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The aim of DNA barcoding is to enable fast and accurate species identification. However, universal plant DNA 
barcodes often do not provide species-level discrimination, especially in taxonomically complex groups. Here we use 
Lauraceae for the design and evaluation of DNA barcoding strategies, considering: (1) the efficacy of taxon-specific 
DNA barcode regions compared with universal barcodes for species discrimination; and (2) how the extent of intra- and 
interspecific sampling affects species discrimination rates. To address these areas, we targeted the highly polymorphic, 
taxon-specific barcode regions ycf1 + ndhH–rps15 + trnL–ycf2 for Lauraceae and compared them against the suite of 
standard plastid loci used for DNA barcoding (rbcL + matK + trnH–psbA) and the standard nuclear barcode ITS. The 
highest discrimination success came from nrDNA ITS, whereas the plastid regions (rbcL + matK + trnH–psbA) and 
the taxon-specific regions (ycf1 + ndhH–rps15 + trnL–ycf2) showed limited and inconsistent resolution. These results 
highlight that taxon-specific plastid barcodes may provide limited gains in discriminatory power in complex, closely 
related groups like Lauraceae. Moreover, our study showed that species discrimination greatly depends on the taxon 
sampling scheme, with relatively lower species discrimination observed where there is more comprehensive intra- and 
interspecific sampling. The outstanding challenge for plant DNA barcoding is the development of assays that allow 
routine low-cost access to large numbers of nuclear markers to facilitate the sequencing of large numbers of individuals.

ADDITIONAL KEYWORDS:  DNA barcoding – ITS – phylogenetics – plastid DNA – specific barcode design.

INTRODUCTION

The goal of DNA barcoding is to tell species apart 
using DNA sequencing. Three plastid regions (rbcL, 

matK and trnH–psbA) plus the nuclear ribosomal 
DNA internal transcribed spacer region ITS, or their 
combination, are widely used as standard barcodes 
for plants (CBOL Plant Working Group, 2009; China 
Plant BOL Group, 2011). However, for complex and 
closely related taxa, these regions often lack adequate 
variation (Li et al., 2015; Wang et al., 2018), resulting 
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in low species discrimination rates. To overcome this 
problem, more variable sequence regions may be used 
to supplement the standard plant barcodes and provide 
more informative characters to help distinguish taxa. 
However, although this approach can be promising, 
these high-variability plastid regions can still fail to 
discriminate taxa if the plastid genome does not track 
species boundaries (Percy et al., 2014), and careful 
testing is required prior to their wider deployment.

DNA barcoding studies vary dramatically in their 
taxonomic scope and number of individuals and species 
sampled, ranging from a few to thousands of individuals 
(Table 1). Broad-scale DNA barcoding studies with a 
wide phylogenetic scope and limited sampling of sister 
species, such as floristic surveys or studies comparing the 
relative performance of barcode markers, often find large 
genetic distances and reasonable taxon discrimination 
(CBOL Plant Working Group, 2009; China Plant BOL 
Group, 2011). In contrast, in monographic studies 
when the focus is on a specific family, genus or group 
of species, discrimination rates are often much lower, 
e.g. in Lauraceae (Liu et al., 2017) and Rhododendron 
L. (Yan et al., 2015) (Table 1). Numerous studies have 
found that the standard barcodes often do not provide 
species level resolution (e.g. Lahaye et al., 2008; Little, 
2014; Pei et al., 2015; Yan et al., 2015; Liu et al., 2017), 
with these universal barcodes limited in their ability 
to correctly identify related species due to low levels 
of sequence variability (Pei et al., 2015). The success 
of DNA barcodes in discriminating related species 
may also be contingent upon the evolutionary and/or 
biogeographic histories of the taxonomic group tested, 
with particular challenges in recent species radiations 
and groups characterized by hybridization.

To overcome these resolution issues, researchers 
have suggested designing taxon-specific barcodes to 
improve discrimination in a given group (Takahiro 
et al., 1999; Hadziavdic et al., 2014; Shen et al., 2019; 
Chen et al., 2020). For example, Chen et al. (2020) used 
ycf1 and psbM–psbD to identify species of Fritillaria 
L., with a success rate of 87.5%, equivalent to the 
universal barcode matK (87.5%) but preferable to ITS 
(62.5%), rbcL (62.5%) and trnH–psbA (25%).

