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Abstract

Rapid and accurate identification of endangered species is a critical component of

biosurveillance and conservation management, and potentially policing illegal trades.

However, this is often not possible using traditional taxonomy, especially where

only small or preprocessed parts of plants are available. Reliable identification can

be achieved via a comprehensive DNA barcode reference library, accompanied by

precise distribution data. However, these require extensive sampling at spatial and

taxonomic scales, which has rarely been achieved for cosmopolitan taxa. Here, we

construct a comprehensive DNA barcode reference library and generate distribution

maps using species distribution modelling (SDM), for all 15 Taxus species worldwide.

We find that trnL-trnF is the ideal barcode for Taxus: It can distinguish all Taxus spe-

cies and in combination with ITS identify hybrids. Among five analysis methods

tested, NJ was the most effective. Among 4,151 individuals screened for trnL-trnF,

73 haplotypes were detected, all species-specific and some population private. Tax-

onomical, geographical and genetic dimensions of sampling strategy were all found

to affect the comprehensiveness of the resulting DNA barcode library. Maps from

SDM showed that most species had allopatric distributions, except T. mairei in the

Sino-Himalayan region. Using the barcode library and distribution map data, two

unknown forensic samples were identified to species (and in one case, population)

level and another was determined as a putative interspecific hybrid. This integrated

species identification system for Taxus can be used for biosurveillance, conservation

management and to monitor and prosecute illegal trade. Similar identification sys-

tems are recommended for other IUCN- and CITES-listed taxa.
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1 | INTRODUCTION

The extinction risk for plants and animals is driven by multiple natu-

ral and anthropogenic factors, but varies between regions and taxa

(Ceballos, Ehrlich, & Dirzo, 2017; Tilman et al., 2017). Anthro-

pogenic-induced factors, such as climate and land-use change, over-

exploitation and deforestation, are pushing the Earth’s biota towards

a sixth “mass extinction” (Ceballos et al., 2015). A particular threat to

some taxa comes from the overexploitation for commercial trade in

plants and their products, which has dramatically increased in recent

decades. International conventions like CITES (Convention on Inter-

national Trade in Endangered Species) and efforts at the national

level are designed to combat illegal trades for endangered and

threatened species, but the effectiveness of their governing rules

and measures is highly dependent upon the rapid and accurate iden-

tification of the threatened species. The same applies to successful

management of habitats and populations: It is essential to know

exactly which taxa are present.

Until recently, plant identification has been largely dependent

upon morphology-based approaches, which in turn depended upon

taxonomical specialists, who are generally the only experts on some

specific groups of plant (Godfray, 2002; Li et al., 2011). Moreover,

where available material is sterile, juvenile and/or poor in quality,

accurate identification even by an expert may be impossible. Fur-

thermore, traditional taxonomic approaches can rarely be scaled up

for high throughput (Li et al., 2011), making it inconvenient for rou-

tine forensic applications in species identification.

DNA-based approaches, such as DNA barcoding, are more uni-

versally applicable than morphological approaches, often less subjec-

tive, and do not rely on expertise in the specific group under

investigation (Hebert, Cywinska, Ball, & deWaard, 2003). DNA bar-

coding sensu stricto compares short sequences from a standardized

portion of the genome with a known DNA barcode reference library,

to identify the species to which a particular specimen belongs

(Hebert et al., 2003; Valentini, Pompanon, & Taberlet, 2009). It

shows powerful universality and versatility at the species level and

can sometimes provide insights beyond those obtained through mor-

phological analysis alone (Blaxter, 2004). In the presence of a well-

established reference library, an unknown sample can theoretically

be identified to species using its DNA barcode sequences.

Huge amounts of DNA barcode data are now available, providing

invaluable insights for understanding species’ boundaries, community

ecology and trophic interactions in ecology and evolution (Joly et al.,

2014; Kress, 2017; Valentini et al., 2009). Furthermore, the technol-

ogy is gradually gaining popularity in such fields as forensic identifica-

tion (Ferri et al., 2015), authentication of medicinal herbs (Chen et al.,

2010) and timber identification (Dormontt et al., 2015). However,

genetic variation occurs, often abundantly, within species and popula-

tions, and especially across the distribution range of particularly of

widespread taxa (Avise, 2000). Therefore, a comprehensive, solid and

reliable DNA reference library is an indispensable prerequisite for any

of these applications (deWaard, Hebert, & Humble, 2011; Ogden &

Linacre, 2015), and this requires ample sampling within and across

populations, covering the full range of a taxon (Bergsten et al., 2012;

Ekrem, Willassen, & Stur, 2007). A broad taxonomic barcode coverage

has been achieved for certain groups in recent years, but this success

has so far always been limited to animal groups and restricted to

specific geographical regions, for example, Canadian spiders (Blagoev

et al., 2016), German mayflies, stoneflies and caddisflies (Morini�ere

et al., 2017) and perciform fishes in the South China Sea (Hou, Chen,

Lu, Cheng, & Xie, 2018). A comprehensive barcode library could be

defined as one that captures 95% of genetic variation, and this has

been estimated to require a minimum of 70 (Bergsten et al., 2012) or

156 (Zhang, He, Crozier, Muster, & Zhu, 2010) individuals per species;

this is also affected by the geographical scale of sampling (Bergsten

et al., 2012) and the population structure of the species sampled

(Zhang et al., 2010). However, it is often difficult or impossible to

obtain material from the full distribution range of a species; therefore,

many existing libraries are incomplete, introducing bias and possible

misidentifications. These issues could cause serious problems for con-

servation and especially law enforcement regarding IUCN- and

CITES-listed taxa.

Taxus is the most diverse genus within Taxaceae, with 13 recog-

nized species (Farjon, 2010; M€oller et al., 2013; Spjut, 2007) plus

two additional cryptic species (currently known as the Emei type and

Qinling type; Liu, M€oller, Gao, Zhang, & Li, 2011), hereafter referred

to as “species” for simplicity. The genus is broadly distributed across

temperate of the northern Hemisphere, covering North America,

Europe, North Africa and Asia (Supporting information: Figure S1;

Farjon & Filer, 2013). It has acquired great medical significance as

the source of taxol, a natural antitumour agent with high potential

for cancer treatments (Itokawa & Lee, 2003). However, its species

are slow-growing and scattered distribution, thus rarely occur in

large numbers (Fu, Li, & Mill, 1999). Consequently, commercial

exploitation and the illegal trade of its bark and leaves for taxol have

caused a sharp decline in its natural populations (Schippmann, 2001).

According to IUCN (2017), T. floridana is critically endangered due to

deforestation and land-use change, whereas T. brevifolia, T. globosa,

T. contorta (synonym T. fuana), T. chinensis and T. wallichiana are

either endangered or near threatened (Table 1); furthermore, the lat-

ter three species plus T. cuspidata are listed by CITES (2007) in

appendix II. Three of the remaining nine recognized species have yet

to be evaluated (IUCN, 2017; Table 1). At the national level, all

native Chinese Taxus species are listed as first-class national pro-

tected plants (State Forestry Administration and Ministry of Agricul-

ture P.R. China 1999), and the export of native Taxus from India is

prohibited (Sajwan & Prakash, 2007). Nevertheless, illegal exploita-

tion is still rampant; for example, there were 34 convictions involved

from a single case in China (Tang, 2010).

Policing this illegal trade requires accurate identification of spe-

cies. However, morphological characters tend to vary greatly within

species and often with overlap among species, leading to ongoing

taxonomic controversy (M€oller et al., 2013), especially in Asia (Fu

et al., 1999; Spjut, 2007), which in turn causes uncertainty about the

1116 | LIU ET AL.



