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genus has risen as a result of the discovery of Paclitaxel 
(also known as Taxol®) in the 1960s (Wani and Horwitz 
2014), which has since become one of the most used antitu-
mor drugs (Gallego-Jara et al. 2020).

The differentiation of species in Taxus has historically 
been difficult due to an overall high extent of morphologi-
cal similarity and phenotypic plasticity (Möller et al. 2007, 
2020; Spjut 2007; Liu et al. 2011; Coughlan et al. 2020), 
with the number of reported species ranging from one (Pil-
ger 1903) to 24 (and 55 varieties) (Spjut 2007) and more 
recent publications delimiting 15 (Liu et al. 2018), 16 (Fu et 
al. 2019) or nine (Coughlan et al. 2020) species, although the 
latter study did not include multiple known lineages. In the 
WFO Plant list (WFO 2024), the following 13 Taxus species 
names are currently listed as accepted names: T. baccata L., 
T. brevifolia Nutt., T. calcicola L.M. Gao & Mich.Möller, 
T. canadensis Marshall, T. chinensis (Pilg.) Rehder, T. con-
torta Griff., T. cuspidata Siebold & Zucc., T. floridana Nutt. 
ex Chapm., T. florinii Spjut, T. globosa Schltdl., T. mairei 
(Lemee & H.Lév.) S.Y. Hu, T. sumatrana (Miq.) de Laub. 
and T. wallichiana Zucc. Four potential cryptic species are 

Introduction

The genus Taxus L. is a group of coniferous trees and shrubs 
whose native ranges mainly lie in the northern hemisphere 
(Li et al. 2001). In the past decades, public interest in this 
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Abstract
The species identification in Taxus based on morphological differences has historically been difficult, and molecular 
markers are important tools to consistently identify Taxus species. The increasing availability of public DNA sequencing 
data supports efforts to develop such markers. In this study, a new molecular PCR-based marker for the differentiation 
of the three most abundantly occurring Taxus species in Europe, T. baccata, T. cuspidata, and their cultivated hybrid, T. 
× media, was identified in the ITS region in the nuclear genome, as well as markers for the identification of T. baccata 
and T. cuspidata that were identified in the psbB_psaI intergenic linker and chlN region of the chloroplast genome and in 
the cox1 region of the mitochondrial genome. Markers identified in public data were validated with 106 T. baccata, 12 
T. × media and 10 T. cuspidata individuals with pre-existing phenotypical species declarations. The marker test results 
matched the identity of all but seven samples, and all deviating samples were identified by the markers as T. × media. In 
combination, these markers can also identify the crossing direction of T. × media samples. The results of the tests on T. 
× media samples in this study support a paternal inheritance of the mitochondrial genome in T. × media and revealed the 
crossing direction of multiple cultivars for which it was previously unknown. A minimal marker set was defined for rapid 
and cost-efficient identification of the analysed Taxus species and the crossing direction in T. × media.
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also described (Liu et al. 2011), as well as two hybrid spe-
cies, T. × media Rehder and T. x hunnewelliana Rehder, 
which resulted from crosses between T. cuspidata with T. 
baccata and T. cuspidata with T. canadensis, respectively 
(Chadwick and Keen 1976; Collins et al. 2003).

Seven of the Taxus species that are recognized by the 
IUCN Red List are considered “near threatened” (1), “vul-
nerable” (1), “endangered” (4), or “critically endangered” 
(1), with “decreasing” population trends (IUCN 2023), 
while the current population trend of European yew is cat-
egorized as “increasing”.

T. baccata L. is the only naturally occurring Taxus spe-
cies in Europe, and is also known as European or English 
yew. It is native to most of Europe, the Atlas Mountains, the 
Azores and Asia Minor (Schirone et al. 2010; Benham et al. 
2016; Coughlan et al. 2020). Due to deforestation, selective 
felling and grazing (among other causes), natural popula-
tions of T. baccata have declined throughout Europe during 
the past 4000 years (Svenning and Magård 1999; and ref-
erences therein). Consequently, forests harbouring yew are 
among the protected habitats designated by the European 
Community (Council Directive 92/43/EC 1992).

In addition to its natural populations, T. baccata has long 
been cultivated as an ornamental tree in Europe, along with 
the Japanese Yew Taxus cuspidata Siebold & Zucc. and its 
hybrid with T. baccata, T. × media (Chadwick and Keen 
1976; Stöhr 2019). T. cuspidata naturally occurs in Japan 
and nearby continental regions on the Korean peninsula, 
China and Russia (Earle 2022), and was previously shown 
to be closely related to T. baccata (Liu et al. 2011; Cough-
lan et al. 2020; Möller et al. 2020). The divergence of the 
two species’ ancestors was approximated to have occurred 
between 3.13 and 4.6 (Li et al. 2001) and 6.95 and 8.7 mil-
lion years ago (Möller et al. 2020). Two varieties of T. cus-
pidata are currently accepted, var. cuspidata and var. nana, 
which differ in morphology and distribution area (Kondo 
2016; Earle 2022; GBIF 2023; WFO 2024).