Four of the dominant elements of the subtropical 
evergreen broadleaved forests in East Asia are 
Theaceae, Fagaceae, Magnoliaceae and Lauraceae 
(Fang & Yod, 1989), all of which are species-rich, 
morphologically complex groups where species are 
hard to identify, especially when sterile (Nie et al., 
2008; Oh & Manos, 2008; Zhu et al., 2016; Yu et al., 
2017; Zheng et al., 2018). Here we use Lauraceae 
as a representative group to test the efficacy of 
taxon-specific DNA barcodes for increasing species 
discrimination.

Lauraceae comprise c. 50 genera and c. 2500–3000 
species (Rohwer 1993; van der Werff & Richter, 1996). 

In China, Lauraceae are well represented, with 25 
genera and 445 species (Li et al., 2008; Yang & Liu, 
2015). Many species of Lauraceae are important 
economically as sources of medicine, timber, nutritious 
fruits, spices and perfumes, and ecologically as 
dominant canopy species in tropical and subtropical 
forests (Kostermans, 1957; van der Werff & Richter, 
1996; Li et al., 2008). Important spice and fruit 
species include avocado (Persea americana Mill.), bay 
laurel (Laurus nobilis L.), camphor tree or camphor 
laurel [Cinnamomum camphora (L.) J.Presl], cassia 
[Cinnamomum cassia (L.) D.Don] and cinnamon 
(several species of Cinnamomum Spreng.) (Chaw 
et al., 2019).

However, despite their importance, taxonomic 
identification in Lauraceae remains challenging, 
and species richness and local estimates of species 
diversity remain poorly known (van der Werff & 
Richter, 1996). Moreover, morphological similarity of 
vegetative specimens and intra-taxon variability are 
major causes of taxonomic confusion. DNA barcoding 
has substantial promise for resolving issues with 
identifying vegetative specimens, although previous 
research has shown low single locus discrimination 
rates (rbcL 8.2%, matK 9.3%, trnH–psbA 9.5%, ITS 
57.5%) (Liu et al., 2017). This study investigates 
whether the application of variable taxon-specific 
DNA barcodes can improve taxon discrimination 
in Lauraceae. We also explore how sample density 
impacts on levels of inferred species discrimination.

MATERIAL AND METHODS

Sampling

Our sampling strategy was designed to have dense 
taxon sampling, such that pairs of closely related 
species are included, and broad geographical sampling 
of the family. Samples were selected based on the Flora 
of China (Li et al., 2008), previous Chinese Lauraceae 
research (Liu et al., 2017) and Lauraceae specimens 
collected by the Plant Phylogenetics & Conservation 
Group (details in Supporting Information, Table S1). 
This resulted in a total of 257 samples from 206 species 
(one to five individuals per species), representing 24 
out of the 25 currently recognized genera of Lauraceae 
in China and 55 of the global total. These samples 
were distributed across nine provinces in China 
(Guangdong, Guangxi, Hainan, Hubei, Hunan, Sichuan, 
Xizang, Yunnan and Zhejiang) and sites in Indonesia, 
Japan, Laos and Myanmar, representing much of 
the East Asian diversity for the family (Supporting 
Information, Table S1; Fig. S1). Calycanthus chinensis 
Cheng & S.Y.Chang and Calycanthus fertilis Walter 
(Calycanthaceae) were selected as outgroups, based on 
evolutionary relationships in APG IV (APG IV, 2016), 
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with outgroup data downloaded from GenBank. The 
samples and vouchers of Lauraceae were identified 
based on a combination of morphological and 
molecular evidence, as described previously (Liu et al., 
2017), and all vouchers are stored at the Herbarium 
of Xishuangbanna Tropical Botanical Garden (HITBC) 
and Kunming Institute of Botany (KUN), Chinese 
Academy of Sciences, Yunnan, China. Total genomic 
DNA was extracted from the herbarium specimens by 

a modified CTAB method (Doyle & Doyle, 1987) or by 
using a Tiangen DNAsecure Plant Kit (DP320).

