1) 22 (22.7) 7 (7.2) 67 (69.1) 22 (22.7) 7 (7.2) 1 (1.0) 0.46

rbcL + ITS 88 82 (93.2) 1 (1.1) 5 (5.7) 81 (92.0) 1 (1.1) 5 (5.7) 1 (1.1) 2.25

matK + trnH-psbA 97 76 (78.3) 13 (13.4) 8 (8.2) 75 (77.3) 13 (13.4) 6 (6.2) 3 (3.1) 0.58

matK + ITS 88 82 (93.2) 0 (0.0) 6 (6.8) 82 (93.2) 0 (0.0) 6 (6.8) 0 (0.0) 2.26

trnH-psbA + ITS 88 85 (96.6) 0 (0.0) 3 (3.4) 84 (95.5) 0 (0.0) 3 (3.4) 1 (1.1) 2.86

rbcL + matK + trnH-psbA 97 79 (81.4) 12 (12.4) 6 (6.2) 77 (79.4) 12 (12.4) 5 (5.2) 3 (3.1) 0.49

rbcL + matK + ITS 88 82 (93.2) 0 (0.0) 6 (6.8) 82 (93.2) 0 (0.0) 6 (6.8) 0 (0.0) 1.60

rbcL + trnH-psbA + ITS 88 83 (94.3) 1 (1.1) 4 (4.5) 82 (93.2) 1 (1.1) 4 (4.5) 1 (1.1) 1.87

matK + trnH-psbA + ITS 88 84 (95.5) 1 (1.1) 3 (3.4) 84 (95.5) 1 (1.1) 3 (3.4) 0 (0.0) 1.86

rbcL + matK + trnH-psbA + ITS 88 84 (95.5) 1 (1.1) 3 (3.4) 84 (95.5) 1 (1.1) 3 (3.4) 0 (0.0) 1.40

Number in bracket was calculated by dividing each item by all tested sample, indicating percentage of successful resolution in each

candidate barcode.
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discussed hereafter. In the single-locus analysis, the

lowest discriminatory power was found for rbcL (26.5–

38.1%), followed by matK and trnH-psbA (55.9–60.8% and

50.0–56.7%, respectively), while ITS provided the highest

discrimination rate (68.8–94.3%). Of the two-locus combi-

nations, the core barcodes (rbcL + matK) had the lowest

discriminatory power (47.1–60.8%) (Tables 2 and 3),

showing this combination to be unsuitable for dis-

tinguishing closely related species, such as Lysimachia

christinae and Lysimachia dextrosiflora, L. hemsleyi and

L. erosipetala, and Lysimachia hemsleyana and Lysimachia

chekiangensis, were completely indistinguishable. Slightly

better levels of discrimination levels were attained with

the three-locus combinations than with the two-locus

combinations. Within this group, the resolving power of

three-locus combinations rbcL + matK + trnH-psbA was

lower than that of combinations containing rbcL +

matK + ITS (Tables 2 and 3).

The NJ tree method is the only one of the analytical

methods used that generates a graphical representation

of the results, which is useful in determining the power

of a given locus combination to discriminate between

Lysimachia species, especially when they are closely

related. At the subgenus level, the rate of discrimination

achieved with the chloroplast candidates was 50%. Spe-

cifically, the subg. Idiophyton and Lysimachia could be suc-

cessfully distinguished using any of the single

chloroplast barcodes, individually (with the exception of

rbcL) or in combination, while these cpDNA loci (alone or

combined) were not sufficient for distinguishing between

subg. Palladia and subg. Heterostylandra (Fig. 1b). The

resolving performance at subgenus level obtained with

rbcL + matK + ITS was significantly better (Fig. 1c). Actu-

ally, all four subgenera could be readily distinguished by

using ITS in combination with any of the chloroplast loci

(data not shown).

At the species level, the majority of species in the

subg. Palladia and subg. Idiophyton could be identified

using matK and ⁄ or trnH-psbA sequences, either individu-

ally or in combination with rbcL. Furthermore, Lysimachia

crispidens of subg. Heterostylandra was also readily distin-

guished by any chloroplast candidate barcode. However,

closely related species pairs in subg. Lysimachia were

much more difficult to distinguish on the basis of chloro-

plast loci alone. Specifically, no more than 50% of the

species examined could be identified by single matK,

trnH-psbA and rbcL + matK sequences, and using rbcL +

matK or rbcL + matK + trnH-psbA only increased this to

65% (Fig. 1a,b). In contrast to the relatively poor perfor-

mance achieved with chloroplast loci at the subgenus

level, ITS was sufficiently variable to discriminate

between most of the closely related species. Of the seven

species that were indistinguishable using candidate

chloroplast barcodes (Fig. 1b), five species, L. hemsleyi,

L. hemsleyana, L. chekiangensis, Lysimachia congestiflora

Hemsl. and Lysimachia pardiformis Franch., could be

successfully resolved using ITS, either alone or in combi-

nation with rbcL + matK (Fig. 1c). Only two species,

L. christinae and L. fistulosa Hand.-Mazz., could not be

distinguished using any of the barcode combinations

(e.g. Fig. 1d).