T
A
B
L
E

1
Li
st

o
f
1
5
sp
ec
ie
s
(=
ty
pe

s)
o
f
Ta

xu
s
in
cl
ud

ed
in

th
is
st
ud

y,
an

d
th
ei
r
re
ce
nt

co
m
m
o
n
sy
no

ny
m
s,
st
at
us

in
IU
C
N

an
d
C
IT
E
S;

nu
m
be

r
o
f
o
cc
ur
re
nc

e
po

in
ts

(N
O
),
A
U
C
an

d
th
e

th
re
sh
o
ld
s
se
le
ct
ed

in
th
e
sp
ec
ie
s
di
st
ri
bu

ti
o
n
m
o
d
el
lin

g
(S
D
M
)

T
ax

o
n

R
ef
er
en

ce
C
o
m
m
o
n
sy
no

ny
m
s

IU
C
N

(2
0
1
3
)a

C
IT
E
S
(2
0
0
7
)b

N
O

A
U
C
c

T
h
re
sh
o
ld

d

T.
ba

cc
at
a

F
ar
jo
n
(2
0
1
0
)

Le
as
t
C
o
nc

er
n

2
2
3

0
.9
6
4

0
.3
1
9
6

T.
br
ev
ifo

lia
F
ar
jo
n
(2
0
1
0
)

N
ea

r
T
hr
ea

te
ne

d
9
9

0
.9
7
1

0
.2
9
2
4

T.
ca
lc
ic
ol
a

M
€ o
lle
r
et

al
.
(2
0
1
3
)

2
5

0
.9
9
7

0
.1
6
5
0

T.
ca
na

de
ns
is

F
ar
jo
n
(2
0
1
0
)

Le
as
t
C
o
nc

er
n

1
4
7

0
.9
3
2

0
.3
8
2
1

T.
ch
in
en
si
s

F
ar
jo
n
(2
0
1
0
)

T.
w
al
lic
hi
an

a
va
r.
ch
in
en
si
s

E
nd

an
ge

re
d
A
2
d

A
p
p
en

d
ix

II
6
9

0
.9
9
5

0
.1
4
8
3

T.
co
nt
or
ta

F
ar
jo
n
(2
0
1
0
)

T.
fu
an

a
E
nd

an
ge

re
d
A
2
ac
d

A
p
p
en

d
ix

II
5
2

0
.9
9
6

0
.2
0
1
3

T.
cu
sp
id
at
a

F
ar
jo
n
(2
0
1
0
)

Le
as
t
C
o
nc

er
n

A
p
p
en

d
ix

II
5
3

0
.9
6
7

0
.2
7
1
7

E
m
ei

ty
pe

Li
u
et

al
.
(2
0
1
1
,
2
0
1
2
),
M
€ o
lle
r
et

al
.
(2
0
1
3
)

4
0

0
.9
9
8

0
.2
9
1
7

T.
flo

ri
da

na
F
ar
jo
n
(2
0
1
0
)

C
ri
ti
ca
lly

E
nd

an
ge

re
d
B
1
ab

(ii
i,v
)

7
0
.9
9
8

0
.6
7
1
7

T.
flo

ri
ni
i

Sp
ju
t
(2
0
0
7
),
M
€ o
lle
r
et

al
.
(2
0
1
3
)

6
5

0
.9
9
7

0
.3
1
3
4

T.
gl
ob

os
a

F
ar
jo
n
(2
0
1
0
)

E
nd

an
ge

re
d
A
2
c

1
1
9

0
.9
9
4

0
.0
9
0
9

T.
m
ai
re
i

F
ar
jo
n
(2
0
1
0
)

T.
su
m
at
ra
na

;
T.

w
al
lic
hi
an

a
va
r.
m
ai
re
i

V
ul
ne

ra
bl
e
A
2
d

1
0
3

0
.9
7
5

0
.2
5
4
8

T.
ph

yt
on

ii
Sp

ju
t
(2
0
0
7
)

3
0

0
.9
9
9

0
.1
4
3
1

Q
in
lin

g
ty
pe

Li
u
et

al
.
(2
0
1
1
,
2
0
1
2
;
M
€ o
lle
r
et

al
.
(2
0
1
3
)

6
0

0
.9
9
5

0
.2
6
4
0

T.
w
al
lic
hi
an

a
F
ar
jo
n
(2
0
1
0
)

T.
yu
nn

an
en
si
s;

T.
w
al
lic
hi
an

a
va
r.
w
al
lic
hi
an

a
E
nd

an
ge

re
d
A
2
ac
d

A
p
p
en

d
ix

II
9
4

0
.9
9
5

0
.2
2
0
9

N
ot
es
.

a I
U
C
N
,
po

pu
la
ti
o
n
st
at
us

as
se
ss
ed

ac
co

rd
in
g
to

IU
C
N

ca
te
go

ri
es

&
cr
it
er
ia

2
0
0
1
(v
er
si
o
n
2
0
1
7
-2
)
in

2
0
1
3
.
b
C
IT
E
S
A
pp

en
di
x
II,

po
p
u
la
ti
o
n
st
at
u
s
ev

al
u
at
ed

in
2
0
0
7
.
c A

U
C
,
ar
ea

u
n
d
er

th
e
re
ce
iv
er

o
pe

ra
ti
ng

ch
ar
ac
te
ri
st
ic

cu
rv
e.

d
T
hr
es
ho

ld
s
se
le
ct
ed

ac
co

rd
in
g
to

Li
u
et

al
.
(2
0
0
5
).

LIU ET AL. | 1117



distribution range of some species. Hence, species identification is

difficult even from complete specimens of known origin and often

impossible from the limited parts of the plant typically used in illegal

trade (e.g., bark, leaves and timber). Therefore, an accurate, quick,

cost-effective and universally applicable identification system for

Taxus species is badly needed to support and enforce international

and national plant protection laws. DNA barcoding, if supported by

adequate sampling plus species distribution modelling (SDM), pro-

vides an ideal solution.

The goal of this study, therefore, was to use comprehensive sam-

pling to create a practical DNA barcode identification system, sup-

ported by SDM, for the genus Taxus, which could be applied to

identify material up to species or population level and hence set up

a repeatable workflow for other IUCN- and CITES-listed taxa. The

three specific objectives were to (a) determine the ideal DNA bar-

code, identification method and sampling strategy; (b) construct a

comprehensive DNA barcode reference library and a global map; and

(c) demonstrate the potential forensic applications of the data for

species identification.

2 | MATERIALS AND METHODS

2.1 | Sampling

As noted above, Taxus is a notoriously taxonomically difficult genus,

with ongoing uncertainty and disagreement about its classification

(Fu et al., 1999; M€oller et al., 2013) (Table 1). For this study, we rec-

ognized 10 species according to Farjon (2010), plus two from M€oller

et al. (2013) and two cryptic species from China revealed by our

previous studies (Liu et al., 2011; M€oller et al., 2013) (Table 1). The

species T. sumatrana was not recognized by Farjon (2010), and mor-

phological and molecular data have also indicated that Indonesian

material previously included in this species was identical to the Sino-

Himalayan species T. mairei, in which it is now included. However,

material previously included in T. sumatrana from the Philippines and

Taiwan was distinct (Liu et al., 2011). Based on our preliminary anal-

ysis (data not shown), the name T. phytonii (Spjut, 2007) was suitable

to represent this material and is therefore used for it here, making

15 recognized species in total.