The T. × media hybrid cultivars originated from two ini-
tial crosses in early 1900s in the Hunnewell Pinetum, Bos-
ton, Massachusetts, and Hicks Nursery, Long Island, New 
York. Unfortunately, there is no sufficient documentation 
about the parents used in these crosses available, as noted 
by Collins et al. (2003). Therein, only the maternal parent-
age was determined as follows:” The original T. × media 
seedlings from the Boston area were grown from seed of T. 
baccata ‘Fastigiata’ (the Irish yew); and the original seed-
lings of T. × media from the Long Island area were grown 
from seed of T. cuspidata.”

T. × media hybrids were also suspected– based on mor-
phological assessment– in naturally regenerated yew popu-
lations in Europe. However, any influence of cultivated 

yews on the natural populations of T. baccata is unexplored 
in Europe (Stöhr 2019).

The difficulties in species recognition extend to T. × 
media, especially when only parts of a plant can be assessed. 
The main features used to distinguish between trees of T. 
baccata and T. cuspidata var. cuspidata are bark color and 
needle’s shape. T. baccata bark is thin, smooth, and red-
brown, it peels off in quite large patches with gently arched 
edges, revealing deeper, cherry-coloured layers. Moreover, 
on thinner shoots, patches of bark unroll at the edges. T. 
cuspidata has brown bark that peels off in narrow, thin, soft 
and jagged strands (Fig. 1). The falling pieces do not reveal 
cherry spots, showing no anthocyanin discoloration within 
the trunk. They have similar leaves, however, T. baccata can 
have longer leaves (2–3(4) cm) compared to T. cuspidata 
(up to 2.5 cm). In T. baccata they are flattened, slightly bent 
and gradually sharpened, with a thin, short green petiole at 
the base, whereas T. cuspidata leaves are quite stiff, sharp 
and short, arranged comb-like, but not very regularly, with 
leaves clearly yellowish underneath, and often yellow peti-
oles. T. × media as a hybrid is characterized by intermedi-
ate characteristics of both species and it is very difficult to 
distinguish it from T. baccata. The most important morpho-
logical feature by which T. × media hybrids are identified is 
usually the intermediate colour of the trunk bark as well as 
the shape of the top of the needles, unfortunately in hybrids 
it is not always correlated with the quality of peeled-off 
bark. Some old T. × media varieties with a bushy shape, ini-
tially introduced into cultivation in the USA are T. × media 
‘Hicksii’ (female clone) and T. × media ‘Hatfieldii’ (male 
clone), which are often mixed with the T. baccata ‘Fasti-
giata’ variety due to similar shape (Seneta et al. 2021).

Due to the difficulty, or in some cases impossibility, of 
clearly differentiating T. × media from T. baccata and T. 
cuspidata based on morphology, the development of DNA 
markers for genetic differentiation of these species and 
its hybrids as well as for the identification of the crossing 
directions in T. × media individuals is very important. The 
knowledge of the mode of organelle inheritance is impor-
tant when interpreting results obtained from the applica-
tion of chloroplast DNA (cpDNA) or mitochondrial DNA 
(mtDNA) markers for species identification. So far there is 
strong support for a predominantly paternal transmission 
of cpDNA (Chesnoy 1987; Pennell and Bell 1988; Collins 
et al. 2003) as well as mtDNA (Chybicki et al. 2016) in T. 
baccata. Thus, it is expected that cpDNA markers, such 
as the CAPS marker in the cpDNA region trnL-F (Collins 
et al. 2003), with primers that were published previously 
(Taberlet et al. 1991), allow to differentiate T. baccata from 
T. cuspidata only in the paternal line. DNA markers devel-
oped for differentiation of some Taxus species comprise 
randomly amplified polymorphic DNA (RAPD) markers 
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(Collins et al. 2003) and a sequence characterized ampli-
fied region (SCAR) marker (Hao et al. 2018). However, 
the reproducibility of results gained with RAPD markers is 
low and fragment patterns cannot be assigned to one of the 
three different genomes (cpDNA, mtDNA or nuclear DNA 
(nDNA) and related specific genomic regions. In the case of 
the SCAR marker, T. cuspidata and T. × media were suc-
cessfully differentiated, but T. baccata was not included in 
the experiments (Hao et al. 2018). Another approach for 
species identification is DNA barcoding, i.e., the use of stan-
dardized genomic regions as taxon ‘barcodes’ (Hebert et al. 
2003). This approach was used in a study focusing on Taxus 
previously (Liu et al. 2011, 2018), utilizing the ITS and 
trnL-F regions that were also examined in this study, and 
trnL-F was claimed as the ideal barcode for Taxus in gen-
eral (Liu et al. 2018). Using this approach, the identification 
of interspecific hybrids relies on the ITS and trnL-F bar-
codes mismatching (see Liu et al. 2018), which is difficult 
to guarantee as the ITS genotype is inherited from both par-
ent species. Hence, a PCR marker that allows differentiation 

between T. baccata and T. × media is, to our knowledge, 
still missing. However, the increasing abundance of pub-
licly available sequencing data of Taxus species provides 
an opportunity to find DNA sequence variants capable of 
reliably differentiating the three Taxus species T. baccata, 
T. cuspidata and T. × media. In this study, we aimed to 
find and validate such variants and develop molecular PCR 
markers targeting cpDNA, mtDNA and nDNA in Taxus and 
to define a minimal easy-to-use and cost-efficient marker set 
(out of these markers) for the purpose of genetic differentia-
tion between these species. Moreover, the marker set should 
be suitable to determine the crossing direction in T. × media 
hybrid individuals.

