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A B S T R A C T

The difference in contents of paclitaxel and 10-deacetylbaccatin III (10-DABIII) in needles between wildtype
(WT) and a new cultivar (Zhongdayihao, ZD1) of Taxus yunnanensis was examined. Transcriptome profiling was
conducted for different tissues of the ZD1 and WT to illustrate the regulation mechanism of paclitaxel bio-
synthesis. It was observed that average contents of paclitaxel and 10-DABIII in ZD1 were 4 folds and 32 folds
higher than those in WT, respectively. More significant elevations of differential expressed genes (DEGs) from
paclitaxel biosynthesis pathway were revealed in ZD1 rather than WT, which should be responsible for the
higher contents of paclitaxel and 10-DABIII in the ZD1. Special tissues-dependent expression patterns of pacli-
taxel biosynthesis DEGs in ZD1 compared to WT were unraveled. The relative higher expressions of paclitaxel
biosynthesis genes in needles than other tissues supported the higher content of paclitaxel and 10-DABIII content
in needles of ZD1. Attenuation of plant hormone signal transduction pathway led to the lower expression of TFs
in ZD1 rather than WT. Besides, the significant negative correlations between differential expressed TFs and
DEGs from paclitaxel biosynthesis pathway displayed a possibly negative regulation pattern of these TFs on
paclitaxel biosynthesis pathway genes. These results provided new insights into the molecular process of pa-
clitaxel synthesis in Taxus.

1. Introduction

Paclitaxel is one of the most effective anticarcinogens for cancers
such as breast and ovarian, which was approved by the United States
Food and Drug Administration (FDA) (Croteau et al., 2006). The on-
going increase in cancer incidence rates has boosted market demands of
the intermediates (10-deacetylbaccatin III, 10-DABIII) as well as pa-
clitaxel (Jennewein and Croteau, 2001). More than 14 species of the
Taxus genus have been identified so far, and the barks and roots of some
Taxus species have been the main natural sources of paclitaxel and 10-
DABIII (Croteau et al., 2006). Alternative methods such as in vitro Taxus
cell culture have been developed to obtain paclitaxel and 10-DABIII
(Arnone et al., 2006), but most of these methods are difficult to in-
dustrialize due to their high cost and low production rate (Kusari et al.,
2014). A breakthrough was achieved in the in vitro synthesis of pacli-
taxel through plant cell fermentation and also partly relieved the need
for 10-DABIII in the production of docetaxel. However, the need for

paclitaxel and 10-DABIII is not eliminated yet due to the increasing
incidences of cancer. Taxus yews thus still remained an ideal and reli-
able source for paclitaxel and other precursors. As a result, most Taxus
species have encountered continuous destruction due to the over-ex-
ploitation (Burgarella et al., 2012), and all species of Taxus yew have
been listed as species for first-grade protection in the National Key
Protected Wild Plants List in China consequently (Yu, 1999). Therefore,
exploring a method to effectively obtain 10-DABIII and paclitaxel from
Taxus plants without destroying the population resources is an urgent
task for the protection of Taxus from the endangerment.

For the purpose, some studies to clarify the biosynthesis mechan-
isms of paclitaxel have been attempted (Bonfill et al., 2003; Chau and
Croteau, 2004; Koksal et al., 2011; Long et al., 2008). Several tran-
scription factors (TFs) families such as MYC, ERF and WRKY have been
found to participate in the regulation of paclitaxel biosynthesis
(Hartmann et al., 2005; Lenka et al., 2015; Li et al., 2012; Zhang et al.,
2015). However, TFs from the same TFs family play different roles in
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regulating the biosynthesis in paclitaxel. For example, TcERF12 and
TcERF15 were identified as negative and positive regulators in the
expression of taxadiene synthase (ts) gene (Zhang et al., 2015). The
remarkable divergence of TFs has led to the difficulty in understanding
the regulation mechanism of paclitaxel biosynthesis. Thus, the regula-
tion roles of TFs in paclitaxel biosynthesis in Taxus plants remain to be
elucidated. However, the exploit on the regulation pattern of paclitaxel
biosynthesis is confronted due to the lack of genomic information and
effective molecular tools (Wu et al., 2011).