Specific Dna barcoDe DeSign anD verification

We designed new primer pairs to target non-standard 
DNA barcoding regions. It is known that many 
highly conserved regions exist in plastid genomes of 
Lauraceae (Song et al., 2016, 2017; Liu et al., 2021), 

Table 1. Summary of representative studies comparing candidate DNA barcodes in plants. The column ‘Discrimination 
success’ reports the percentage of species discriminated using the barcode combination considered optimal from the  
original study

Taxon Number of  
samples/species

Candidate barcodes Discrimination success 
(%) 

Reference(s)

Land plants 96/96 matK, rbcL–a, rpoB2, rpoC1, trnH–psbA, 
accD, ycf5, ndhJ, ITS1

trnH–psbA (79.1) Kress & 
Erickson, 
2007

Land plants 907/550 atpF–atpH, matK, rbcL, rpoB, rpoC1, psbK–
psbI, trnH–psbA

rbcL + matK (72) CBOL Plant 
Working 
Group, 2009

Land plants 98/39 rpoC1, rpoB, rbcL, matK, trnH–psbA, atpF–
atpH, psbK–psbI

rbcL + trnH–psbA + 
matK or rpoC1 + 
rbcL + matK (c. 60)

Hollingsworth 
et al., 2009

Land plants 490/420 matK, rbcLb, trnH–psbA, ycf1a, ycf1b ycf1b (71.87) Dong et al., 2015
Seed plants 6286/1757 rbcL, matK, trnH–psbA, ITS rbcL + matK + trnH–

psbA + ITS (82.8)
China Plant 

BOL Group, 
2011

Lauraceae 409/133 matK, rbcL, trnH–psbA, ITS2, ITS ITS (57.5) Liu et al., 2017
Meliaceae 33/22 rpoC1, rpoB, accD, psbB, psbN, psbT,  

trnS–trnG, ITS
ITS (66.67) Muellner et al., 

2011
Myristicaceae 40/8 accD, matK, trnH–psbA, rbcL, rpoB,  

rpoC1, UPA
matK + trnH–psbA 

(94.7)
Newmaster 

et al., 2008
Rhododendron 531/173 ITS, rbcL, matK, psbA–trnH ITS + psbA–trnH + 

matK or ITS + psbA–
trnH + matK+rbcL 
(41.98)

Yan et al., 2015

Primula 227/66 rbcL, matK, trnH–psbA, ITS, ITS2 rbcL + matK + trnH–
psbA + ITS (68.75)

Yan et al., 2015

Adiantum 154/33 rbcL, matK, psbA–trnH, trnL–F, rps4–trnS, 
ITS, pgiC, gapC, LEAFY, ITS2, IBR3_2, 
DET1, SQD1_1

trnH–psbA (75) Wang et al., 
2016

Aspalathus 133/51 ITS, psbA–trnH ITS (84) Edward et al., 
2008

Protea 88/85 rps16, ncpGS rps16 & ncpGS (> 95) Chase et al., 
2005

Curcuma 96/44 rbcL, matK, trnH-psbA, trnL–F, ITS2 ITS2 (46.7) Chen et al., 2015
Dalbergia 50/9 ITS2, matK, trnL, trnH–psbA, trnV–trnM1, 

trnV–trnM2, trnC–petN, trnS–trnG
ITS2 + trnH–psbA 

(100)
Yu et al., 2017

Santalum 49/5 matK, psbA–trnH, trnK, trnL Combinations in-
cluding psbA–trnH 
(100)

Jiao et al., 2019

Pterocarpus 39/6 matK, ndhF–rpl32, ITS2 matK + ndhF–rpl32 + 
ITS2 (100)

Jiao et al., 2018
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providing an opportunity to design primer pairs that 
are anchored in conserved regions, but which span 
diverse regions, thus amplifying variable sequences 
across a broad phylogenetic scope.

Primer pairs for the amplification of regions with 
high divergence were designed using Primer Premier 
(Singh et al., 1998), which were subsequently checked 
with Oligo 7 (Rychlik, 2007) following the methodology 
of Liu et al. (2021). In brief, 80 de novo plastid genomes 
were searched for regions that may be suitable as 
Lauraceae-specific barcodes. To verify the divergence 
of filtered regions in the plastid genome, we performed 
multiple sequence alignments of 11 plastid genomes 
(choosing one species as the representative from 
genera with more than one species) using mVISTA 
(http://genome.lbl.gov/vista/index.shtml) (Frazer et al., 
2004) in LAGAN mode, the early-diverging species 
Cryptocarya hainanensis Merr. as the reference, then 
checked the divergence of the candidate output regions 
in the position of mVISTA (Supporting Information, 
Fig. S2). The three most consistently variable 
candidate regions (ycf1, ndhH–rps15 and trnL–ycf2) 
were screened for suitability in this study (Table 2).