Fig. 1  Bark of Taxus baccata (a,b), T. cuspidata (c,d) and T. × media (e,f)
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different Taxus species (CDS downloaded from Blast out-
puts), including T. cuspidata (MN593023), by the “Create 
Alignment”-tool of CLC GWB (default parameters). SNPs 
with different alleles in T. baccata compared to the T. cus-
pidata query sequence were identified manually based on 
the two T. baccata and two T. cuspidata accessions in the 
alignment.

SNP identification in nuclear genes for the potential 
differentiation between T. baccata and T. cuspidata

The T. baccata nuclear DNA sequence JX188555.1 (Liu 
et al. 2011), including internal transcribed spacer (ITS) 1 
and 2, was used as a query in BlastN analysis at NCBI (​
h​t​t​p​​s​:​/​​/​b​l​a​​s​t​​.​n​c​​b​i​.​n​​l​m​.​​n​i​h​​.​g​o​v​/) where “organism” was 
restricted to T. baccata and T. cuspidata. DNA sequences 
of the blast hits (including the sequence of JX188555.1) 
were downloaded from GenBank in FASTA format and 
filtered according to the following criteria: (1) Accessions 
from unpublished studies were removed; (2) Accessions of 
BLAST hits with less than 50% query cover or 98% identity 
were removed; (3) For accessions from samples for which 
trnL-F sequence data were available, samples were geno-
typed in silico based on the trnL-F marker (Collins et al. 
2003), and samples with contradictory species name and 
trnL-F genotype were removed; (4) Accessions containing 
ambiguous base calls (meaning calls other than A, T, G or 
C) were removed. The remaining sequences were then sub-
jected to an alignment using the “Create Alignment”-tool of 
CLC GWB (gap open cost = 10.0; gap extension cost = 1.0; 
end gap cost = as any other; alignment mode = very accurate; 
redo alignments = no; use fixpoints = no). The alignment was 
screened manually to identify SNPs potentially differentiat-
ing between T. baccata and T. cuspidata.

DNA extraction, PCR and genotyping

Fresh needles were cut into small pieces and afterwards 
frozen in liquid nitrogen in 2 mL tubes. Two stainless steel 
beads (diameter 4 mm) were added to the cut needles. The 
samples were then homogenized in the swing mill “MM300” 
(Retsch, Haan, Germany). The DNA was extracted using an 
inhouse protocol with an ATMAB based extraction buffer 
using the “standard operation protocol” (SOP) as described 
in detail in Bruegmann et al. (2022).

Primers flanking the DNA sequence variant of interest 
were designed using related T. baccata reference sequences 
(primers and references in Online Resource 1, Table S2). 
PCR reaction setups are given in Table 1 and temperature 
protocols used for PCR are listed in Table 2. For all mark-
ers, the used polymerase was DCS/Pol DNA Polymerase 
(DNA Cloning Service, Hamburg, Germany). Primers were 

Materials and methods

Plant material

For the validation of in silico developed DNA markers, nee-
dles from yew trees with available (in some cases external) 
phenotypic species declaration (T. baccata, T. cuspidata, or 
T. × media) were collected at various geographic locations in 
Germany and Poland, including arboreta, botanical gardens, 
parks and two autochthonous stands of T. baccata in Poland 
(with permission of the Regional Directorate for Environ-
mental Protection, Bydgoszcz, Poland: WOP.6400.37.2022, 
WOP.6205.72.2022.KLD, WOP.6205.73.2022.KLD, 
WOP.6400.36.2022.MKW). From these samples, some 
were excluded due to (1) mismatch between declared spe-
cies of the related individual and cultivar name available for 
this species, or (2) mismatch between phenotypic plant sex 
and previously described exclusive cultivar sex allocation 
based on Chadwick and Keen (1976). A set of 128 samples 
remained (Online Resource 1, Table S1).

Whole-plastome alignment of Taxus species and 
identification of potential species-differentiating 
indels

Complete cpDNA sequences of four T. baccata and four 
T. cuspidata samples were downloaded from GenBank 
using CLC Genomics Workbench version 24.0.02. For each 
sequence, psbA was selected from the annotation track and 
set as the starting point in the circular sequence view. A 
whole-plastome alignment was performed using the “Cre-
ate Alignment”-tool of CLC GWB (gap open cost = 10.0; 
gap extension cost = 1.0; end gap cost = as any other; align-
ment mode = very accurate; redo alignments = no; use fix-
points = no). The alignment was screened manually to 
identify potential T. baccata-specific or T. cuspidata-spe-
cific indels of at least 10  bp to enable simple genotyping 
based on agarose gel electrophoresis.