A total of 2,636 accessions were available from previous studies,

though mostly only as trnL-trnF sequences (Gao et al., 2007; Kozyr-

enko, Artyukova, & Chubar, 2017; Liu, Provan, Gao, & Li, 2012; Liu

et al., 2013; Mayol et al., 2015; Poudel et al., 2012; Poudel, M€oller,

Li, Shah, & Gao, 2014; Poudel, M€oller, Liu et al., 2014; Rachmat,

Subiakto, & Kamiya, 2016). To these were added 1,515 newly sam-

pled individuals, collected from 73 populations between 2012 and

2016, making a total of 4,151 accessions and 251 populations repre-

senting all 15 species and the global distribution range of Taxus (Fig-

ure 1; Supporting information: Figure S2, Supporting information:

Table S1). Sampling was conducted at higher density for the more

taxonomically difficult Asian species. Healthy and clean needles were

collected, dried and stored in silica gel for DNA extraction. Voucher

specimens for most sampled accessions were deposited at the

herbarium of Kunming Institute of Botany, Chinese Academy of

Sciences (KUN).

2.2 | Laboratory procedures

Total genomic DNA was isolated from dried leaves using a modified

CTAB method (Liu & Gao, 2011). The quality and quantity of DNA

were measured on 1% TAE agarose gels and using a NanoDrop�

ND-1000 spectrophotometer (Thermo Fisher Scientific, Wilmington,

DE, USA). The DNA was diluted to a final concentration of 30–

50 ng/ll for PCR amplifications.

For land plants, two “core barcodes” (rbcL plus matK) plus two

complementary barcodes (ITS and psbA-trnH) have been proposed

(CBOL Plant Working Group 2009; Kress, Wurdack, Zimmer, Weigt, &

Janzen, 2005; Li et al., 2011). For this study, therefore, we examined

all four of these markers, plus trnL-trnF which has already been used

extensively for DNA barcoding (Liu et al., 2011, 2012) and phylogeo-

graphical analyses within Taxus (Gao et al., 2007; Kozyrenko et al.,

2017; Liu et al., 2013; Mayol et al., 2015; Poudel, M€oller, Li, Shah, &

Gao, 2014; Poudel, M€oller, Liu et al., 2014; Rachmat et al., 2016).

Following Liu et al. (2011), universal primers were used for four

regions (rbcL, psbA-trnH, trnL-trnF and ITS), whereas for matK, new pri-

mers specifically developed for gymnosperms were employed (Support-

ing information: Table S2). PCRs were carried out on a Veriti� 96-Well

Thermal Cycler (Applied Biosystems, Foster City, USA) as Liu et al.

(2011). PCR products were purified using ExoSAP-IT (GE Healthcare,

Cleveland, OH, USA). Purified PCR products were sequenced bidirec-

tionally on an ABI 3730xl DNA Sequencer (Applied Biosystems).

2.3 | Data analysis

2.3.1 | Sequence and data set assembly

The forward and reverse chromatograms of each sequence were

assembled and aligned in GENEIOUS v9.1.4 (Biomatters Ltd, Anzac Ave-

nue, New Zealand) and subsequently adjusted manually where neces-

sary. All variable sites in the matrices were rechecked in the original

trace files. We generated 60, 62, 53, 81 and 1500 new sequences for

rbcL, matK, psbA-trnH, ITS and trnL-trnF, respectively. Newly generated

sequences as well as selected sequences downloaded from GenBank

(Supporting information: Tables S1, S3) were used to construct DNA

barcode data sets. In total, we used 110, 173, 167, 195 and 4151 indi-

viduals for rbcL, matK, psbA-trnH, ITS and trnL-trnF, respectively.

To determine the effectiveness of different barcodes and sam-

pling strategies for each species, three data sets were constructed,

each of which included representatives of all 15 species. Data set I

comprised 72 individuals, each having all the five barcode sequences,

and with individuals of each species selected so as to cover the

entire distribution range of the species (Figure 2a). This data set was

used to screen the candidate barcodes and compare species identifi-

cation methods for Taxus. Data set II comprised 201 accessions, for

which at least two barcode sequences were available, including all

those in Data set I, although not all were sequenced for every

1118 | LIU ET AL.



barcode: 110, 173, 167, 190 and 195 were sequenced for rbcL, matK,

psbA-trnH, trnL-trnF and ITS within this data set, respectively (Sup-

porting information: Figure S2a, Supporting information: Table S1).

This data set was used to verify the reliability and confidence of the

proposed barcode from Data set I, and from it was generated an ITS

ribotype reference library based on 195 individuals, intended for

applications in routine identification of samples. Finally, Data set III

comprised a comprehensive haplotype DNA barcode library for trnL-

trnF from all of the 4,151 individuals sampled across 251 populations

worldwide (Figure 1; Supporting information: Table S1), and this data

set was further used to confirm the sampling strategy.

The discriminatory properties of every individual barcode, plus

every possible combination of all the five barcodes, were examined.

All combinations were concatenated in SequenceMatrix v1.7.8 (Vai-

dya, Lohman, & Meier, 2011). To estimate the levels of variation and

barcoding gap within the five examined DNA regions, the mean

intra- and interspecific pairwise Kimura two-parameter (k2p) distance

for each DNA region and their combinations were calculated using

MEGA v5.0 (Tamura et al., 2011).

2.3.2 | Barcode evaluation and identification
methods comparison with Data set I

To determine the optimal species identification method, three widely

used methods were applied, both to each marker individually and to

every concatenated combination: tree-based, coalescent-based and

distance-based methods. Maximum likelihood (ML) and neighbour-

joining (NJ) tree construction were performed for each marker and

their combinations, respectively, using the RAXML web server (Sta-

matakis, Hoover, & Rougemont, 2008) and MEGA. Indels were treated

as missing data in ML and pairwise deletion in NJ analyses. For ML

analyses, the model GTR + G was selected with JMODELTEST 2 (Dar-

riba, Taboada, Doallo, & Posada, 2012) for all data sets, and a rapid

bootstrap analysis with 999 trees was conducted. The NJ tree was

constructed under the P-distance substitution model. The bootstrap

support of the NJ tree was assessed using 999 replicates. In the NJ

and ML analyses, species identification was considered to be suc-

cessful as long as all the conspecific individuals formed a species-

specific monophyletic clade. The ratio of successfully identified spe-

cies to all sampled species was calculated as the discrimination effi-

ciency. Additionally, we also adopted a coalescent-based tree

building method, the Poisson tree process model (PTP) (Zhang, Kapli,

Pavlidis, & Stamatakis, 2013), to test the species discrimination rate.

The analysis was implemented in a bPTP web server (http://species.

h-its.org/ptp/) with default parameters and without outgroup. The

phylogenetic tree from RAXML analysis was used as the input file.

The Automated Barcode Gap Discovery (ABGD) method (Puillan-

dre, Lambert, Brouillet, & Achaz, 2012) (available at http://wwwabi.

snv.jussieu.fr/public/abgd/) was employed to detect the barcode gap

in the distribution of pairwise distances to test species delimitation.

The k2p distance matrixes generated in MEGA were submitted and

processed in ABGD with the range of prior intraspecific divergence

set between 0.0001 and 0.003.