In 2014, a cultivar named Zhongdayihao (ZD1) with high contents
of paclitaxel and 10-DABIII in not only barks and roots, but also needles
was registered as a Protecting Plant Variety (20140110) as a result of a
continuous investigation and selection upon a wild population of T.
yunnanensis. However, the contents of other metabolites such as bac-
catin were relatively low in ZD1. Thus, ZD1 is ideal source for in-
vestigating the mechanisms of paclitaxel biosynthesis. In the present
study, wildtype (WT) and ZD1 of T. yunnanensis were used to in-
vestigate their transcriptional differences. Candidate genes that influ-
enced the paclitaxel and 10-DABIII contents were identified.
Transcriptome profiles were employed to inspect the differential ex-
pression patterns of the paclitaxel synthesis pathway in different tissues
between WT and ZD1 of T. yunnanensis. By comparing the differences in
transcript profile between WT and ZD1, it is hopeful to find out the
regulation pattern in the biosynthesis of paclitaxel in Taxus plants. This
is the first study to illustrate the synthesis pathways of paclitaxel and
10-DABIII on the basis of the transcriptome profile of a new Taxus
cultivar with high paclitaxel and 10-DABIII contents in needles.

2. Materials and methods

2.1. Plants of WT and ZD1

Plants of WT and ZD1 had been cultivated under the same main-
tenance in the fields of Songkou town of Meizhou, Guangdong, China
(116°16′E, 40°01′N) since 2008. ZD1 was a cultivar selected from the
population of T. yunnanensis in 1997 by monitoring the production of
paclitaxel and 10-DABIII. For cultivating stage, the individuals of ZD1
and WT at the same age were cultivated closely and under the same
management condition such as sunshine controlling method and water
management. Long-term monitoring of paclitaxel and 10-DABIII con-
tents of needles in the WT and ZD1 was conducted every year.

2.2. Samplings

Needle samples of WT and ZD1 were simultaneously collected as
contrasts from 2004 to 2014. Each of the collected sample was cleaned
and stocked in a plastic bag for paclitaxel and 10-DABIII determina-
tions.

On October 2014, needles, branches and root samples of WT and
ZD1 with the same age (21-year-old) grown under the same cultivating
conditions were collected independently for RNA extraction and tran-
scriptome study. Triplicate samples for each tissue (needles and bran-
ches from two year branches) were collected from different part of ZD1
while triplicate samples for each tissue were collected from three

different WT plants. The collected samples were sheared into small
pieces of no longer than 1 cm and stored in RNAlater stabilization so-
lution (Life technology, Thermo Fisher Scientific, USA).

2.3. Paclitaxel and 10-DABIII determination

The measurements of paclitaxel and 10-DABIII were carried out
after the samples were collected. The samples were dried at 40 °C for
about 4 h to constant weight. The dried samples were further smashed
in a pulverizer. Three grams of the resulting powders were weighed
with high precision, added with 100 mL of ACE-H2O (3:2), and stirred
at 240 r/min for 60 min for extraction. The supernatant was collected
after filtration. The extraction process was repeated four times and the
solutions were combined. After elimination of Ace by rotary evapora-
tion, the remaining solutions were extracted with 50 mL DCM for three
times. The extracts were dried in vacuum-dryer and stored at 4 °C.
Methanol was added to dilute the products to 100 mL in volume. One
milliliter of the solutions was used for the paclitaxel and 10-DABIII
determination processes after filtered with 0.22 μm filter membrane.

The Shimazu LC-20A system coupled with SIL-20A automatic sam-
pler, CTO-20A column oven, and SPD-M20A photo-diode array detector
were applied with an Agilent ZORBAX SB-C18 column (5 μm,
4.6*250 mm). The mobile phase composed of acetonitrile: water
(30:70) was isocratically eluted at a flow rate of 1 mL/min under 25 °C.
The volume of each injection was 10 μL. Standard solutions of pacli-
taxel and 10-DABIII were employed to build up the standard curves for
quantification.