SNP identification in mitochondrial genes for the 
potential differentiation between T. baccata and T. 
cuspidata and alignment of cox1 CDS of different 
Taxus species

All CDS sequences of the complete mtDNA sequence of 
T. cuspidata (accession number MN593023) (Kan et al. 
2020) were downloaded from the GenBank entry and sub-
jected to a BlastN analysis at NCBI (where “organism” was 
restricted to Taxus). Blast results were manually screened 
for genes with SNPs that potentially differentiate between 
T. cuspidata and T. baccata in the related CDS. The cox1 
gene was selected for an alignment of the related CDS of 
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digested in a reaction mix consisting of 7 µl H20, 2.5 µl of 
10x rCutSmart buffer (New England Biolabs GmbH (NEB), 
Frankfurt, Germany), 0.5  µl BclI and 15  µl PCR product 
in a final volume of 25 µl. Digestion was performed in a 
SensoQuest Labcycler (SensoQuest GmbH, Göttingen, 
Germany) with the following program: 1 h at 37  °C, fol-
lowed by 20 s at 65 °C. The digested PCR products (25 µL 
and 2.5 µl Orange G loading dye (Merck KGaA, Darmstadt, 
Germany)) were then analysed by electrophoresis on a 2% 
agarose gel using a Smart Ladder (Eurogentec Deutschland 
GmbH, Köln, Deutschland) for size comparison. The gels 
were stained with Roti-Safe GelStain (Carl Roth GmbH & 
Co. KG, Karlsruhe, Germany).

TA_ITS

Genotyping was performed by Sanger sequencing of ampli-
cons. The PCR products were checked by electrophoresis 
on a 1.2% agarose gel stained with Roti-Safe GelStain 
(Carl Roth GmbH & Co. KG, Karlsruhe, Germany), using 
a Smart Ladder (Eurogentec Deutschland GmbH, Cologne, 
Germany) for size comparison. Loading samples for the gel 
consisted of 5 µl H20, 5 µl PCR product and 1 µl Orange 
G loading dye (Merck KGaA, Darmstadt, Germany). The 
samples were then sequenced by Sanger sequencing using 
forward- and reverse primer, respectively (StarSeq, Mainz, 
Germany). Sanger sequencing data were aligned to a suit-
able reference sequence by CLC GWB (version 22.0) using 
the “Assemble Sequences to Reference”-tool of the “Sanger 
Sequencing Analysis” tools to generate reference positions 
for SNPs. Base calls were identified at the reference posi-
tions (see results, Table 3).

trnL-F

Genotyping of individuals using this CAPS marker (Col-
lins et al. 2003) was performed by fragment size screen-
ing after amplicon restriction with AseI. The PCR products 
were digested in a reaction mix consisting of 7  µl H20, 
2.5  µl of 10x NEBuffer r3.1 (New England Biolabs, Ips-
wich, MA), 0.5 µl of 10 U/µl of AseI (New England Bio-
labs, Ipswich, MA) and 15 µl PCR product in a final volume 
of 25 µl. Digestion was performed on a SensoQuest Lab-
cycler (SensoQuest GmbH, Göttingen, Germany) with the 
following program: 1 h at 37 °C, followed by 20 s at 65 °C. 
The digested PCR products were then analysed on a 1.5% 
agarose gel stained with Roti-Safe GelStain (Carl Roth 
GmbH & Co. KG, Karlsruhe, Germany), using a Smart Lad-
der (Eurogentec Deutschland GmbH, Cologne, Germany) 
for size comparison. Loading samples consisted of 25  µl 
digested sample DNA and 2.5  µl Orange G loading dye 
(Merck KGaA, Darmstadt, Germany).

acquired from Eurofins Genomics Europe Shared Services 
GmbH, Ebersberg, Germany. PCRs were carried out in 
SensoQuest Labcycler (SensoQuest GmbH, Göttingen, 
Germany).

Marker-specific genotyping procedures were carried out 
as follows:

TA_InDel1 + TA_InDel2

Individuals were genotyped using these simple PCR mark-
ers by amplicon size screening. The PCR products were 
separated by electrophoresis on a 2% agarose gel, using a 
50 bp ladder (New England Biolabs GmbH (NEB), Frank-
furt, Germany) for size comparison. For this, 5 µl of PCR 
product was mixed with 2 µl Orange G loading dye (Merck 
KGaA, Darmstadt, Germany). The gels were stained with 
Roti-Safe GelStain (Carl Roth GmbH & Co. KG, Karlsruhe, 
Germany).

TA_cox1

Genotyping of individuals using this cleaved amplified 
polymorphic site (CAPS) marker was performed by frag-
ment size screening after amplicon restriction with BclI 
(recognition site: T/GATCA). The PCR products were 

Table 1  PCR reaction set ups for the used markers. PCR buffers: 1: 
BD PCR buffer (DNA cloning service, Hamburg, Germany), 2: B PCR 
buffer (DNA cloning service, Hamburg, Germany). Indels means both 
indel-based markers TA_InDel1 and TA_InDel2 as they share their 
reaction setups
Ingredients Amount [µl]

Indels TA_cox1 TA_ITS trnL-F
H20 8.90 13.50 11.37 16.80
PCR buffer (10x) 1.501 2.501 2.501 2.502

MgCl₂ (25 mM) 1.20 2.00 2.50 2.50
dNTPs (10 mM) 0.30 0.50 0.50 0.50
DMSO (Enhancer) 0.30 0.30 1.50 -
Primer F (10 µM) 0.30 0.50 0.75 0.75
Primer R (10 µM) 0.30 0.50 0.75 0.75
DNA-Polymerase (5 U/µl) 0.20 0.20 0.13 0.20
Master mix 13 20 20 24
DNA (10 ng/µl) 2 5 5 1
Total 15 25 25 25