SpeciesIdentifier v1.7.8 from the TaxonDNA (Meier, Shiyang, Vai-

dya, & Ng, 2006) was used to test the individual-level discrimination

rates for each single marker and their combinations with a 95%
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T. calcicola T. chinensis T. contorta T. cuspidata Emei type

T. florinii T. mairei T. phytonii Qinling type T. wallichiana

North America T. baccataT. canadensis T. floridana T. globosaT. brevifolia

F IGURE 1 Location of the Taxus populations sampled around the world according to Supporting information: Table S1. The different
colours represent various species shown in the legend [Colour figure can be viewed at wileyonlinelibrary.com]
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threshold value based on sequence similarity. Each sequence was

treated as a query against the entire data set of identified sequences,

and a species name was assigned according to three criteria as pro-

posed by Meier et al. (2006): Best Match (BM), Best Close Match

(BCM) and All Species Barcode (ASB).

2.3.3 | Barcodes verifying with extended Data set II

NJ tree constructions and k2p genetic distance calculations were

carried out using MEGA, as detailed above. The kernel density esti-

mates of intra- and interspecific k2p distances between Data set I

and Data set II were plotted using ggplot2 (Wickham, 2009). Two

independent samples t test analyses were implemented with stats

package in R v3.3.1 (R Development Core Team 2016) to detect the

differences between the mean k2p distance of Data sets I and II. For

all statistical analyses, differences were considered to be significant

when p values were lower than 0.01.

2.3.4 | Comprehensive haplotype-based barcode
library based on Data sets II and III

Haplotypes of ITS and trnL-trnF sequences were defined using

DnaSP v5.10 (Librado & Rozas, 2009). Species discrimination rate,

including subregions for ITS (ITS1 and ITS2), was then visualized

using a NJ tree. Genetic diversity indices Hd and p of trnL-trnF for

each species were calculated in DnaSP.

2.3.5 | Species distribution modelling (SDM)

To predict the potential current distribution ranges of yews, SDM

was performed for each of the 15 Taxus species. Georeferenced

points of species occurrence data were obtained from the Global

Biodiversity Information Facility (GBIF; GBIF.org), National Specimen

Information Infrastructure (NSII; http://www.nsii.org.cn), literature

and our field observation. To reduce potential errors in species

locations, all points of occurrence for each species were carefully

scrutinized using GOOGLE EARTH, and duplicate locations, or those

that appeared to be wrong, were removed. To mitigate the sampling

bias, occurrence data were further adjusted by a spatial filtering

method (Kramer-Schadt et al., 2013). Because questionable taxo-

nomic delimitation can often decrease the accuracy of models (Bit-

tencourt-Silva et al., 2017), the occurrence points for each species

were based on the most up-to-date taxonomic studies (Farjon, 2010;

Farjon & Filer, 2013; M€oller et al., 2013) and further adjusted

according to their phylogeographical patterns (Gao et al., 2007; Liu

et al., 2013; Mayol et al., 2015; Poudel, M€oller, Liu et al., 2014).

Finally, a total of 1186 occurrence points remained, with the fewest

(seven) for T. floridana and the most (223) for T. baccata (Table 1).

Nineteen BIOCLIM variables from the WorldClim (Hijmans,

Cameron, Parra, Jones, & Jarvis, 2005) were first examined for multi-

collinearity, excluding those with a Pearson’s correlation r > 0.8 with

another variable. Five to eleven bioclimatic variables were used for

each species in the downstream SDM analysis (Supporting informa-

tion: Tables S4, S5). To eliminate the impact of background geo-

graphical extent of the models on modelling results (Merow, Smith,

& Silander, 2013), we limited our model extent to the distributional

range of each Taxus species with a buffered zone. SDMs were gen-

erated at 30-s resolution using the Maxent v3.2 software package

(Phillips, Anderson, & Schapire, 2006). The specific thresholds of

modelling results were selected using the sensitivity–specificity

equality approach (Liu, Berry, Dawson, & Pearson, 2005). To reflect

the realized distribution range, any region where there was no possi-

bility of distribution, such as large water bodies, was removed for

each species.

2.3.6 | Forensic applications

Our laboratory received several different unknown biological samples

submitted by various organizations which were suspected to be of

Taxus. From these, three were chosen for further investigation.
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F IGURE 2 The species discrimination rates of five single barcodes and their concatenations for 72 individuals of 15 Taxus lineages based
on PTP, ABGD, NJ and ML methods (R: rbcL; M: matK; P: psbA-trnH; T: trnL-trnF; and I: ITS) [Colour figure can be viewed at
wileyonlinelibrary.com]
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Unknown X1 was bark powder confiscated by wildlife police from a

suspect’s lorry, following suspicion that a wildlife crime had been

committed. Unknown X2 was a seedling which was assumed to be

associated with fraudulent trading between two companies, provided

by one of the Judicial Expertise Centers of Yunnan province, China.

Unknown X3 was a specimen supplied by a company wishing to

develop industrial Taxus cultivation in order to produce taxol. In all

three cases, the possible origin of the samples was unknown to the

investigating officers, and morphological identification was not possi-

ble. These scenarios provided, therefore, real tests of the identifying

power of DNA barcoding in identifying unknown samples where no

other identification method was possible.

3 | RESULTS

3.1 | Barcode universality and sequence
characteristics

All five barcodes were successfully amplified and sequenced for all

72 individuals in Data set I (Supporting information: Table S6, q.v.

for sequence characteristics), providing 360 sequences in total for

DNA barcode evaluation. Alignment length varied from 702 to

1,360 bp across the five regions, and the full concatenated length

was 4,868 bp. Intraspecific and interspecific K2p distances were

highest for ITS (0–0.0054 and 0–0.0220, respectively) and lowest for

rbcL (0 and 0–0.0058, respectively).

3.2 | Species discrimination efficiency: comparing
methods and barcodes

Species discrimination rates varied according to both the analysis

methods and the barcode combinations used (Figure 2). Among sin-

gle barcodes or their combinations, the NJ tree-based method pro-

vided the highest species discrimination, followed by ML, ABGD and

finally PTP as the least effective (Supporting information: Table S7).

For the sequence similarity method of BM, BCM and ASB analy-

sis, the proportion of individuals that could be identified correctly

depended on which barcodes, or combinations thereof, were used

(Supporting information: Table S8). The proportions of correct identi-

fications were equal between BM and BCM, ranging from 34.72% to

100% for both depending on barcodes; but ASB had the most

favourable range, from 70.83% to 100%.

Species discriminatory ability was compared across barcodes using

the NJ method (Figure 2, Table 2; Supporting information: Table S7).

Of the five single barcodes, trnL-trnF showed the highest discrimina-

tory power with 93% (i.e., all species except T. floridana), followed by

ITS (73%), ITS1 (67%), psbA-trnH (53%), matK (47%) and finally ITS2

and rbcL (33%). Among the two-marker combinations, trnL-trnF + ITS

provided the highest species resolution (93%), while other combina-

tions ranged from 53% to 87%. Curiously, T. mairei failed to be dis-

criminated when trnL-trnF was combined with any other cpDNA

marker. Leaving aside ITS1 or ITS2 as separate markers, combinations

of three or four markers that excluded trnL-trnF always had a

discrimination rate of 87%, whereas any combination of three or more

markers that included trnL-trnF had a rate of 93%. Hence, all five mark-

ers together had a rate of 93% and gave a bootstrap value of >96% for

the monophyly of every Taxus species except T. floridana, which no

combination could discriminate or resolve it as monophyletic (Fig-

ure 3; Supporting information: Table S7).