2.4. RNA extraction

Samples for RNA extraction were stored in the RNAlater buffer at
the field for timely extraction of RNA. Total RNA was extracted from
0.5 g samples of different tissues with the RN09-EASY spin plus Plant
Kit (Aidlab Biotech, Beijing, China) according to the manufacturer's
instruction. DNA contamination was removed during the RNA extrac-
tion process. The RNA quality was verified by RNase free agarose gel
electrophoresis and the 2100 Bioanalyzer (Agilent Technologies, Santa
Clara, CA). High quality RNA samples of the triplicates from different
tissues of ZD1 and WT were mixed with equal quantity for the cDNA
library construction and the subsequent RNA sequencing. Six mixed
RNA samples of needles, branches, and roots of ZD1 and WT were
obtained finally.

2.5. cDNA library construction and sequencing

The obtained poly (A) mRNA samples were broken into fragments of
approximately 200 nt after isolation of Oligo (dT) cellulose (Qiagen,
USA). After fragmentation, the first-strand cDNA was synthesized by
reverse transcriptase with random primers, and second-strand cDNA
was formed using DNA polymerase I and RNase H. The cDNA fragments
were purified using QIAquick PCR Extraction Kit (Qiagen, USA) before
end repairing, poly (A)-tailing and ligation to Illumina adapters.
Agarose gel electrophoresis was performed for size fraction of the li-
gation products, and the fragments were excised for PCR amplification

Abbreviation

10-DABIII10-deacetylbaccatin III
dbat 10-deacetylbaccatin III 10-O-acetyltransferase
tm10bh 5-α-taxadienol-10-β-hydroxylase
bapt baccatin III 3-animo-3-phenylpropanoyl transferase
bhlh basic helix-loop-helix
dbnbt C13-side-chain N-benzoyltransferase
DEGs differential expressed genes

TFs transcription factors
ts taxadiene synthase
tat taxadiene-5-α-ol O-acetyltransferase
t5oh taxadiene 5-α-hydroxylase
t13oh taxane 13-α- hydroxylase
tbt taxane 2-α-O-benzoyltransferase
t14oh taxane 14-β-hydroxylase
ZD1 Zhongdayihao
WT wild-type
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to construct the cDNA library and were sequenced using Illumina
HiSeq™ 2000 (pair-end sequencing, length 125 bp) (Illumina Inc., CA,
USA).

2.6. De novo transcriptome assembly and annotation

Raw reads containing adapter, reads with more than 5% unknown
nucleotides, and low quality reads with over 20% low Q-value (≤10)
base were removed by Perl program (version 5.18.4) before assembly.
Clean reads of six RNA samples were merged and de novo assembled
using Trinity Package 2.0 to construct unique consensus sequences as
transcriptome reference. The obtained transcripts were annotated by
the BLASTx program (version 2.2.29) with an E-value threshold of 1e−5

to the NCBI nr database (Nr, http://www.ncbi.nlm.nih.gov), the Swiss-
Prot protein database (http://www.expasy.ch/sprot) with an e-value
cut off of 10−5, Kyoto Encyclopedia of genes and genomes (KEGG,
http://www.genome.jp/kegg), and the COG database (http://www.
ncbi.nlm.nih.gov/COG). The best alignment results were adopted for
further analysis.

2.7. Identification of DEGs

Clean reads of each sample were mapped to reference sequence by
the SOPA aligner/soap2 software (version 2.21). Unique mapped reads
were obtained with the rule of no more than 2 mismatch bases. The
expression level of unigenes was represented by RPKMs (reads per kb
per million reads) was adopted to represent the expression level of
unigenes by assessing and normalizing the number of unique-match
reads which is a promising method to eliminate the influence of dif-
ferent gene lengths and sequencing discrepancies on the gene expres-
sion calculation. The samples were compared using DESeq (Abders and
Huber). Significant DEGs were identified by the method with stringent
false discovery correction as suggested by Rajkumar et al. (2015). The
threshold of P-value was determined with false discovery (FDR)
≤0.001 and an absolute value of log2Ratio ≥ 1.