Table 2  Temperature protocols for PCR reactions for the used mark-
ers. For cells with multiple values, the order is: Indels/TA_cox1/TA_
ITS/trnL-F. Indels means both indel-based markers TA_InDel1 and 
TA_InDel2 as they share their reaction setups
Step Temperature [°C] Duration Cycles
Initialisation 94 4/4/3/1 min 1
Denaturation 94 45/45/60/45 sec 30/35/30/35
Annealing 57/55/57/55 45/45/90/45 sec 30/35/30/35
Extension 72 1/1/2/2 min 30/35/30/35
final Extension 72 10 min 1
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Aiming at the development of a mtDNA marker allowing 
for the potential differentiation between T. baccata and T. 
cuspidata, ten SNPs that show different alleles in T. baccata 
compared to T. cuspidata were identified in mtDNA CDS in 
silico based on two T. baccata and two T. cuspidata acces-
sions (Online Resource 1, Table S3; Online Resource 3). 
Out of these, three SNPs were selected where the T. baccata 
allele is located in a recognition site of a restriction enzyme. 
One of these SNPs located in cox1 (Online Resource 1, 
Table S3) at position 842 of the related reference sequence 
(MN593023.1_cds_QJS35647.1; see Table 3) was selected 
for CAPS marker development using the restriction enzyme 
BclI (marker TA_cox1 in Table  3; primers and fragment 
sizes in Online Resource 1, Table S2). In an alignment of 
cox1 CDS of different Taxus individuals, the SNP differen-
tiating T. baccata and T. cuspidata is located at alignment 
position 842 bp (Online Resource 3). Only the two T. bac-
cata individuals in the alignment show the allele T at this 
position where the two T. cuspidata individuals as well as 

Results

Identification of DNA sequence variants in public 
data

In case of the chloroplast genome, we focused on the identi-
fication of larger indels which can be implemented in simple 
PCR markers and made visible on agarose gels. Based on a 
whole-plastome alignment of eight accessions (four T. bac-
cata, four T. cuspidata) (Online Resource 2), we identified 
two potential T. baccata-specific deletions of more than 
20 bp when compared to the cpDNA sequence of T. cus-
pidata at alignment positions 66,648–66,669 (TA_InDel1) 
and 129,636–129,662 (TA_InDel2) (Table 3; Fig. 2). TA_
InDel1 is located in the psbB_psaI intergenic spacer, and 
TA_InDel2 is located in the chlN gene of the chloroplast 
genome. Based on these indels, simple PCR markers were 
derived (TA_InDel1 and TA_InDel2; primer sequences in 
Online Resource 1, Table S2).

Table 3  Newly identified DNA sequence variants for a genetic differentiation between T. baccata and T. cuspidata
Genome Type of 

variant
Reference NCBI accession of reference Reference 

position
(in bp)

Allele in T. 
baccata

Allele in T. 
cuspidata

Derived 
marker

cpDNA indel T. cuspidata cpDNA 
sequence

NC_041498 64,069–
64,090

- ​A​A​A​T​T​A​A​A​T​T​A​A​T​
G​G​A​A​C​A​G​T​T

TA_
InDel1

cpDNA indel T. cuspidata cpDNA 
sequence

NC_041498 125,773–
125,799

- ​A​T​G​A​A​A​A​G​C​G​A​
A​G​T​A​A​T​T​T​T​G​C​T​
T​T​T​G

TA_
InDel2

mtDNA SNP T. cuspidata cox1-CDS MN593023.1_cds_QJS35647.1 842 T C TA_cox1
nDNA SNP T. baccata partial ITS 

sequence
JX188555.1 481 C T TA_ITS

Fig. 2  Indels differentiating T. baccata and T. cuspidata in a whole-
plastome alignment of four T. baccata and four T. cuspidata samples 
(complete alignment in Online Resource 2). NCBI accessions are 

given in the sequence name. (a) is related to the marker TA_InDel1 
and (b) to marker TA_InDel2 (Table 3). Numbers on top of the align-
ment show the alignment position
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Resource 1, Table S1). In addition, the published cpDNA 
marker trnL-F (Collins et al. 2003) was applied to the vali-
dation set.

The validation set includes 106 T. baccata, 12 T. × media 
and 10 T. cuspidata individuals (Online Resource 1, Table 
S1). All samples were collected in Germany or Poland 
(Fig. 3). Since the provenance of most samples is undocu-
mented, we cannot estimate the extent to which the natural 
distribution area of the species analysed is covered by our 
validation set.

The genotyping results for all 128 samples using the 
four markers developed in this study (Table  3) and the 
trnL-F marker (Collins et al. 2003) are presented in Online 
Resource 1, Table S1. The nDNA ITS markers TA_ITS 
(Table 3) enable the determination of both parental alleles 
at the given positions (without knowledge of the crossing 
direction). In case of these markers, nearly all 106 individu-
als phenotypically declared as T. baccata provided the T. 
baccata-specific allele in homozygote configuration at the 
ITS-SNP position (with one exception; Online Resource 
1, Table S1; chromatograms available at ​h​t​t​p​​s​:​/​​/​o​s​f​​.​i​​o​/​a​​k​d​

individuals representing three other Taxus species show the 
allele C.