3.3 | Comparisons between data sets

Data set II contained 129 more individuals and 475 more sequences

than Data set I, making a total of 835 sequences, with the number of

individuals sampled per barcode ranging from 110 to 195 (Supporting

information: Table S1). In general, Data set II captured the same distri-

bution range of intra- and interspecific k2p distance as Data set I (Sup-

porting information: Figure S3). However, for each individual marker,

the interspecific k2p distance was slightly but significantly larger in

Data set I than Data set II (Supporting information: Figure S4b; Sup-

porting information: Table S9). Conversely, intraspecific distance for

ITS in Data set II was around twice that in Data set I, whereas there

was no significant difference between data sets for any of the cpDNA

markers (Supporting information: Figure S4a; Supporting information:

Table S9). Species discrimination rates were the same between Data

sets I and II for rbcL, matK and psbA-trnH (Table 2). However, using

ITS, Emei type was discriminated in Data set I but not in Data set II. In

both data sets, T. globosa could be discriminated by trnL-trnF alone,

but strangely, trnL-trnF + ITS could discriminate T. globosa in Data set

I but not in Data set II.

3.4 | Comprehensive haplotype-based DNA
barcode reference libraries

For ITS, a total of 63 ITS ribotypes were obtained from 195

individuals representing 15 species from Data set II (Supporting

information: Table S10). Clustering of these ribotypes resolved ten

well-supported haplotype clades, each representing one species; the

other five species were not discriminated (Figure 4b). ITS1 can

recognize nine species, whereas only five of 15 species could be

identified by the ITS2 (Table 2).

A total of 4151 sequences were obtained for trnL-trnF in Data

set III, and 73 haplotypes were defined. Molecular genetic diversity

indices NH, NP, Hd and p ranged from 1 to 24, 0 to 13, 0.000 to

0.781 and 0.000 to 0.156, respectively (Table 3). As with Data set II,

14 of 15 species were discriminated, though with lower bootstrap

support for some clades. In Data set III, the species not discriminated

was T. mairei, which was polyphyletic (Figure 4a; Supporting infor-

mation: Figure S5). Conversely, T. floridana was discriminated in Data

set III only, albeit with only 78% support (Table 2).

3.5 | Global map of Taxus

In species distribution modelling, each one of the Taxus species had

an area under the receiver operating characteristic curve (AUC) value

of ≥0.932 (Table 1), indicating a far better than random prediction.
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Current potential distribution predictions were generally good repre-

sentations of the actual distributions of all Taxus species (Figure 5;

Supporting information: Figure S1). Taxus is most variable, diverse

and complex in Asia where ten species occur, and less so in North

America with four species, whereas Europe is straightforward with

only T. baccata present (Figure 5). Distribution ranges tended to be

broader for northern temperate species than for tropical/subtropical

ones. Among the latter, T. mairei showed the largest distribution

range and T. floridana the smallest. Most species did not have over-

lapping distribution ranges; however, an exception was T. mairei,

which had large areas of sympatry with each of T. chinensis and T.

wallichiana across China and the Himalaya region, respectively. How-

ever, T. mairei displayed elevational separation from both T. chinensis

and T. wallichiana (Poudel, M€oller, Liu et al., 2014), occupying lower

altitudes; this was also observed in the field (Supporting information:

Table S1), suggesting that each species occupies a separate ecologi-

cal niche. Narrow contact areas were also revealed among the other

six species in the Himalaya–Hengduan Mountains (Figure 5).

3.6 | Forensic application test

A species identification workflow of Taxus was established based on

the above analyses (Figure 6). Using this identification protocol,

DNA barcodes (trnL-trnF plus ITS) of all three unknowns were suc-

cessfully sequenced. The sequences from unknown X1 and X3 had

100% trnL-trnF and ITS identity with T. florinii and T. mairei, respec-

tively (Figure 4), and the samples could hence be identified as

belonging to these species. Unknown X2 had 100% identical trnL-

trnF to T. cuspidata (Figure 4a), but 100% identical ITS to T. baccata

(Figure 4b). This discrepancy can be explained if the sample is a

hybrid between T. cuspidata and T. baccata, known as T. 9 media.

4 | DISCUSSION

4.1 | DNA barcoding of Taxus

4.1.1 | Comparison of species identification
methods

Of the data analysis methods used, sequence similarity method

showed the highest discrimination between Taxus species (Support-

ing information: Table S8), while the coalescent-based PTP method

consistently exhibited the lowest (Figure 2; Supporting information:

Table S7), although the PTP method always recognized more species

(data not shown). Tree-based methods (NJ and ML) had higher spe-

cies discrimination power than distance-based ABGD, with NJ per-

forming better than ML (Figure 2). In routine DNA-based forensic

application, there will always be a trade-off between accuracy and

convenience of the species identification method. The sequence sim-

ilarity method has been shown to be reliable, feasible and

TABLE 2 Bootstrap values of monophyletic clades of Taxus lineages based on single DNA loci, and one combination

DNA regions

rbcL matK psbA-trnH trnL-trnF ITS ITS1 ITS2 trnL-trnF + ITS

No. of samples 72/110 72/173 72/167 72/190/4151 72/195 72/195 72/195 72/185

Taxon

T. baccata 65/66 64/64 n.d./n.d. 99/98/98 98/91 95/87 87/61 99/99

T. brevifolia 62/63 99/99 99/98 59/61/60 96/97 96/97 n.d./n.d. 94/95

T. calcicola n.d./n.d. n.d./n.d. n.d./n.d. 68/70/58 88/48 69/n.d. n.d./n.d. 98/92

T. chinensis 42/42 66/65 63/60 87/84/85 n.d./n.d. n.d./n.d. n.d/n.d. 88/80

T. canadensis n.d./n.d. 80/79 52/46 99/99/99 99/99 85/87 94/94 99/99

T. contorta 66/66 51/51 n.d./n.d. 94/82/42 99/100 99/99 88/86 99/99

T. cuspidata n.d./n.d. n.d./n.d. 98/98 92/92/94 n.d./n.d. n.d./n.d. n.d./n.d. 99/99

Emei type n.d./n.d. n.d./n.d. 61/67 99/99/99 49/n.d. 53/n.d. n.d./n.d. 99/98

T. floridana n.d./n.d. n.d./n.d. n.d./n.d. n.d./n.d./78 n.d./n.d. n.d./n.d. n.d./n.d. n.d./n.d.

T. florinii 87/86 40/41 86/80 84/85/43 98/96 98/94 n.d./n.d. 99/99

T. globosa n.d./n.d. n.d./n.d. n.d./n.d. 99/81/84 n.d./n.d. n.d./n.d. n.d./n.d. 98/n.d.

T. mairei n.d./n.d. n.d./n.d. n.d./n.d. 12/n.d./n.d. 94/85 90/81 n.d./n.d. 94/85

T. phytonii n.d./n.d. n.d./n.d. 55/55 68/53/66 83/80 76/78 53/54 89/84

Qinling type n.d./n.d. 48/47 n.d./n.d. 60/77/39 99/100 98/98 64/63 99/99

T. wallichiana n.d./n.d. n.d./n.d. 95/48 81/80/31 96/75 91/76 n.d./n.d. 99/99

Monophyly 5/5 7/7 8/8 14/13/14 11/10 10/9 5/5 14/13

Discrimination rate 33/33 47/47 53/53 93/87/93 73/66 67/60 33/33 93/87

Notes. Figures cited are for Data set I/II/III for trnL-trnF; Data set I/II for others. Species identification mismatches among data sets are shown in grey

shade. We used 73 haplotypes of trnL-trnF for the NJ analysis in Data set III. n.d: indicates not discriminated.
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computationally tractable (Virgilio, Backeljau, Nevado, & De Meyer,

2010), but the results are often counter-intuitive; meaning that it is

not easy to assign an unknown sample to a specific species. The

tree-based NJ method is the most widely used method for DNA bar-

coding in the literature (Sandionigi et al., 2012) and has been tested

and validated many times (Little & Stevenson, 2007; Sandionigi et al.,

2012; van Velzen, Weitschek, Felici, & Bakker, 2012). Considering

the robustness of the NJ method in the present study, as well as its

popularity, rapidity and intuitiveness (van Velzen et al., 2012; Yan

et al., 2015), we recommend it as a routine analysis method for

DNA barcode-based identification of Taxus species. The discussion

below therefore focuses on results from NJ analyses unless stated

otherwise.