These DEGs were subjected to Gene Ontology (GO, http://www.
geneontology.org/) terms by using Blast2GO (version 2.8) to search the
Nr database. GO classification was achieved in WEGO (http://wego.
genomics.org.cn/cgi-bin/wego/index.pl) and categorized into the mo-
lecular function, biological process, and cellular component. The p-
values were adjusted with the Bonferroni correction, and a corrected p-
value≤ 0.05 was identified as significantly enriched GO terms. The
KEGG pathway annotation was achieved with BLASTX software against
KEGG database. The pathway with an FDR value ≤ 0.05 was re-
cognized as enriched pathways.

2.8. Verification of genes expression

Expressions of 15 randomly selected genes from three biological
replicates were determined with actin as reference genes by quantita-
tive real time PCR (qPCR) with three technical replicates on LightCycler

480 (Roche, Basel, Switzerland) with SYBR® Premix Ex Taq II (Tli
RNaseH Plus; TAKARA BIO Inc., Shiga, Japan). The real time PCR was
carried out in a final volume of 10 μL, which contained 0.5 μL of cDNA.
Cycling program was set as the following: initial denaturation at 95 °C
for 30 s, 45 cycles of denaturation at 95 °C for 5 s, and annealing and
extension at 60 °C for 30 s. A melting curve was obtained at 95 °C for 5s
and 60 °C for 1 min followed by continuous heating. Results were
analyzed with the integrated LightCycler 480 service software. Relative
expressions of the target genes were normalized by the mRNA expres-
sion levels of the reference gene actin.

2.9. Statistics

The statistics analysis was conducted with SPSS software 18 (SPSS.
Inc) for windows. Independent sample t-test was operated to compare
the paclitaxel and 10-DABIII contents between ZD1 and WT. One-way
analysis of variance (ANOVA) was conducted to investigate the che-
mical contents between needles of different sampling times in ZD1.
Spearman correlation was adopted to analyze the relationships between
expression levels of differential expression TFs and genes in paclitaxel
biosynthesis. Statistical significance was defined as p < 0.05. The
heatmaps in the figures were accomplished by R package (version 3.1.3,
http://www.r-project.org/) and the other figures were made up by
Microsoft Office Excel.

3. Results

3.1. Higher contents of paclitaxel and 10-DAB III contents in needles of ZD1

Contents of paclitaxel and 10-DAB III in needles of the collected
samples are shown in Fig. 1. Paclitaxel contents in needles of ZD1
ranged from 0.026% to 0.067% (dry weight basis) with a mean value of
0.041%. Mean value of the paclitaxel contents of WT was 0.01%
(ranged from 0.005% to 0.015%), only one-quarter of that in ZD1.
Significance was detected between ZD1 and WT (p < 0.001, Fig. 1A).
Decidedly high contents of 10-DABIII, ranging from 0.63% to 0.95%
with a mean value of 0.82%, were also found in needles of ZD1, which
was about 34 times of that in WT (0.025%) (p < 0.001, Fig. 1A).
Additionally, no significant difference was observed for the content of
paclitaxel as well as 10-DAB III among the needle samples of ZD1 col-
lected from 2011 to 2013 in the same season (Fig. 1B). Similar results
were also observed in WT (Table S1).

3.2. De novo sequence assembly of T. yunnanensis

The cDNA libraries of six samples were pooled together to represent
the whole transcriptome of T. yunnanensis. A total of 120 million clean
reads were obtained for the six samples. Clean reads after sequence
trimming were merged and de novo assembled into 71,479 unigenes as
the reference transcripts of T.yunnanensis. By remapping to the re-
ference transcripts, 75.13%–81.43% unigenes were identified for the