To compare our results with the Lauraceae study by 
Liu et al. (2017), we used most of the same species to 
amplify and verify our three plastid specific markers 
(Supporting Information, Table S1). PCRs were 
performed in 25 μL reaction mixtures containing 0.3 μL 
TaKaRa Taq polymerase (5 U), 2.5 μL 10× PCR buffer, 
2.5 μL 25 mM MgCl2, 2.0 μL 2.5 mM dNTPs, 1.0 μL 
(10 μM) of each primer and 2.0 μL template DNA. For 
PCR, cycling conditions were as follows: 94 °C, 2 min; 
35 cycles of 30 s melting at 94 °C and 45 s annealing at 
47 °C (ycf1), 54 °C (ndhH–rps15) and 60 °C (trnL–ycf2), 
increasing the extension time by 60 s at each cycle; at the 
end of 35 cycles, 10 min at 72 °C to complete extension and 
subsequent storage at 4 °C. PCR products were analysed 
using 1% agarose gel electrophoresis. These PCR results 
were compared with the results for the standard plastid 
markers rbcL, matK, trnH–psbA and the nuclear marker 
ITS (ITS1 + 5.8S + ITS2), most of which were generated 
in a previous study (Liu et al., 2017) and downloaded from 

GenBank. However, a few standard barcode sequences 
were also newly generated (Supporting Information, 
Table S2). All PCR products were sequenced in both 
directions at the Beijing Genomics Institute (BGI) with 
an ABI 3730XL sequencer.

Sequence eDiting anD alignment

Raw sequences were assembled and edited using 
Sequencher 4.14 (GeneCodes Corp., Ann Arbor, 
Michigan, USA) and deposited in GenBank (Supporting 
Information, Tables S1, S2). Edited sequences were then 
aligned and adjusted manually using Geneious Prime. All 
variable sites were confirmed in the original trace files. 
For the ycf1 marker, due to the presence of degenerate 
bases in the reverse primer (Table 2), the success rate of 
reverse sequences was low and most of the ycf1 sequence 
results are therefore from forward (single-read) products. 
A supermatrix was created by concatenating the aligned 
sequences of the remaining markers.

Dna barcoDe compariSonS

We compared between the standard DNA barcodes 
(rbcL, matK, trnH–psbA), our taxon-specific barcodes 
chosen for variability in Lauraceae (ycf1, ndhH–rps15, 
trnL–ycf2) and the stand-alone nuclear marker ITS. 
Three datasets differing by number of samples and 
occurrence of missing data were generated (details in 
Supporting Information, Note S1). The first dataset, 
‘Dataset A’, includes all the newly generated sequences 
and the accessions downloaded from GenBank and 
merges data from different individual specimens 
to generate species-level consensuses. Species with 
missing data are included. For example, Cinnamomum 
burmannii (Nees & T.Nees) Blume in Supporting 
Information (Table S2) is represented by plastid-
specific barcodes generated from the specimen YB02, 
by standard barcodes generated from the individual 
CXQ0020 and the ITS sequence is missing. The second 
dataset, ‘Dataset B’, includes samples for which all 
barcodes have been obtained (without missing data) 
and merges different individuals to generate species-
level consensuses. For example, Actinodaphne cupularis 
(Hemsl.) Gamble in Supporting Information (Table S2) 
is represented by plastid-specific barcodes generated 
from the individual CXQ0454, plastid standard 
barcodes generated from the same individual CXQ045 
and ITS generated from the individual CXQ0467. The 
third dataset, ‘Dataset C’, includes samples for which all 
barcode sequences have been obtained from the same 
individual specimen. For example, the sequences of 
Actinodaphne forrestii (Allen) Kosterm. in Supporting 
Information (Table S2) were all generated from the 
individual GBOW0216 (Fig. 1; Table 3; Supporting 

Table 2. The primers used for amplification and 
sequencing of three Lauraceae-specific barcodes

Lauraceae  
primers

Sequence 5′–3′

ndhH–rps15F GAATATTTCCTAATTGTTCTGGT
ndhH–rps15R AAAGG(G/A)TCTGTTGAATTTCAA
trnL–ycf2F TGCATCCAGCAGGAATTGAACC
trnL–ycf2R CTTGGCGGAATTGCCAC(G/A)TATGA
ycf1F CCACTCCAAA(T/A)ATTTTCTAT
ycf1R GAAAGAATATACAT(G/A)(G/C)ATA
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Information, Table S2). Overall, Dataset A includes the 
most species, followed by B then C. However, Dataset 
C faithfully separates out individuals rather than 
merging them to form a species-level consensus. These 

three datasets were then compared both horizontally 
(between different barcodes) (Fig. 1B) and vertically 
(between different datasets) (Fig. 1C) to evaluate their 
discrimination abilities.
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For example, Actinodaphne cupularis (Hemsl.) Gamble in Table S2, is represented by plastid-specific barcodes 

generated from the individual CXQ0454, plastid standard barcodes generated from the same individual CXQ0454, 

and ITS generated from the individual CXQ0467.