4.1.2 | Barcodes for Taxus

The first step for plant DNA barcoding is to find one or a suitable

combination of barcodes. In Taxus, the discrimination power of each
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F IGURE 3 Neighbour-joining (NJ) tree of the 15 Taxus species in this study, based on a concatenated alignment of five barcodes (rbcL,
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[Colour figure can be viewed at wileyonlinelibrary.com]
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of the five individual barcodes, and also the two subregions ITS1

and ITS2 treated separately, was assessed via the occurrence of

monophyletic clades in the NJ tree. This showed that trnL-trnF had

the highest discriminatory power (93%), followed by ITS (73%) and

ITS1 (67%), while ITS2 and rbcL had the lowest (33%) (Figure 2;

Table 2; Supporting information: Table S7). Only T. floridana could

not be identified in the NJ analysis with the criteria used here for

trnL-trnF (Table 2). However, the trnL-trnF sequence of T. floridana

could be distinguished from its closest relative T. globosa by two

point mutations (519 bp, T to C) and (520 bp G to A), and the posi-

tion of one insertion from 531 to 540 bp, which is useful for species

identification in closely related Taxus species (Supporting informa-

tion: Figure S6). Such differences were shown in the NJ tree

(Figures 3, 4a; Supporting information: Figure S5), where although

the individuals from T. floridana did not form a monophyletic clade,

they did show a consistent difference from T. globosa. Another case

is T. mairei, whose six haplotypes clustered into two clades: haplo-

types HM2 and HM4 are close to T. chinensis, and the rest are close

to the Qinling type (Figure 4a; Supporting information: Figure S5).

However, comparing with T. mairei, one species-specific insertion

was observed from 670 to 676 bp in T. chinensis, and one deletion

was detected from 849 to 850 bp in Qinling type (Supporting infor-

mation: Figure S6) differentiating them from T. mairei. Thus, if we

take the indel into account, trnL-trnF alone can distinguish all 15 spe-

cies of Taxus, making it the ideal single barcode for Taxus. It meets

all criteria for an ideal barcode, that is, primer universality, consistent

ability to generate high-quality sequences from the target taxa, high

species resolving power (Hollingsworth, Graham, & Little, 2011;

Kress et al., 2005) and clear differentiation (“barcode gap”) between

species (Meyer & Paulay, 2005).

Combination of DNA barcodes has been proposed to increase

species discrimination power (CBOL Plant Working Group 2009;

Kress et al., 2005; Li et al., 2011) and has been adopted for many

specific taxa (Liu et al., 2011; Yan et al., 2015). However, in Taxus,

no combination gave a higher discrimination rate than trnL-trnF alone

(Figure 2, Table 2; Supporting information: Table S7). Moreover, the

other three cpDNA regions examined (rbcL, matK and psbA-trnH) did

little to improve the discrimination power; even combined, their dis-

crimination rate (86.7%) was lower than trnL-trnF alone (Supporting

information: Table S7). Therefore, while these may have roles in
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F IGURE 4 The clustering relationship of three unknown samples in the trnL-trnF (a) and ITS (b) NJ tree of reference haplotypes. The cyan
stars in (a) indicate private trnL-trnF haplotypes. Clades that include “Unknowns” are highlighted with grey squares, X1, X2 and X3 represent
the three unknown samples. Bootstrap values are shown on the branches [Colour figure can be viewed at wileyonlinelibrary.com]
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determining if samples are Taxus or not, they are not useful at the

infrageneric level.

Although ITS1 or ITS2 has been recommended as separate

potential barcodes (Chen et al., 2010; Liu et al., 2011), we found

that each has a lower species discrimination rate than the complete

ITS (Table 2) and therefore cannot serve as alternatives to ITS.

Unlike trnL-trnF, ITS (or ITS1 alone) consistently discriminated T.

mairei (Table 2); however, within Data set II, T. globosa could be dis-

criminated by trnL-trnF alone, but not by trnL-trnF + ITS combined.

This was the effect of the incongruent trnL-trnF signal, which could

be due to genetic introgression between species or incomplete lin-

eage sorting. Considering that information from the nuclear DNA is

essential for tracing species boundaries in DNA barcoding (Hollings-

worth, Li, van der Bank, & Twyford, 2016; Li et al., 2011) and also

for hybrid identification (see below), we recommend the incorpora-

tion of ITS in the panel of Taxus barcodes. Moreover, within-species

variation might help trace the origin of an unknown sample to one

part of a species’ range, as demonstrated below.

4.2 | Sampling strategy in DNA barcoding

The size and extent of necessary sampling are one of the central

issues in DNA barcoding (Bergsten et al., 2012; Zhang et al., 2010).

In the current study, based on the trnL-trnF sequences among Taxus

species, four species possessed only one haplotype, six had two to

four, three had between six and 10, and T. wallichiana contained by

far the most with 24 (Table 3). However, this species also had, by

some margin, the most sampled populations (52) and individuals

(1,021). As a general rule, the number of haplotypes tended to

increase with the number of sampled populations and individuals,

and the spatial scale of sampling, with two notable exceptions. Qin-

ling type contained just one haplotype among 11 populations and

274 individuals analysed here, perhaps indicating a past genetic bot-

tleneck. The European T. baccata had just four haplotypes detected

among 22 samples from across Europe and into SW Asia and N

Africa; moreover, two of these were private to Iran, leaving only two

detected from Europe. While this could reflect few individuals sam-

pled per population (39 sampled plants in total), it is consistent with

a broad pattern of lower haplotype diversity in Europe likely result-

ing from a range contraction during Pleistocene ice ages (Hewitt,

2000). Therefore, the diversity of detected haplotypes for each spe-

cies is likely to depend both on their Pleistocene population histories

(Liu et al., 2013; Mayol et al., 2015; Poudel, M€oller, Liu et al., 2014)

and the breadth of sampling. Nonetheless, the possible existence of

undetected haplotypes for less sampled species should not be an

issue given that all but one species were resolved as monophyletic

for haplotypes. The exception, T. mairei, was monophyletic but with

extremely weak (12%) support only in Data set I, but not in II or III.