Fig. 1. A. The paclitaxel and 10-DABIII content (dry weight
basis) in needle samples of WT and ZD1collected in 2013.
**represents significant difference detected between WT
and ZD1 for both chemicals at p < 0.001. Error bars re-
present ± standard errors (n = 5). B. Contentsof paclitaxel
and 10-DABIII (dry weight basis) in needles of ZD1collected
from 2011 to 2013. No significant difference were detected
among the three years for both chemicals. Error bars re-
present ± standard errors (n = 3).
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six samples. Summary of the unigenes size distribution is given in Fig.
S2. GO classification was performed to annotate unigenes, and cell part
(9,310), metabolic process (7,726) and catalytic activity (7,885) were
the dominant groups of cellular component, biological process and
molecular function, respectively (Fig. S2). Metabolic pathways and
biosynthesis of secondary metabolites were the dominant KEGG path-
ways with 3346 and 1753 unigenes annotated (Table S2). The accession
number for raw reads of RNA sequencing were deposited in the Se-
quence Read Archive (SRA) database of NCBI with the accession
number of SRX1176252.

3.3. Gene ontology (GO) and KEGG enrichment analysis of DEGs

In total, 11,579, 12,798 and 19,841 unigenes were identified as
DEGs between ZD1 and WT in needles, branches and roots, respec-
tively. The expression levels of the DEGs obtained in transcriptomic
sequencing were verified by quantitative PCR of 15 randomly selected
DEGs. Similar trends among six samples of the 15 DEGs were observed
in the results between qPCR and transcriptomic sequencing (Fig. S3). In
addition, a significant correlation was discovered between the two gene
expression quantification methods, indicating the reliability in the re-
sults of transcriptomic sequencing (p < 0.01) (Fig. 2).

Membrane-bounded organelle, catalytic activity and response to
stimulus were significant enriched GO terms (p < 0.05) with the most
DEGs between ZD1 and WT for cellular component, molecular function
and biological process, respectively (Table S3). For a preliminary un-
derstanding of the molecular mechanism for the high paclitaxel and 10-
DABIII contents in needles and branches of ZD1, KEGG classifications
were performed for the DEGs between ZD1 and WT in roots, branches
and needles (Table 1). The DEGs between ZD1 and WT in different
tissues were mainly involved in metabolic pathway, biosynthesis of
secondary metabolites (diterpenoid biosynthesis and flavonoid bio-
synthesis) and precursor of several secondary metabolites (phenylala-
nine biosynthesis and metabolism) (p < 0.05). Among these enriched
pathways of DEGs, paclitaxel biosynthesis was a crucial component of
the diterpenoid biosynthesis pathway. Apart from the secondary me-
tabolites biosynthesis pathways, some pathways related to signal
transduction such as plant hormone signal transduction in needles and
plant-pathogen interaction in root were also significantly enriched
pathways of the DEGs between WT and ZD1 (p < 0.05).

3.4. Enhancement of DEGs involved in the paclitaxel biosynthesis

Paclitaxel biosynthesis, an important part of the diterpenoid bio-
synthesis, was one of the most significantly enriched pathways in the
present study. To further analyze how these DEGs contribute to the
higher paclitaxel and 10-DAB III contents in ZD1, DEGs relevant to the
paclitaxel biosynthesis pathway were assigned on the basis of RNA-seq
data (Fig. 3A). Overall, 101 DEGs were assigned to 10 functional genes
in paclitaxel biosynthesis pathway, and the transcript abundances of all
these DEGs were significantly higher in the three tested tissues of ZD1
than in those of WT (p < 0.05). Among them, ts and taxane 13-α-
hydroxylase (t13oh) were the most significant DEGs in ZD1 which were
respectively 4.3–24 folds and 5.6–442 folds higher than those of WT in
the three tissues. For other functional genes in paclitaxel synthesis,
approximately 6–12 folds, 2–7 folds and 3–4 folds higher transcript
abundances were detected in needles, branches, and roots of ZD1 than
in those of WT, respectively.

In addition, expression pattern of paclitaxel biosynthesis genes
among the tissues of ZD1 was different from that in WT. The expression
levels of most DEGs from paclitaxel biosynthesis pathway were ranked
in roots » branches > needles or roots » needles > branches in WT
(Fig. 3B). In ZD1, however, the expression levels of the DEGs in needles
were comparable to those in roots (Fig. 3B). Nevertheless, expressions
of DEGs assigned to paclitaxel synthesis pathway of needles were much
higher than those of branches in ZD1, which was quite different to the

case of WT. Relative elevations in the expressions of most these gene
were found in needles of ZD1 which were about 2–5 times of those in
branches except taxane 2-α-O-benzoyltransferase (tbt).