‘Dataset C’, includes samples for which all barcode sequences have been obtained from the same individual specimen. 

For example, the sequences of Actinodaphne forrestii (Allen) Kosterm. in Table S2, were all generated from

the individual GBOW0216.

c. The discrimination rates of different datasets

(2) Genus-level

NOTE:

(1) At the species level, the number of individuals and species had a significant impact on discrimination rates.

(2) At the genus level, the number of individuals and species had little effect on discrimination rates.

NOTE:

specific plastid matrix: ycf1 + ndhH–rps15 + trnL–ycf2
standard plastid barcodes: rbcL + matK + trnH–psbA
nuclear ITS: ITS alone

ML: maximum likelihood method

NJ: neighbor joining method 

Figure 1. The compositions and performances of different matrices with different datasets. Different matrices are indicated 
with three different patterns at the species level and three different symbols at the genus level. a. The compositions of 
different datasets. b. The discrimination rates of different categories. c. The discrimination rates of different datasets.
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Data analySiS

The util ity of  different datasets for species 
identification were investigated using two tree-
based approaches to evaluate whether species were 
recovered as monophyletic with each DNA barcode 
matrix. These approaches were a maximum likelihood 
(ML) method using IQ-TREE (Minh et al., 2020) and a 
neighbour joining (NJ) method using Geneious 11.1.4. 
The best-fit ML model for each dataset was then 
determined using ModelFinder (Kalyaanamoorthy 
et al., 2017) using the option –TEST and a tree search 
with 1000 bootstrap replicates (Chernomor et al., 
2016; Kalyaanamoorthy et al., 2017). The number of 
species or genera with multiple accessions resolving as 
monophyletic was recorded, as was the branch support 
for each node > 50%. One-way ANOVA and Tukey’s 
multiple comparisons tests were used to test for 
differences in discrimination rates between different 
methods (ML/NJ) and taxon levels (species/genus).

RESULTS

barcoDe univerSality anD Sequence 
characteriSticS

For the three specific barcodes, 741 sequences from 
257 samples, representing 206 species and 24 genera, 
were obtained. These included 239 sequences for 
ycf1, 250 sequences for trnL–ycf2 and 252 sequences 

for ndhH–rps15 (Table 4; Supporting Information, 
Table S1). We recovered a sequence for at least one 
of the three markers, with ndhH–rps15 showing the 
highest PCR amplification and sequencing success 
rates (100% and 98.05%) and shortest sequence 
length (584 bp). Moderate PCR amplification 
and sequencing success rates were observed for 
trnL–ycf2 (98.05%, 97.28%, respectively) and ycf1 
(97.28%, 93.00%, respectively). In an ideal situation, 
designing PCR primers for specific taxa under 
investigation would simply involve identifying 
highly conserved regions that flank the variable 
regions, and then choosing non-degenerate. While 
in the taxa evolving rapidly or highly diverse is 
difficult to find the highly conserved regions, we 
need to apply degenerate PCR primers, even though 
the amplification and sequencing are much harder 
than non-degenerate, all barcodes still had a high 
PCR amplification rate (97%) and sequencing 
success rate (93%) (Table 4).

For the three standard barcodes, 585 sequences 
from 195 samples, representing 161 species and 21 
genera, were obtained based on the recovery of the 
plastid specific barcodes (Supporting Information, 
Table S2). For the nuclear ITS, 153 sequences from 
153 samples, representing 123 species and 21 genera, 
were obtained (Supporting Information, Table S2). 
The recovery of ITS was lower than that of the plastid 
regions (Supporting Information, Table S2).