Discussion

The low rate of discrimination obtained using rbcL and
matK in Lysimachia

The discrimination ability of core DNA barcode matK

and rbcL at genus level has been successfully verified in

previous floristic inventories involving situations where

only a limited number of closely related species co-occur

Table 3 Identification success rates obtained using NJ tree and

distance methods for the four candidate barcodes (individually

and in combination)

NJ tree

method*

Distance

method†

rbcL 29.4% (10 ⁄ 34) 26.5% (9 ⁄ 34)

matK 55.9% (19 ⁄ 34) 55.9% (19 ⁄ 34)

trnH-psbA 61.8% (21 ⁄ 34) 50.0% (17 ⁄ 34)

ITS 84.4% (27 ⁄ 32) 68.8% (22 ⁄ 32)

rbcL + matK 58.8% (20 ⁄ 34) 47.1% (16 ⁄ 34)

rbcL + trnH-psbA 64.7% (22 ⁄ 34) 64.7% (22 ⁄ 34)

rbcL + ITS 87.5% (28 ⁄ 32) 71.9% (23 ⁄ 32)

matK + trnH-psbA 67.6% (23 ⁄ 34) 64.7% (22 ⁄ 34)

matK + ITS 87.5% (28 ⁄ 32) 75.0% (24 ⁄ 32)

trnH-psbA + ITS 93.8% (30 ⁄ 32) 84.4% (27 ⁄ 32)

rbcL + matK + trnH-psbA 73.5% (25 ⁄ 34) 67.6% (23 ⁄ 34)

rbcL + matK + ITS 87.5% (28 ⁄ 32) 78.1% (25 ⁄ 32)

rbcL + trnH-psbA + ITS 93.8% (30 ⁄ 32) 84.4% (27 ⁄ 32)

matK + trnH-psbA + ITS 93.8% (30 ⁄ 32) 81.3% (26 ⁄ 32)

rbcL + matK + trnH-psbA + ITS 93.8% (30 ⁄ 32) 78.1% (25 ⁄ 32)

*Based on the proportion of monophyletic species with >60%

bootstrapping.
†Based on the proportion of species with a minimum interspe-

cific distance larger than its maximum intraspecific distance.

Fig. 1 Neighbour-joining tree for Lysimachia generated using (a) the rbcL + matK combination, (b) the rbcL + matK + trnH-psbA combi-

nation, (c) rbcL + matK + ITS and (d) all four loci examined in this study. Asterisks along branches indicate monophyletic species with

bootstrap values above 60%. Accessions are suffixed by voucher numbers, and corresponding subgenera are colour-coded. Unresolved

species and those whose identification was ambiguous when analysed using all four loci (d) are highlighted with grey shadowing.
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L. insignis Hao245
L. insignis GBOWS645
L. insignis GBOWS879
L. insignis GBOWS742
L. insignis GBOWS283

L. pittosporoides GBOWS118
L. pittosporoides Hao248

L. capillipes Hao389
L. capillipes Y2009200

L. heterobotrys Y2010053-1
L. heterobotrys Y2010053-2

L. chapaensis GBOWS704
L. chapaensis GBOWS878

L. laxa Han6
L. laxa GBOWS934

L. grammica Y2010012
L. grammica Hao209

L. omeiensis Y2010033
L. omeiensis Hao224

L. melampyroides Li8174 
L. melampyroides Deng15945

L. hemsleyi Hao713
L. hemsleyi Y2010057

L. hemsleyi Hao730
L. erosipetala Y2010037-1
L. erosipetala Y2010037-2
L. fistulosa var. fistulosa Hao293

L. phyllocephala Y2010030
L. phyllocephala Y2010048

L. phyllocephala GLM07662
L. rubiginosa Hao704
L. rubiginosa Y2010036
L. rubiginosa Hao419

L. fistulosa var. wulingensis Ning20101
L. congestiflora Y2010051

L. congestiflora Y2009196
L. fistulosa var. wulingensis Xia et al. s.n.
L. congestiflora Y2009266

L. deltoidea var. cinerascens Hao & Yan1033
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in a single floristic region or ecological community

(Lahaye et al. 2008; Kress et al. 2009; Kelly et al. 2010).