3.5. Attenuation of DEGs in plant hormone signal transduction pathway

It was found that plant hormone signal transduction pathway was
also enriched in addition to the secondary biosynthesis pathways. In
total, expression levels of the DEGs participating in plant hormone
signal transduction pathway related to abscisic acid (ABA), ethylene
and jasmonic acid (JA) in all tissues of ZD1 were lower than those of
WT (Fig. 4). Also, carotenoid biosynthesis, α-linolenic acid metabolism
and cysteine and methionine metabolism pathways, that are re-
sponsible for the ABA, JA and ethylene biosynthesis, were found to be
lower expressed in ZD1 than in WT (Table S2). Accordingly, most of the
TFs involved in these signal transduction pathways were significantly
lower in all tissues of ZD1 when compared to those of WT (p < 0.05).
Besides, expression levels of differential expressed TFs were ranked in
branches > roots > needles in ZD1, while they were in branches >
needles > roots in WT. Expression levels of TFs of R2R3-MYB family
in WT were 4.8–10.7, 2.1–9.8 and 4.3–5.1 folds of those in ZD1 in
needles, roots and branches, respectively, and those in ERF family in
WT were 5.5–7.3, 2.2–34.3 and 1.3–6.0 folds of those in ZD1 in the
three tissues, respectively. For the TFs in JAMYC family and WRKY
family in the three tissues of WT, expressions were 2.3–4.4, 1.4–7.8 and
1.5–5.8 folds, and 3.3–8.4, 1.9–4.4 and 2.6–13.1 folds of those in ZD1,
respectively.

3.6. Correlation between the expression of TFs and genes in paclitaxel
biosynthesis

To explore the relationship between differential expressed TFs and
paclitaxel biosynthesis pathway genes, spearman correlation analysis
was adopted (Fig. 5, Table S4). Significant negative correlations
(p < 0.05) were found between the expressions of the genes encoding
TFs and the genes from paclitaxel biosynthesis pathway, including 10-
deacetylbaccatin III 10-O-acetyltransferase (dbat), 5-α-taxadienol-10-β-
hydroxylase (tm10bh), baccatin III 3-animo-3-phenylpropanoyl trans-
ferase (bapt), taxadiene-5-α-ol O-acetyltransferase (tat), tbt, taxadiene
5-α-hydroxylase (t5oh), t13oh, taxane 14-β-hydroxylase (t14oh), C13-
side-chain N-benzoyltransferase (dbnbt) and ts. About 4 of the 7 dif-
ferential expressed basic helix-loop-helix (BHLH) domain class TFs and
5 of the 12 differential expressed WRKY TFs were significantly nega-
tively correlated with the DEGs from paclitaxel biosynthesis pathway.

Fig. 2. Correlation between qPCR and RNA sequencing for the 15 randomly selected
genes. Each point represents the expression level of selected DEGs in each samples by
qPCR and RNA sequencing quantification.
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Two JAMYC and two ERF TFs were also significantly negatively cor-
related to these DEGs.

4. Discussion

4.1. Paclitaxel and 10-DAB III accumulations in ZD1 were much higher
than those in the previously investigated experimental lines of Taxus

Barks and roots of Taxus plants have been important sources of
paclitaxel for industrial productions of medical products. Recently, 10-
DABIII, the intermediate product of paclitaxel biosynthesis, is an in-
creasingly important precursor to produce docetaxel (Taxotere) for
clinical use. Paclitaxel and 10-DABIII contents in reproducible tissues
(especially in needles) of Taxus were quite low in previously in-
vestigated Taxus species, e.g. the maximal values in branches and
needles were only 0.021% and 0.017%, respectively in Taxus cultivated
in China (Zhang et al., 2008). Relatively high 10-DABIII contents
(ranged from 0.01% to 0.48%) were measured in the needles of some T.
baccata cultivars which were also higher than the results of our in-
vestigations for WT of T. yunnanensis (ranged from 0.008% to 0.06%),
and were thus considered as a promising resource of 10-DABIII (van
Rozendaal et al., 2000). The facts of the contents of paclitaxel and 10-
DABIII in needles of ZD1 being 3 times and 33 times higher than those
of WT of T. Yunnanensis, which were also preternatural when compared
with a lot of published observations (Fu et al., 2009; Vidensek et al.,
1990; Wu and Liu, 2013), suggested that ZD1 would be a rare and
unusually precious source for production of the medical products of