Table 3. Comparison of characteristics of different DNA barcoding datasets in Lauraceae

Datasets Number 
of taxa

Number of 
species

Number 
of genera

Number 
of sites

Best fit model 
of ML analysis

A* Specific matrix 238 194 23 2455 TVM+F+G4
Standard matrix 196 162 21 1928 K3Pu+F+I+G4
nrDNA ITS 152 134 21 883 TIM2+F+I+G4

B§ Specific matrix 138 122 19 2440 TVM+F+G4
Standard matrix 138 122 19 1922 K3Pu+F+I+G4
nrDNA ITS 138 122 19 861 TIM2+F+I+G4

Cǂ Specific matrix 88 81 18 2433 TVM+F+G4
Standard matrix 88 81 18 1900 K3Pu+F+I+G4
nrDNA ITS 88 81 18 735 TIM2+F+I+G4

*‘Dataset A’ includes all the newly generated sequences and the accessions downloaded from GenBank, and merges data from different individual 
specimens to generate species-level consensuses. Species with missing data are included. §‘Dataset B’ includes samples for which all barcodes have 
been obtained (without missing data), and merges different individuals to generate species-level consensuses. ǂ‘Dataset C’ includes samples for which 
all barcode sequences have been obtained from the same individual specimen.

Table 4. PCR amplification and sequencing verification rates of the three Lauraceae-specific barcodes

Barcode regions ycf1 trnL–ycf2 ndhH–rps15

Successful amplification/sampled individuals 250/257(97.28%) 252/257(98.05%) 257/257(100%)
Successful sequencing/sampled individuals 239/257(93.00%) 250/257(97.28%) 252/257(98.05%)
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the DiScrimination efficiency of Different 
barcoDeS

Although trnL–ycf2 has the highest discrimination 
ability among the three taxon-specific individual 
barcodes, it could still only discriminate four out 
of 39 species (with N ≥ 2 individual sampled per 
species) (Supporting Information, Fig. S3; Table 
S1); followed by ycf1 (three species; Supporting 
Information, Fig. S4) and ndhH–rps15 (two species; 
Supporting Information, Fig. S5). Similarly, the 
three-barcode combination of ycf1 + ndhH–rps15 + 
trnL–ycf2, could still only discriminate five out of 35 
species (Fig. 2; Supporting Information, Tables S2, 
S3). These results suggest that the discrimination 

ability of the taxon-specific barcodes is limited, and 
even in combination, they give only marginally better 
discrimination than any single locus.

The three-barcode combination rbcL + matK + trnH–
psbA could only discriminate seven out of 26 species 
(Supporting Information, Table S3). The universality of 
nrDNA ITS was lower than that of the plastid regions 
(rbcL, matK and trnH–psbA) (Supporting Information, 
Table S2), but it still showed reasonable discriminatory 
power, with eight out of 18 species in Dataset A with 
more than one sampled individual being discriminated 
(Fig. 1B, C; Supporting Information, Table S3). Figure 3  
shows the ITS ML tree as the gene tree showing the 
highest species discrimination.

Figure 2. The ML tree of the specific DNA barcode dataset (ycf1 + ndhH–rps15 + trnL–ycf2) for Lauraceae. This analysis 
includes 238 individuals. The same colour and number represent the same species with more than one individual. Species 
successfully discriminated are indicated by a black dot.
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compariSon of DiScrimination efficiency of 
Different barcoDe DataSetS

The resolution rates of species (14.3–66.7%) and 
genera (37.5–61.5%) from different methods (NJ and 
ML) showed little difference between tree building 
approaches (Fig. 1; Supporting Information, Table S3; 

Fig. S6). At the species level, the number of individuals 
and species had a significant impact on species 
discrimination, with this being particularly clear in 
ITS where discrimination reduced as sample density 
increased (Dataset A: c. 40% discrimination; B: c. 50%; 
C: c. 60%) (Fig. 1), whereas the differences were more 

Figure 3. The ML tree of Lauraceae based on an analysis of 152 individuals sequenced with ITS. The same colour represents 
a given species with more than one individual. Species successfully discriminated are indicated by a black dot; successful 
genera by a black star. The thicker black lines indicate that the genus clustered is monophyletic.
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idiosyncratic for the taxon-specific barcode matrices 
(A: c. 15%; B: c. 40%; C: c. 30%) and the standard 
plastid matrices (A: c. 25%; B: c. 30%; C: c. 15%). At the 
genus level, the number of individuals and species had 
little effect on identification rates, with the nuclear 
barcode ITS again showing the highest discrimination 
with c. 60% of the genera distinguishable (Fig. 1B, C), 
whereas both plastid barcodes (specific and standard) 
showed more limited resolution (35–50%).