However, when rbcL and matK have been used to distin-

guish between closely related species or for an exhaus-

tively sampled genus, the rate of species discrimination

dropped significantly. For example, rbcL could only iden-

tify 45% of Eurasian yew species (Taxus L., Taxaceae)

(Liu et al. 2011) and only 10% of Alnus species (Ren et al.

2010). In this study, although rbcL was easy to amplify

and sequence, as reported in other studies, it exhibited

the lowest rate of species discrimination (25.7–32.3%) of

all four candidate barcodes. The matK locus is considered

to be a more promising and variable barcode than the

more slowly evolving rbcL (Lahaye et al. 2008; Hollings-

worth et al. 2009; Starr et al. 2009; Kelly et al. 2010). How-

ever, its primer universality often limits its use as

barcode. Recently, many new designed primers and bet-

ter amplification strategies are being developed (e.g.

Dunning & Savolainen 2010; Li et al. 2011). Among the

primer pairs published, 3F_KIM ⁄ 1R_KIM designed by

Kim (unpublished) is the best currently universal primer

pair (Hollingsworth et al. 2011). The primer pair is suc-

cessful in Lysimachia owing to its universality in all extant

Lysimachia species and a total of 96.7% PCR and sequenc-

ing success. Just three accessions belonging to three dif-

ferent species had to be recovered by adding a new

primer set (XF ⁄ 3F_KIM). As a substitution of 1R_KIM,

XF has been proved its utility in Lysimachia and Primula

(Yan et al. 2011) but needs further studies in other plant

groups. Given the high amplification and sequencing

success of 3F_KIM ⁄ 1R_KIM, we recommend that the pri-

mer set should be used in priority in Lysimachia, and mul-

tiple primers strategy for matK is necessary at present

(Dunning & Savolainen 2010). Besides its primer limita-

tion, matK has been shown to give very low identification

rates when used in closely related groups such as Alnus

(Ren et al. 2010) and Solanum sect. Petota (Spooner 2009).

The performance of matK has often been overestimated

because it is rarely tested against sister species. When this

locus was used in more closely related groups in Carex,

the discrimination rate was 50–60% (Starr et al. 2009).

This value increased significantly to 95% in the identifica-

tion of Canadian Arctic Archipelago Carex (Clerc-Blain

et al. 2010).

Unsurprisingly, on the basis of the NJ tree analysis,

only 19 of the 34 Lysimachia species examined in this work

could be differentiated successfully when using matK

alone (Table 3). Furthermore, the rates of discrimination

obtained using the core rbcL + matK combination (47.1–

60.82%) were the worst of all six of the possible two-locus

combinations examined. For instance, within the Lysima-

chia subgenus, the NJ tree obtained using rbcL + matK

indicated that only 50% of the species could be distin-

guished, and members of several complex groups in this

subgenus, such as Lysimachia christinae and Lysimachia dex-

trosiflora, Lysimachia hemsleyi and Lysimachia erosipetala,

and Lysimachia hemsleyana and Lysimachia chekiangensis,

were completely indistinguishable. Although these two

barcodes have good sequence quality and are easy to

amplify and sequence, their poor performance in resolv-

ing Lysimachia species has largely prevented their wide-

spread use as a barcode in the genus Lysimachia. The

inherently slow evolution of chloroplast genes is the

main cause for their poor performance in closely related

plant groups, indicating that it will be necessary to focus

on more rapidly evolving regions of the chloroplast

genome or nuclear genome such as intergenic spacers and

introns.

On the resolving power of trnH-psbA and ITS in
Lysimachia

trnH-psbA has been the preferred barcode locus in many

studies because of its high variability (Lahaye et al. 2008;

Newmaster et al. 2008; Nitta 2008; Ren et al. 2010), univer-

sal primer pairs and relatively short length (Shaw et al.

2005). However, a major problem of the region was prev-

alence of homopolymer runs, which make it difficult to

obtain high-quality sequences (Shaw et al. 2005; Chase

et al. 2007; Fazekas et al. 2008; Devey et al. 2009; CBOL

Plant Working Group 2009). Sequencing problems

caused by mononucleotide repeats are also occurred in

Lysimachia, and we found two microsatellite stretches in

trnH-psbA sequences. One main repeat region located at

the 3¢ end and consequently caused 20.6% ambiguous

sequences. Although microsatellite itself in chloroplast is

a powerful tool for population genetics and always asso-

ciated with mutational hotspots in the chloroplast gen-

ome (Weising et al. 2005), it provided little information in

the genus, as only three species could be readily distin-

guished by microsatellites alone (data not shown). More-

over, the limited variation at this locus made it

impossible to distinguish between certain Lysimachia spe-

cies when using trnH-psbA alone or in combination with

the core barcodes rbcL and ⁄ or matK (Tables 2 and 3). For

instance, the combination rbcL + matK + trnH-psbA could

not distinguish seven species in subg. Lysimachia, while

five of them could be successfully resolved by rbcL +

matK + ITS (Fig. 1). This locus therefore has only limited

utility as the third barcode in this genus.