paclitaxel. It has been reported that the content of paclitaxel is sensitive
to environmental factors such as cultivation and maintenance measures
(Cameron and Smith, 2008; Zhang et al., 2012). In the present study,
however, the paclitaxel and 10-DAB III contents in ZD1 were consistent
across different growing seasons and different years. It is thus con-
sidered that there should be specific biochemical mechanisms as well as
molecular processes that impact the paclitaxel and 10-DABIII synthesis
in needles of ZD1.

4.2. Paclitaxel biosynthesis of ZD1 were enhanced particularly in needles

The observations that the DEGs between ZD1 and WT of three tis-
sues were enriched in pathways of secondary metabolites biosynthesis,
especially in the paclitaxel biosynthesis pathway, suggested that the
genotype difference in accumulations of paclitaxel and 10-DABIII were
mainly determined by the differed expressions of paclitaxel biosynth-
esis pathway genes(Patil et al., 2012). Similarly, the strong correlations
between the expression level of paclitaxel biosynthesis pathway genes
and content of metabolites from paclitaxel biosynthesis pathway were
also frequently detected (Hao et al., 2011b; Li et al., 2012; Onrubia
et al., 2011a; Sun et al., 2013). Particularly, that expression of t13oh in
needles of ZD1 was over two order magnitude of the expression levels
in WT implied a key point of the mechanisms which were responsible
for the high content of paclitaxel and 10-DAB III in needles of ZD1.
Further investigation about the regulation of the t13oh gene is thus
much valuable in further understanding of the paclitaxel biosynthesis.

Interestingly, the difference in 10-DABIII between ZD1 and WT was

Table 1
KEGG pathway enrichment of DEGs between ZD1 and WT of three tissues. Significant enrichment were identified with Q value < 0.05.

Pathway DEGs with annotation (2738) All genes with annotation (12390) Qvalue Pathway ID

Needles
Biosynthesis of secondary metabolites 452 (17.47%) 1753 (14.15%) 0.000 ko01110
Metabolic pathways 794 (30.69%) 3346 (27.01%) 0.000 ko01100
Diterpenoid biosynthesis 114 (4.4%) 147 (1.2%) 0.000 ko00904
Flavonoid biosynthesis 42 (1.62%) 103 (0.83%) 0.000 ko00941
Photosynthesis 39 (1.51%) 112 (0.9%) 0.013 ko00195
Valine, leucine and isoleucine biosynthesis 18 (0.7%) 45 (0.36%) 0.059 ko00290
Plant hormone signal transduction 76 (2.94%) 272 (2.2%) 0.059 ko04075
Phenylalanine metabolism 57 (2.2%) 195 (1.57%) 0.059 ko00360
Phenylpropanoid biosynthesis 84 (3.25%) 310 (2.5%) 0.074 ko00940
Brassinosteroid biosynthesis 14 (0.54%) 34 (0.27%) 0.078 ko00905
Monoterpenoid biosynthesis 8 (0.31%) 18 (0.15%) 0.228 ko00902

Branches

Phenylpropanoid biosynthesis 111 (4.05%) 310 (2.5%) 0.000 ko00940
Metabolic pathways 852 (31.12%) 3346 (27.01%) 0.000 ko01100
Diterpenoid biosynthesis 108 (4.0%) 147 (1.2%) 0.000 ko00904
Flavonoid biosynthesis 46 (1.68%) 103 (0.83%) 0.000 ko00941
Biosynthesis of secondary metabolites 470 (17.17%) 1753 (14.15%) 0.000 ko01110
Phenylalanine metabolism 71 (2.59%) 195 (1.57%) 0.000 ko00360
Starch and sucrose metabolism 101 (3.69%) 304 (2.45%) 0.000 ko00500
Betalain biosynthesis 6 (0.22%) 7 (0.06%) 0.011 ko00965
Cyanoamino acid metabolism 43 (1.57%) 123 (0.99%) 0.011 ko00460
Other glycan degradation 18 (0.66%) 40 (0.32%) 0.013 ko00511
Flavone and flavonol biosynthesis 17 (0.62%) 37 (0.3%) 0.013 ko00944