For potential species differentiation based on nDNA, a 
region of nuclear rRNA internal transcribed spacers (ITS) 
was analysed in silico in an alignment of 14 related pub-
licly available sequences that were remaining after qual-
ity control (nine T. baccata and five T. cuspidata) (see 
Methods; Online Resource 4). Based on the alignment, a 
SNP potentially differentiating T. baccata and T. cuspidata 
was identified in the ITS region and a related marker was 
derived (TA_ITS in Table  3; alignment position 498 in 
Online Resource 4), allowing genotyping of individuals by 
PCR and Sanger sequencing (primer sequences in Online 
Resource 1, Table S2).

Validation of DNA markers in a set of species-
declared Taxus individuals

To validate the species-specificity of the detected variants, 
all markers (Table 3) were tested with a set of 128 newly 
collected Taxus DNA samples (“validation set”; Online 

Fig. 3  Sampling locations of 128 Taxus individuals used for marker validation. Locations with autochthonous stands are marked with squares, all 
other locations are marked with circles. Note: Spatially close sampling locations (see Table S1) are represented by the same symbol
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all three cpDNA markers applied, thus confirming that this 
marker allows to differentiate between T. baccata and T. 
cuspidata in the paternal line as well.

A comparison of the initial phenotypic species declara-
tion and DNA marker-supported species identification for 
the validation set is presented in Fig.  4. The genetic spe-
cies declaration is based on the four newly developed DNA 
markers (Table  3). Beyond genetic species identification, 
the applied marker set also allows the identification of 
crossing direction in T. × media hybrids, based on the appli-
cation of cpDNA/mtDNA markers (paternal species iden-
tity of hybrids indicated in brackets at the right-hand side 
in Fig. 4). The crossing directions of seven of the 12 T. × 
media cultivars identified by these markers show a complete 
accordance with previously published data, as shown in 
Table 4. In case of the other five cultivars the crossing direc-
tion was previously unknown and was genetically identified 
in this study (Table 4; Fig. 5).

To define a minimal marker set, the species identification 
results were complemented with considerations of cost and 
ease-of-use. Given the predominantly paternal inheritance 
of cpDNA and mtDNA, the nDNA marker TA_ITS is the 
only marker capable of identifying T. × media hybrids in 
addition to T. baccata and T. cuspidata, and should therefore 
be included.

However, the ITS marker is not able to define the cross-
ing direction in T. × media hybrids. To define the pater-
nal line in T. × media, TA_InDel2 performs best, as it is 
not reliant on a digestion procedure like TA_cox1 or the 

7​r​​/​?​v​​i​e​w​​_​o​n​​l​y​=​​4​2​4​4​​a​7​​3​7​1​​3​9​9​4​​2​c​1​​8​f​7​​0​f​8​6​2​c​c​f​a​4​4​3​b). In 
case of the 12 T. × media hybrid individuals, all genotyping 
results with the ITS markers showed heterozygous SNPs 
and thereby were in accordance with the phenotypic spe-
cies declaration. In the phenotypically declared T. cuspidata 
individuals (10 samples), the T. cuspidata-specific allele 
was identified in four individuals in homozygous configura-
tion as expected and in six individuals in heterozygous con-
figuration, thus genetically classifying these six individuals 
as T. × media hybrids (Online Resource 1, Table S1; chro-
matograms available at ​h​t​t​p​​s​:​/​​/​o​s​f​​.​i​​o​/​a​​k​d​7​r​​/​?​v​​i​e​w​​_​o​n​​l​y​=​​4​2​
4​4​​a​7​​3​7​1​​3​9​9​4​​2​c​1​​8​f​7​​0​f​8​6​2​c​c​f​a​4​4​3​b).

In all 128 samples, the cpDNA markers TA_InDel1 and 
TA_InDel2 as well as the previously published cpDNA 
marker trnL-F indicated the same species in the paternal 
line (T. baccata or T. cuspidata, respectively), confirming 
the species-specificity of the two newly developed indel 
markers. Considering the 116 individuals with phenotypic 
species declaration T. baccata or T. cuspidata, the genetic 
results obtained with the cpDNA markers were not follow-
ing the phenotypic species declaration in only four cases 
(identified as hybrids by the ITS marker; Online Resource 
1, Table S1). Genotyping of the 12 individuals declared as 
hybrids with the three cpDNA markers identified T. baccata 
in seven cases and T. cuspidata in five cases in the paternal 
line, underlining that both crossing directions are possible 
in T. × media hybrids. Genotyping of all 128 individuals 
with the newly developed mtDNA CAPS marker TA_cox1 
(Table  3) provided the same genetic species identity like 

Fig. 4  Comparison between initial species declaration (left) of 128 
Taxus samples of the validation set and marker-supported species 
identification (right) based on four newly developed DNA markers 

(Table 3). Bar heights are scaled to dataset size. For T. × media, the 
paternal genotype is given in brackets (bac = T. baccata, cus = T. cuspi-
data). Created using SankeyMATIC (​h​t​t​p​s​:​​​/​​/​s​a​n​k​e​​y​m​a​t​i​​c​.​c​o​​m​/​b​u​i​l​d​/)
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minimal marker set of TA_ITS and TA_InDel_2 allows for 
a complete and fast species differentiation between T. bac-
cata, T. cuspidata and T. × media as well as for the identifi-
cation of the crossing direction in T. × media.