There is little doubt that faster evolving regions in

plants exist in nuclear genome, which will enable to

increase resolving power when they are used as bar-

codes. Low-copy nuclear regions were considered as the

promising barcodes in future. However, there is still

much work to do before they become acceptable

barcodes regarding the lack of primer universality

and difficulties in amplifying from even moderately
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degraded DNA samples (Chase et al. 2005; Hollings-

worth et al. 2011). For example, several low-copy nuclear

markers (such as Leafy, Adh and GBSSI) have been suc-

cessfully applied into many plant phylogenetic studies,

but failed in the genus Lysimachia. In contrast to low-copy

nuclear regions, the multicopy character of ITS makes it

easy to be retrieved from degraded material (such as

herbarium specimens) or low-quality DNA (Mort &

Crawford 2004; Kress et al. 2005), which were validated

in this study. In addition, ITS has been successfully used

in phylogenic reconstruction for Lysimachia and provided

more informative characters against other plastid region

(trnL-trnF) (Hao et al. 2004), which indicates ITS will be

more suitable as the barcode than low-copy nuclear and

plastid regions in Lysimachia.

Although ITS was proposed as a universal DNA bar-

code at the early stages of plant barcoding (Chase et al.

2005; Kress et al. 2005), its utility is still a subject of debate

(Sass et al. 2007; Edwards et al. 2008; Spooner 2009; Ren

et al. 2010). ITS has some drawbacks that largely prevent

its widespread use: it is prone to contamination from fun-

gal epiphytes or endophytes (Zhang et al. 1997; Mayol &

Rosselló 2001), exhibits incomplete concerted evolution

(Álvarez & Wendel 2003; Nieto Feliner & Rosselló 2007)

and can be difficult to amplify in some groups (e.g. gym-

nosperms, ferns and mosses) (Kress & Erickson 2007). In

this study, we failed to obtain seven readable ITS

sequences from six Lysimachia species and deleted two

species (Lysimachia grammica and Lysimachia pentaletala)

from further analyses. However, more ITS sequences for

these failed species could be retrieved when increasing

sampling.

Recent theoretical and empirical studies suggested

that markers experiencing high rates of gene flow should

better differentiate species (Du et al. 2009; Petit & Excof-

fier 2009; Zhou et al. 2010). As shown earlier, the chloro-

plast barcodes rbcL and matK and candidate barcode

trnH-psbA did not perform well. However, when used by

itself or in combination with core barcodes (rbcL and ⁄ or

matK), ITS was capable of distinguishing between most

of the closely related Lysimachia species examined,

including L. hemsleyi, L. hemsleyana, L. chekiangensis, Lysi-

machia congestiflora and Lysimachia pardiformis (Tables 2

and 3; Fig. 1c,d). This suggests that ITS exhibits suitable

inter- and intraspecific divergence in Lysimachia. Com-

pared with the performance of rbcL + matK and rbcL +

matK + trnH-psbA, the combination of rbcL + matK + ITS

exhibited the best resolving possibility. Considering its

high level of species resolution and relatively successful

amplification and sequencing, we support the opinion of

ITS as a supplementary barcode on the basis of core bar-

code matK and rbcL in Lysimachia. However, the perfor-

mance should be evaluated in extensive trials in different

plant groups.

Implications of DNA barcoding for the current taxon-
omy of Lysimachia

Despite the poor performance of DNA barcoding in some

plant complexes (e.g. Spooner 2009), DNA barcoding

does have utility in many plant groups, e.g. Acacia (New-

master & Ragupathy 2009), Agalinis (Pettengill & Neel

2010), Alnus (Ren et al. 2010) and Tolpis (Mort et al. 2010).

The results obtained in this study provide further evi-

dence for the efficiency of DNA barcoding. The candidate

barcodes could effectively distinguish between all four

subgenera and between most of the Lysimachia species,

even those belonging to complex groups within this sub-

genus. In addition to facilitating rapid identification by

nonspecialists, DNA barcoding may be a useful tool for

taxonomy (Cowan et al. 2006). This method can help

assign ambiguous specimens to known species in cases

involving immature, partial or damaged specimens and

may be useful in identifying potential cryptic species and

providing supplementary data for species delimitation

studies (Schindel & Miller 2005).