Due to access limitations, the sampling size was small for the

four North American species (Table 3) and hence is unlikely to cover

TABLE 3 Number of populations (PN) and individuals (N) for each Taxus species and their genetic diversity based on the trnL-trnF region

Species PN N NH NP Hd p (310�2) Haplotypes (number of individuals), private haplotypes in bold

T. baccata 22 42 4 3 0.264 0.044 HB1 (36); HB2 (3, IR2, Iran); HB3 (1, EU1, Scotland); HB4 (2, IR1, Iran)

T. brevifolia 3 3 1 0 – – HR1 (3)

T. calcicola 7 109 3 2 0.139 0.004 HA1 (101); HA2 (6, SC19, Sichou); HA3 (2, MLP15, Malipo)

T. canadensis 5 6 1 0 – – HD1 (6)

T. chinensis 16 292 2 1 0.007 0.001 HN1 (291); HN2 (1, CG10, Chengu)

T. contorta 19 373 10 5 0.124 0.017 HC1 (348); HC2 (3); HC3 (2, GL11, Jilong); HC4 (3); HC5 (1, HZ3); HC6 (8); HC7
(1, ME10); HC8 (1, MK11); HC9 (4); HC10 (2, SW10)

T. cuspidata 22 306 3 1 0.051 0.062 HU1 (166); HU2 (139); HU3 (1, DPEL01)

Emei type 10 197 3 2 0.041 0.005 HE1 (193); HE2 (1); HE3 (3)

T. floridana 3 7 1 0 – – HF1 (7)

T. florinii 29 574 7 6 0.031 0.004 HL1 (565); HL2 (2, HB02, Haba); HL3 (1, KPG18, Kangpu); HL4 (1, KPG29, Kanpu);

HL5 (1, LJ20, Lijiang); HL6 (3, LJS23, Lijiang); HL7 (1, ML03, Meili)

T. globosa 8 10 4 1 – – HG1 (4); HG2 (2); HG3 (3); HG4 (1)

T. mairei 32 739 6 4 0.494 0.064 HM1 (443); HM2 (284); HM3 (2, TC01, Tengchong); HM4 (6, HSH25, Huangshan);

HM5 (2, LA19, Lianan); HM6 (2, TMR33, Tengchong)

T. phytonii 12 197 3 0 0.642 0.156 HP1 (83); HP2 (75); HP3 (39)

Qinling type 11 278 1 0 0.007 0.001 HQ1 (278)

T. wallichiana 52 1018 24 13 0.781 0.079 HW1 (323); HW2 (212); HW3 (27); HW4 (230); HW5 (157); HW6 (2); HW7 (1, CX01);

HW8 (4, CY08); HW9 (4); HW10 (2, CY29); HW11 (3); HW12 (1, DS13); HW13 (3);

HW14 (4, GS13); HW15 (7, GS18, YG02); HW16 (1, JD22); HW17 (20, JZ01); HW18
(3, KC1); HW19 (5, MA01); HW20 (3, XP03); HW21 (2, XB20); HW22 (1, XL03); HW23
(2, YG04); HW24 (1, YG15)

Total 251 4151 73 38

Notes. NH: number of total haplotypes; NP: number of private haplotypes at population level; Hd: haplotype diversity; p: nucleotide diversity; –: not esti-

mate due to small sample size.
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all the genetic variation of these species based on trnL-trnF. How-

ever, the four species showed a clear allopatric distribution (Figure 5;

Supporting information: Figure S1), which is strongly determined by

climatic factors, and the species may have different ecological niches

(Farjon & Filer, 2013). Moreover, the phylogeographical history of

North American plants was largely affected by the Quaternary

glaciations (Avise, 2000). These factors would together accelerate

lineage sorting and genetic divergence processes among the four

species, increasing interspecific genetic distance (“barcoding gap”) at

the expense of intraspecific distance (Meyer & Paulay, 2005). Never-

theless, given the low number of samples from North America, more

sampling is needed for T. globosa to further validate the robustness

of the library.

For ITS, our results suggested that increasing the sample size from

72 individuals (Data set I) to 195 (Data set II) greatly increased the

intraspecific k2p distance (Supporting information: Figure S4a), imply-

ing that more individuals are needed to capture available genetic vari-

ation. However, Emei type could be discriminated in Data set I but

not in II for ITS, and a similar decrease in species identification rate

was also observed in ITS1 for both Emei type and T. calcicola. The

same also applied for T. globosa with ITS + trnL-trnF combination

(Table 2). Likewise, based on a total of 47 samples, ITS or ITS1 had

previously distinguished all 11 Eurasian species (Liu et al., 2011),

whereas in the current study based on 195 individuals, four of these

(Emei type, T. calcicola, T. chinensis and T. cuspidata) could not be dis-

criminated by either ITS1 or complete ITS. This strongly indicates that

the relatively intense within-taxon sampling of the current study

reduced species-level resolution from ITS, presumably because it

captured a higher level of within-species variation, reducing inter-

specific distances (Bergsten et al., 2012; Zhang et al., 2010). Intro-

gression between species might have contributed to this effect,

because shared or transferred ribotypes, for example, between Emei

type and T. chinensis, are more likely to be detected as sampling size

increases. Moreover, with an increase in species and population sam-

pling, the strong reduction in species resolution rate decrease in ITS

may also reflect the effective population size difference between

chloroplast and nuclear genome (Birky, Maruyama, & Fuerst, 1983).

When we consider all the above evidence, together with previ-

ous work (Bergsten et al., 2012; Ekrem et al., 2007; Liu et al. 2012;

Zhang et al., 2010), the main implications for DNA barcode library

construction, for other groups that include IUCN- and/or CITES-

listed taxa, include the following: First, the potential utility of a DNA

barcode is closely associated with sampling completeness at the tax-

onomic level. As the number of included species increases, the dis-

crimination rate may decrease (see ITS for Taxus here). Hence,

comprehensive species-level sampling is one of the prerequisites for

developing a reliable DNA barcode library. Second, the exact number

of samples needed within any given species will largely depend on

its population history and geographical extent, which determine its

intraspecific genetic diversity. Generally, sampling of multiple individ-

uals from several localities covering the entire distribution range is

recommended. Third, because the effective population size varied

between chloroplast and nuclear regions (Birky et al., 1983), the

appropriate sampling size for developing a barcode library to repre-

sent these two genomes is different, and at least in this case, the lat-

ter needed more sampling to capture complete genetic variation.

Asia
T. calcicola T. chinensis T. contorta T. cuspidata Emei type

T. florinii T. mairei T. phytonii Qinling type T. wallichiana

North America T. baccataT. canadensis T. floridana T. globosaT. brevifolia

F IGURE 5 The potential global geographical distribution of 15 Taxus species predicted using species distribution modelling [Colour figure
can be viewed at wileyonlinelibrary.com]
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4.3 | Forensic test cases: geographical origin
inference and hybrid identification

Geographical structuring of genetic variation results from mutation,

genetic drift, limitations to gene flow and selection (Avise, 2000);

this offers the possibility of determining the region or even popula-

tion of origin for a sample, for which DNA barcoding is an appropri-

ate tool (Moritz & Cicero, 2004; Ogden & Linacre, 2015). Such

knowledge can be useful in forensic identification and conservation,

providing vital information for investigating wildlife crime and

securing convictions.

Locating the origin of any Taxus sample can first be narrowed

down by species identity, using distribution maps (Figure 5), as only

three species exhibit significant overlap in distribution range (see

above). Within-species variation for trnL-trnF was detected for 10 of

the 15 Taxus species, including nine of 11 Eurasian species, where

some of the haplotypes are private at population level (Figure 4,

Table 3). For ITS, intraspecific variation was observed in 13 of the

15 species. Hence, in many, but not all, cases, the point of origin

could be further narrowed down using within-species variation.

These principles were tested on three unknown samples.

Unknown X1 was seized in Deqin County, northwest Yunnan Pro-

vince of China, and the sample was identified by DNA barcoding as

T. florinii, which is consistent with the T. florinii distribution map

(Figure 5). In this instance, the sample’s haplotype (HL1) is wide-

spread within the species and did not allow us to further narrow

down its location.