Discussion

The markers developed in this study allow the differentiation 
of T. baccata and T. cuspidata in the nuclear, mitochondrial 
and chloroplast genome (Table 3). In the case of the nuclear 
marker, T. × media may also be identified. The cpDNA and 
mtDNA markers can provide the crossing direction in T. × 
media hybrids by defining the species in the paternal line 
(Table 4; Fig. 5).

Taxus is notorious for its difficult species identification, 
and yet, there have been successes in applying DNA-based 
techniques to support and supersede the traditional mor-
phology-based approaches (Collins et al. 2003; Möller et 
al. 2007; Liu et al. 2011, 2018; Hao et al. 2018; Coughlan et 
al. 2020). Our study builds up on these works to achieve the 
identification of two Taxus species and their hybrid. As an 
alternative to barcoding approaches, which consider entire 
sequences in barcoding regions and require the construction 

previously published marker trnL-F (Collins et al. 2003). It 
also produces larger DNA fragments during PCR than TA_
InDel1, resulting in easier length polymorphism screening, 
while still being short enough for applications with heavily 
degraded DNA templates (e.g., wood samples). As such, the 

Table 4  Results of genetic identification of the chloroplast type, 
indicating crossing direction of different T. × media cultivars on the 
basis of the new cpDNA markers TA_InDel1 and TA_InDel2. Previ-
ously reported chloroplast types (using the trnL-F marker) taken from 
Collins et al. (2003). Genotyping of five cultivars with previously 
unknown crossing direction by using the cpDNA marker TA_InDel2 
is presented in Fig. 5
Sample ID Cultivar This study (Collins et al. 2003)
TXxBAC_1 Thayerae T. baccata T. baccata
TXxBAC_3 Hillii T. baccata T. baccata
TXxBAC_5 Hicksii T. baccata T. baccata
TXxBAC_7 Densiformis T. cuspidata T. cuspidata
TXxBAC_8 Hatfieldii T. cuspidata T. cuspidata
TXxBAC_9 Brownii T. cuspidata T. cuspidata
TXxBAC_10 Green Mountain T. baccata T. baccata
TXxBAC_11 Rising Star T. baccata -
TXxBAC_12 Farmen T. cuspidata -
TXxBAC_13 Groenland T. baccata -
TXxBAC_14 Straight Hedge T. baccata -
TXxBAC_15 Stricta Viridis T. cuspidata -

Fig. 5  Agarose gel showing genotyping of several Taxus × media 
individuals (Table 4) with the cpDNA marker TA_InDel2 to identify 
the species in the paternal line. Samples TXBAC_7 and TXCUS_8 
function as positive controls for T. baccata and T. cuspidata, respec-

tively. NTC = no template control. Ladder = Smart Ladder (Eurogen-
tec Deutschland GmbH, Cologne, Germany). Ladder fragment size 
description in bp
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(Online Resource 1, Table S1), indicating the same mode of 
inheritance. As mentioned above, the mode of inheritance 
of chloroplast DNA in T. baccata was found to be pater-
nal (Chesnoy 1987; Pennell and Bell 1988; Anderson and 
Owens 1999), and a more recent study found the mode of 
inheritance of mitochondrial DNA to be predominantly 
paternal in T. baccata as well (Chybicki et al. 2016). Our 
results indicate that this is also true for the hybrid cultivar 
T. × media.

The validation process employed in this study showed 
few deviations from the expected marker results, correctly 
identifying all T. × media samples and > 99% of T. bac-
cata samples, but only 40% of T. cuspidata samples (Fig. 4; 
Online Resource 1, Table S1). Noticeably, all deviations 
involve samples that were considered to be either T. bac-
cata or T. cuspidata, but identified by the TA_ITS marker 
as T. × media. The hybrid is described as intermediate 
between its parent species, showing mixed characteristics 
(Rehder 1923; Collins et al. 2003), which, combined with 
the general similarity between the parent species (Stöhr 
2019), indicates that species declarations based on morpho-
logical attributes might be prone to errors. The inclusion of 
the previously published trnL-F marker (Collins et al. 2003) 
and its accordance with the newly presented cpDNA (and 
mtDNA) markers underline the possibility of a wrong initial 
species declaration in the cases of these deviations, as chlo-
roplast types of T. cuspidata were found in a sample that 
was declared as T. baccata and vice versa (Fig. 3). To fully 
alleviate this issue, a broader range of samples is needed 
for a complementary marker validation, e.g., containing T. 
cuspidata samples from regions in which it is native.

Capturing within-species variation in the studied genetic 
regions was limited by the number of publicly available 
high-quality sequences. While we used all of the relevant 
sequence data that was available at GenBank at this time 
(respecting the QC filtering for ITS sequences, see Methods 
section), future studies will undoubtedly be able to benefit 
by a larger and more diverse dataset that better reflects the 
genetic diversity of the studied species.