In previous DNA barcoding studies on a single genus,

morphologically ambiguous specimens could be sorted

by DNA barcoding (e.g. Mort et al. 2010). In the present

study, one accession (GLM-07662) initially identified as

L. hemsleyi always clustered with Lysimachia phyllocephala

Hand.-Mazz. (Fig. 1a–d). Confusion often occurs

between L. phyllocephala var. polycephala Chen et C. M.

Hu and L. hemsleyi in their early blooming stages,

because both are characterized by nearly glabrescent and

terminal inflorescence. The assignment of ambiguous

specimens to L. phyllocephala by DNA barcoding was

supported by the morphological characteristics of the

plants’ pollen, which are important in the classification of

Lysimachia (Bennell & Hu 1983). The pollen of L. hemsleyi

was coarsely reticulate (Appendix S3, G; unpublished

results from our laboratories, Supporting Information),

while that of L. phyllocephala (Y2010046) and L. hemsleyi

(Y2010057) exhibited a finely reticulate exine sculpture

(Appendix S3, C and I, Supporting Information).

In addition to facilitating the identification of ambigu-

ous specimens, DNA barcoding could also help in resolv-

ing taxonomic uncertainties. For example, Edwards et al.

(2008) suggested that five Aspalathus species with identi-

cal sequences should be treated as one species according

to Van Steenis’ definition of the concept (1957). However,

analysis of these plants’ NJ trees (Fig. 1d) showed that

L. dextrosiflora (Y2009265) was always clustered with

L. christinae. Lysimachia christinae is a widespread and

polymorphic species that exhibits continuous variation in

many of its characteristics, including the form of the

calyx lobes (Hu & Kelso 1996). The morphology of

the putative new species L. dextrosiflora was similar

to L. christinae in most respects, but differed in that its
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corolla lobes are right-contorted and in its limited distri-

bution range (Shao et al. 2006). Our analysis suggests that

L. dextrosiflora should be treated as a subspecies of

L. christinae.

Studies on various animals, including butterflies

(Hebert et al. 2004; Burns et al. 2008) and fig wasps (Xiao

et al. 2010), have established that DNA barcoding is use-

ful in identifying cryptic species. This has also proven to

be the case in plants (e.g. Lahaye et al. 2008; Newmaster &

Ragupathy 2009; Ragupathy et al. 2009; Starr et al. 2009).

In this study, one Lysimachia fistulosa accession (Hao 293)

did not cluster with the other two accessions of this spe-

cies (Ye et al. 3561 and Ning 20101) (Fig. 1d). On the basis

of their morphological characteristics, the former was

identified as L. fistulosa var. fistulosa, while the latter was

considered to be L. fistulosa var. wulingensis Chen et C. M.

Hu. These two varieties were different with respect to

their glabrous or pubescent stems, and their geographic

ranges did not overlap (Hu & Kelso 1996). DNA bar-

coding divergence and the morphological differences

provide strong evidence for the existence of cryptic

species in L. fistulosa, which warrants further study.

Conclusion

Poor performance of two core barcodes rbcL and ⁄ or matK

in resolving Lysimachia species indicates that additional

barcodes should be used in this complex group. The suc-

cess of ITS in distinguishing between members of closely

related Lysimachia species highlights its potential utility

for DNA barcoding in plants. Divergence of paralogous

(incomplete concerted evolution) and the failure to find

universal primers in many plant groups (Kress & Erickson

2007) make ITS difficult to apply into a broad range of

plant species, but ITS may be the best nuclear locus at

present as a local barcode when low resolving levels of

core barcodes (rbcL and matK) are encountered in several

complex groups (Chase et al. 2007). Therefore, we recom-

mend that the concise combination rbcL + matK + ITS is

the best choice in Lysimachia. Besides the success in

Lysimachia, the ambiguous result in several species may

indicate the underlying misidentification, improper taxo-

nomical treatment and cryptic speciation in the genus.

Given the relative success and implication in taxonomy,

we propose that our ability to identify plant species will

be largely enhanced by a reliable barcoding reference

database with a thorough study of plant groups including

a detailed analysis of morphological characters.
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Liu J, Möller M, Gao L-M, Zhang D-Q, Li D-Z (2011) DNA barcoding

for the discrimination of Eurasian yews (Taxus L., Taxaceae) and

the discovery of cryptic species. Molecular Ecology Resources, 11, 89–

100.
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