relationShipS in lauraceae

Phylogenetic relationships among different barcode 
matrices were analysed. As the trees obtained from 
the ML and NJ analyses were almost identical in 
their topologies, and the rbcL + matK + trnH–psbA 
+ ITS matrix was analysed in Liu et al. (2017), only 
the ML tree based on the ycf1 + ndhH–rps15 + 
trnL–ycf2 matrix with 238 individuals with bootstrap 
support (BS) values is discussed here (Fig. 2). The 
tree contains three principal clades of Lauraceae, 
with clade 1 (BS = 100%, tribe Cryptocaryeae) 
strongly supported as the sister with the remaining 
groups. Clade 2 (BS = 97%, tribes Neocinnamomeae-
Carydaphnopsideae) includes just two genera: 
Neocinnamomum H.Liu and Caryodaphnopsis 
Airy Shaw. The remainder, representing tribes 
Perseae, Cinnamomeae and Laureae, formed clade 3 
(BS = 100%).

DISCUSSION

the failure of taxon-Specific plaStiD Dna 
barcoDeS

Our study aimed to test whether the use of taxon-specific 
DNA barcode regions was a more effective approach 
for telling species of Lauraceae apart compared to 
universal DNA barcodes. However, although the 
evaluation of taxon-specific barcodes shows that the 
amplification and sequencing success rates were high, 
taxon resolution remains limited with no consistent 
improvement compared to the standard barcodes (Fig. 
1B, C; Supporting Information, Table S3).

Ideally, DNA barcodes should at least satisfy the 
following criteria: they should (i) possess conserved 
flanking regions to enable routine amplification 
across highly divergent taxa; and (ii) have sufficient 
internal variability to enable species discrimination 
(Hollingsworth et al., 2009). A prerequisite for the 
success of DNA barcodes is sufficient time since 
speciation for mutations and/or drift to lead to a set 
of genetic characters ‘grouping’ conspecific individuals 
together, separate from other species (Hollingsworth 
et al., 2011). As the species histories are complex 

and/or where speciation is recent, taxa often show a 
lack of intraspecific coalescence/shared haplotypes 
(Hollingsworth et al., 2009). Hence, recently radiating, 
species-rich taxa are challenging for barcoding 
identification (Hollingsworth et al., 2009). Chanderbali 
et al. (2001) suggested that Lauraceae possess all these 
challenging characteristics. We speculate that the early-
diverging lineages of Lauraceae have a long generation 
time and/or slow mutation rates, whereas the terminal 
Perseae-Cinnamomeae-Laureae clade is more recent 
in origin and/or a more rapidly evolving group, in 
which these plastid barcodes do not have sufficient 
internal variability to enable species discrimination. 
Species radiations of taxonomically complex groups in 
Lauraceae are thus a case where we may not expect 
a clear cut-off between intraspecific variation and 
interspecific divergence, and DNA barcoding may 
provide only limited discriminatory power.

The highest species resolution in this study came 
from using the biparentally inherited nuclear ITS locus, 
which, depending on the taxon sampling scheme, had 
a discrimination rate between 38.9–66.7%. In contrast, 
the predominantly maternally inherited plastid 
barcodes were less effective, due to a limited number 
of informative characters and plastid markers not 
tracking species boundaries. Data from our study thus 
support the notion that alternative nuclear barcoding 
solutions should be sought, rather than more intensive 
investigations of alternative plastid barcodes.

the effect of Sampling Scheme on SpecieS 
DiScrimination

The discrimination success rates varied among 
different datasets with different barcodes, but in 
general, sampling numbers influenced the percentage 
of species and genera that are distinguishable 
(Supporting Information, Fig. S7). For example, Lahaye 
et al. (2008) reported a species discrimination rate of 
c. 90% in orchids; however, this applied to datasets 
with limited sampling of species from the same genus. 
When they extended their sampling to a large group of 
orchids with extensive intrageneric sampling, species 
discrimination was much lower (Hollingsworth, 
2008; Lahaye et al., 2008), indicating the numbers 
of individuals and species affected discrimination 
scores. Similarly, Pei et al. (2015) reported that broad 
taxonomic sampling with relatively few co-occurring 
closely related taxa in a geographically restricted region 
can give relatively high rates of species discrimination. 
In the current study, there is marked variation in 
absolute discriminatory power in the different datasets 
(A, B, C) and reducing the sample size of ITS, from 152 
to 138 individuals, increased species discrimination 
from c. 40% to c. 50%, with further reduction to 88 
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individuals leading to discrimination rates of up to c. 
67% (Fig. 1; Supporting Information, Table S3). This 
observation is not unexpected, given that a decrease in 
sample density decreases the scale of the identification 
challenge, with fewer congeneric species present to 
disrupt successful species discrimination.