Other aspects are the restricted number of samples in 
the validation set and the limited documentation of prov-
enances of the included samples. A large part of T. baccata 
samples were received or collected from arboreta or botani-
cal gardens in northern Germany, with their origin often 
being either regional or unknown. While the small set of 
more distant T. baccata samples from Bavaria and Poland 
(including samples from autochthonous stands) showed no 
divergent marker results (Online Resource 1, Table S1), a 
larger dataset of samples throughout the native range of T. 
baccata could provide an even better confirmation of the 
presented markers integrity.

of DNA barcode reference libraries based on large sample 
collections (Antil et al. 2023), the approach we followed 
focuses on the identification and validation of singular 
taxon/species-differentiating DNA sequence variants. The 
markers developed based on these variants are then used as 
a basis for genotyping of individual samples (e.g., Mader et 
al. 2020; Schroeder and Kersten 2023).

The markers of each cellular genome have different 
advantages when viewed in the context of previously pub-
lished markers. Sequence comparison of the eukaryotic ITS 
regions is widely used in taxonomy and molecular phylog-
eny because of several favourable properties, despite some 
noticeable drawbacks for phylogenetic studies (Álvarez and 
Wendel 2003). For the nuclear marker in the ITS region 
developed in this study (Table  3), the causal SNP for the 
differentiation of T. baccata and T. cuspidata has likely been 
utilized before as part of a DNA barcoding approach (Liu et 
al. 2011), but the information on SNP positions with spe-
cies-specific alleles, as well as a reference library for bar-
coding (Liu et al. 2018), was not accessible to us.

In this study, one SNP position was identified in the ITS 
region that shows T. baccata and T. cuspidata-specific alleles 
(Table 3; Online Resource 4), allowing species differentia-
tion. In the case of interspecific T. × media hybrids, only the 
nuclear genome can be expected to contain species-specific 
DNA sequences from both parental lines and thereby indi-
cate the hybrid status of a sample, as the inheritance of the 
mitochondrial and chloroplast genome in T. baccata were 
found to be (predominantly) paternal (Chesnoy 1987; Pen-
nell and Bell 1988; Anderson and Owens 1999; Chybicki et 
al. 2016). Thus, the combination of the nuclear ITS marker 
with a cpDNA marker allows for the identification of the 
paternal line in T. × media hybrids, thereby identifying the 
crossing direction, which is not documented for many culti-
vars (Table 4; Figs. 4 and 5).

The chloroplast markers TA_InDel1 and TA_InDel2 
amplify only small DNA segments (Table 3; Fig. 4; Online 
Resource 1, Table S1), which is preferable for heavily 
degraded DNA templates (e.g., wood samples (Mitchell 
2015; Schroeder et al. 2016). Compared to the previously 
published marker in the chloroplast trnL-F region (Col-
lins et al. 2003), the presented indel-based markers do not 
require an additional digestion step for the differentiation 
of T. baccata and T. cuspidata, thereby allowing a broader 
range of applications at a lower cost.

The inclusion of the mitochondrial TA_cox1 marker, 
which showed T. baccata-/T. cuspidata-specific alleles in 
this study (Table 3; Online Resource 1, Table S3), allows 
for the deduction of the mode of inheritance of the mito-
chondrial genome in T. × media. The results of this marker 
related to the identified species showed a complete accor-
dance with the chloroplast markers in all T. × media samples 
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Already the minimal marker set comprised of TA_ITS 
and TA_InDel2 (Table 3) allows for a fast taxon differen-
tiation between T. baccata, T. cuspidata and T. × media as 
well as for the identification of the crossing direction in T. 
× media hybrids. However, the developed molecular mark-
ers share the drawback of inability to identify introgressions 
which might occur when T. × media hybrid individuals back-
cross and transfer genetic material between species poten-
tially resulting in genomic admixture if the introgressed 
alleles are established (Mallet et al. 2016). Although, due 
to the multi-copy nature of the ITS region (Baldwin et al. 
1995), the developed ITS marker might provide first indi-
cations on introgression (deviation from a 1:1 ratio of the 
two species-specific alleles in the base calls), such effects 
might still be confounded with the technical limitations of 
base calling during the sequencing process. These cases are 
better addressed in genome-wide studies with specialized 
tools such as NewHybrids (Anderson and Thompson 2002; 
Wringe et al. 2017). Genotyping using genome-wide dis-
tributed SNP-markers have been applied in several studies 
to detect introgression between closely related tree species 
(e.g., Fogelqvist et al. (2015), Reutimann et al. (2020)).

In Europe, T. baccata is the only naturally occurring spe-
cies, while other Taxus species are usually restricted to culti-
vation. However, T. × media individuals have been observed 
outside of cultivation, bringing the identity of Taxus popula-
tions into question (Stöhr 2019). Given the difficulties of 
morphological species identification, the presented markers 
may assist future efforts to study the impact of T. × media 
on autochthonous populations of T. baccata.

Conclusions

In this study, we present novel DNA markers targeting all 
three cellular genomes to aid in the identification of Taxus 
species occurring in Europe, aiming at specific advantages 
over previously published markers. A minimal marker set 
comprised of the nDNA marker TA_ITS and the cpDNA 
marker TA_InDel2 developed in this study allows for a fast 
and cost-efficient species differentiation between T. baccata, 
T. cuspidata and T. × media as well as for the identification 
of the crossing direction in T. × media hybrids. The future 
application of the mtDNA marker TA_cox1 in combination 
with cpDNA markers in more T. × media hybrids will show 
if the mode of mitogenome inheritance is exclusively pater-
nal in hybrids or if exceptions occur.
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