Unknown X3 had trnL-trnF haplotype HM6 (Supporting informa-

tion: Figure S6), which is private to a single population of T. mairei

sampled from Tenchong in the west Yunnan (Table 3; Supporting

information: Table S1). Given that 31 other populations were sampled

across the species’ range (Table 3; Supporting information: Table S1),

it is thus highly likely that this sample originated either from this pop-

ulation or from another nearby population that was not sampled. By

contrast, the species T. mairei occurs in at least 12 Chinese provinces

(Supporting information: Table S1). Hence in this instance, within-spe-

cies variation for a single marker has narrowed down from a broad

species range to a small and fairly precise point of origin.

Clearly, it is a matter of chance whether a private haplotype is

present in any unknown sample; many species contain both private

and widespread haplotypes (e.g., T. wallichiana), while T. chinensis

and Qinling type have only one haplotype. Therefore, there will be

some cases where determining location of origin requires additional

markers, such as microsatellites or a fast-evolving DNA region

(Ogden & Linacre, 2015), but that would of course incur significant

extra costs. Future projects should focus on population genetic anal-

ysis with reproducible molecular markers that can better represent

variation between parts of a species’ distribution range.

Samples from crime
scene or other source

DNA isolation
4 CTAB

PCR amplification
with trnL-trnF and
ITS

Sanger
sequencing
ABI3730XL

DNA
chromatograms
Trace file

Barcode sequencing

Sequence assembling
Final barcode

GENEIOUS, SEQUENCHER

BLAST at NCBI or BOLD to
test if it belongs to Taxus

If yes, DNA alignment with
trnL-trnF and ITS barcode
reference library

Neighbor joining analysis
(MEGA), possible species
determination

Species identification

Further validating with
reference map. Generation of
case report.

F IGURE 6 The applicable workflow for
species identification of unknown Taxus
samples using the DNA barcode libraries
and reference map generated in this study
[Colour figure can be viewed at
wileyonlinelibrary.com]
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Hybridization can often reduce the success of species discrimina-

tion from barcodes in plants (Hollingsworth et al., 2011; Tosh et al.,

2016); thus, hybrids are usually excluded in DNA barcoding analyses

(Meyer & Paulay, 2005). However, identifying hybrids is important,

as for example they are often exempted from legislation (Dormontt

et al., 2015). Because plastid inheritance is uniparental (paternal in

Taxus; Collins, Mill, & M€oller, 2003), a hybrid sample cannot be iden-

tified from cpDNA markers alone; thus, nuclear markers must also

be used, as these are biparentally inherited (Hollingsworth et al.,

2016; Li et al., 2011). The third unknown sample of Taxus from the

current study, Unknown X2, had cpDNA from T. cuspidata, but clus-

tered with T. baccata for the nuclear ITS data, suggesting that the

sample is a hybrid between the two species. Two artificial Taxus

hybrids, T. 9 media and T. 9 hunnewelliana, are widely cultivated

(Hoffman, 2004). Based on RAPD markers and trnL-trnF sequence

data, the former represents a cross between T. baccata 9 T. cuspi-

data, whereas the latter involves T. cuspidata and T. canadensis (Col-

lins et al., 2003). Unknown X2, therefore, matches T. 9 media.

4.4 | Routine applications

To operationalize the application component of the DNA barcode

reference library, we propose a workflow for the identification of

unknown specimens (Figure 6). In routine forensic application of

DNA-based methods, it is important to generate accurate and repro-

ducible DNA sequencing results from suspect samples (Dormontt

et al., 2015). In Taxus, the main illegal commercial products are

leaves and bark, used for isolation of taxol and its derivatives, but

these may also be processed into other forms, for example, powder.

DNA isolation from these samples is straightforward, as with sample

Unknown X1. However, illegal wood products such as chopping

boards, chopsticks and bowls are also commonly found on the mar-

ket in China, and DNA extracted from wood is generally of poor

quality (Dormontt et al., 2015). This challenge, notwithstanding,

advances in DNA isolation procedures from wood (Rachmayanti,

Leinemann, Gailing, & Finkeldey, 2009), and the decreasing cost of

next-generation sequencing raises the chances of usable DNA

sequences being generated from Taxus timber.

Where the genus of a sample is not known, the popular barcodes

rbcL and matK, together with ITS and trnL-trnF, can be used to con-

firm the identity to genus level, as part of a comprehensive tiered or

hierarchical approach from unknown to genus to species to popula-

tion. This approach follows the principle that DNA barcoding should

establish a database centred on standardized barcodes with a solid

taxonomic foundation, including adequate sampling of genetic varia-

tion linked to accurately verified voucher specimens (Moritz &

Cicero, 2004) that can identify any plant (CBOL Plant Working

Group 2009; Hollingsworth et al., 2011; Kress et al., 2005). A search

tool in public databases (e.g., GenBank and BOLD) could be used to

confirm whether a sample belongs to Taxus. However, inaccurate

identifications and uneven quality of sequences deposited in Gen-

Bank are not uncommon (Nilsson et al., 2006). BOLD data are better

curated with higher quality standards, but might still harbour

misidentified specimens to some degree (Nilsson et al., 2006) and

have a narrower coverage of plant taxa and specific barcodes. For

Taxus, BOLD (accessed 23 April 2018) has 429 public specimen

records representing 12 Taxus species (including some synonyms),

plus two hybrids and four varieties, of which 416 are mined from

GenBank, NCBI; all sequences are rbcL, matK or ITS2 sequences. If

using only BOLD or GenBank sequences for barcoding reference,

the potential exists for these to cause confusion or even incorrect

identification according to our results, but the availability of our ref-

erence library should fix this problem. Nevertheless, it is still feasible

to use GenBank and BOLD to determine whether the unknown

belongs to Taxus.

Once a sample is certainly known to be Taxus, only trnL-trnF and

ITS need to be used. If the trnL-trnF haplotype does not immediately

match one of the 73 species-specific haplotypes detected here, NJ

analysis can be used to place them within a species, which may be

further supported by ITS, and the distribution map can be used to

further collaborate the result.

5 | CONCLUSIONS

In the present study, three data sets, with a total of 4,151 indi-

viduals representing all the 15 currently known Taxus species

worldwide, were used to determine the ideal DNA barcode and

construct a species identification system. Five data analysis meth-

ods (sequence similarity method, PTP, NJ, ML and ABGD) were

tested for species discrimination power, and based on our results,

we recommend the tree-based NJ method for adoption as the

standard method for forensic identification. Based on the perfor-

mance of single barcodes and their combinations, we recommend

trnL-trnF as the best single DNA barcode for Taxus and trnL-

trnF + ITS as the best combined barcode. By comparing three data

sets, the results indicate that the success of a DNA barcode

library construction depends on adequate sampling of species

within the genus, and both populations and individuals within each

species across its distribution range. Moreover, the level of sam-

pling required for adequate coverage may differ between chloro-

plast and nuclear barcode markers. This study has constructed a

comprehensive DNA barcode reference library based on trnL-trnF

and ITS for Taxus across the world, plus a global distribution map

for the genus. Together, these form a standard identification sys-

tem that will aid species identification for unknown Taxus samples.

The identification system developed here successfully identified

two unknown forensic samples to the species level, pinpointing

the location for one of them, and identified both parents of a

third unknown sample that was apparently of hybrid origin. There-

fore, this system can determine both species and hybrids and can

in some cases greatly narrow down the geographical location. Our

work will serve as an effective tool for species identification for

IUCN- and CITES-listed species. This will in turn reinforce the

objectives of international treaties, strengthen national forestry

management and help enforce conservation laws designed to curb
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the increasing threat of illegal exploration and illicit trade, all of

which will partly mitigate the extinction risk of species.
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