relationShipS among major claDeS

The ML analysis provided moderate phylogenetic 
resolution for Lauraceae at both the generic and 
intrageneric levels (Fig. 2), especially in early-diverging 
lineages, with Cryptocaryeae, Neocinnamomeae-
Carydaphnopsideae and Perseae + Laureae + 
Cinnamomeae corresponding to our clades 1, 2 and 3, 
respectively. Cryptocaryeae is the earliest-diverging 
group of Lauraceae (Chanderbali et al., 2001; Song 
et al., 2019; Liu et al., 2021). Tribes Neocinnamomeae-
Carydaphnopsideae are associated in the present 
study and have been previously found to have a 
relatively close relationship (Wang et al., 2010; Li et al., 
2016; Liu et al., 2021). The remaining clade (Perseae, 
Cinnamomeae and Laureae) received strong support, 
in agreement with previous studies (Chanderbali et al., 
2001; Rhower et al., 2009; Liu et al., 2021). However, 
as in these earlier studies, species relationships in 
presently accepted tribes are poorly resolved.

CONCLUSION

Although many studies have shown that specific and 
standard plastid barcodes are useful tools for species 
identification, some groups, including Lauraceae, pose 
a challenge for plastid barcoding, where incomplete 
lineage sorting (Fazekas et al., 2009; Naciri & Linder, 
2015; Rendon-Anaya et al., 2019; Chen et al., 2020), 
high frequencies of introgression (Rieseberg & 
Soltis, 1991) and the occurrence of selective sweeps 
(Twyford 2014) may be problematic for telling species 
apart. Despite the design of taxon-specific barcodes 
targeting variable regions of the plastid genome in 
Lauraceae, limited gains in discriminatory power 
were obtained. Future work should therefore focus on 
multiple unlinked nuclear DNA regions to improve 
the discriminatory power of barcoding for such 
problematic plant groups.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online version of this article at the publisher’s web-site:

Figure S1. Map of East Asia with sampling sites of Lauraceae. Sample sites are marked by red dots.
Figure S2. Comparison of 11 plastid genomes using the mVISTA alignment program with C. hainanensis as a 
reference. The x‐axis represents the early-diverging species of Lauraceae in the plastid phylogenetic relationships. 
The y‐axis indicates the average percent identity of sequence similarity in the aligned regions, ranging between 
50% and 100%. Genome regions are colour-coded as protein coding, rRNA coding, tRNA coding or conserved non-
coding sequences.
Figure S3. ML tree generated using trnL–ycf2 sequences. Successful species identifications are indicated by 
black dots.
Figure S4. ML tree generated using ycf1 sequences. Successful species identifications are indicated by black dots.
Figure S5. ML tree generated using ndhH–rps15 sequences. Successful species identifications are indicated by 
black dots.
Figure S6. Species discrimination rates of three barcode matrices (specific plastid matrix: ycf1 + ndhH–rps15 + 
trnL–ycf2; standard plastid matrix: rbcL + matK + trnH–psbA and nuclear alone: ITS).
Figure S7. Species and genus discrimination rates of plastid specific, standard matrices and nuclear ITS (all P 
values were determined by one-way ANOVA with Tukey’s multiple comparison test).
Note S1. The barcode matrices and datasets.
Table S1. Specimens analysed in the present study for barcodes specific to Lauraceae including details of 
amplification and sequencing success, with GenBank accession numbers.
Table S2. Information for the barcodes analysed in the present study (specific plastid matrix: ycf1 + ndhH–rps15 
+ trnL–ycf2; standard plastid matrix: rbcL + matK + trnH–psbA; and nuclear matrix: ITS). 
Table S3. Species discrimination rates of three DNA barcode matrices for different individuals based on ML and 
NJ methods (specific plastid matrix: ycf1 + ndhH–rps15 + trnL–ycf2; standard plastid matrix: rbcL + matK + 
trnH–psbA and nuclear alone: ITS).

D
ow

nloaded from
 https://academ

ic.oup.com
/botlinnean/article/199/4/741/6517381 by Library of C

hinese Academ
y of Sciences user on 20 Septem

ber 2022