Roots

Ribosome 300 (7.59%) 673 (5.43%) 0.000 ko03010
Phenylpropanoid biosynthesis 157 (3.97%) 310 (2.5%) 0.000 ko00940
Diterpenoid biosynthesis 112 (2.8%) 147 (1.2%) 0.000 ko00904
Flavonoid biosynthesis 62 (1.57%) 103 (0.83%) 0.000 ko00941
Phenylalanine metabolism 100 (2.53%) 195 (1.57%) 0.000 ko00360
Biosynthesis of secondary metabolites 641 (16.22%) 1753 (14.15%) 0.000 ko01110
Starch and sucrose metabolism 128 (3.24%) 304 (2.45%) 0.002 ko00500
Ascorbate and aldarate metabolism 41 (1.04%) 80 (0.65%) 0.004 ko00053
Stilbenoid, diarylheptanoid and gingerol biosynthesis 30 (0.76%) 54 (0.44%) 0.004 ko00945
Phagosome 82 (2.07%) 187 (1.51%) 0.005 ko04145
Glyoxylate and dicarboxylate metabolism 66 (1.67%) 147 (1.19%) 0.008 ko00630
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more impressive than paclitaxel. Early study has found out 10-DABIII as
the dominant taxane in needles of T. baccata (Ghassempour et al.,
2009). The remarkable content of 10-DABIII in ZD1 was likely to at-
tribute to the dramatic elevation expression of upstream biosynthesis
genes of 10-DABIII, especially ts and t13oh. What's more, the especially
high expressions of upstream biosynthesis genes of 10-DABIII such as
tat and tbt in needles of ZD1, which were even higher than those in
roots, probably accounted for the particularly higher 10-DABIII con-
tents than paclitaxel in needles of ZD1. Since the conversion of 10-
DABIII to baccatin III was considered as a rate limiting step in the pa-
clitaxel biosynthesis conducted by dbat (Katkovcinova et al., 2008;
Nasiri et al., 2016; Onrubia et al., 2011b), lower expression of dbat
rather than upstream genes such as t13oh in needles of ZD1 should be a
reliable explanation for the lower content of paclitaxel rather than the
10-DABIII.

The finding of the comparative expression levels of paclitaxel
synthesis pathway genes between needles and roots of ZD1 was dif-
ferent from the previous report that expressions of genes as well as
metabolic activities in roots were higher than those in branches and
needles of T. mairei (Hao et al., 2011a). In WT, however, the much
higher expressions of paclitaxel synthesis pathway genes in root than
those in branches and needles were matched the fact of the high pa-
clitaxel accumulation in the root, which has been a well known phe-
nomenon (Hao et al., 2011a; Zhang et al., 2008). Therefore, the

expression levels of paclitaxel synthesis pathway genes in needle in-
stead of root or branch were primarily responsible for the high content
of paclitaxel and 10-DABIII in needles of ZD1, which was regarded as
tissue-dependent expression pattern. A further comparison in the pro-
ductions of paclitaxel and 10-DABIII between roots and needles in ZD1
is promising.

4.3. Attenuation of plant hormone signal transduction in ZD1 was related to
its high paclitaxel and 10-DAB III accumulations in needles

Hormone signal transduction pathways have been determined to be
integral in regulating the synthesis of secondary metabolites (Afrin
et al., 2015; Akter et al., 2013; Memelink, 2009). JA signal transduction
pathway could induce the genes in paclitaxel biosynthesis pathway in
Taxus spp. cells (Ketchum et al., 2003; Li et al., 2012; Onrubia et al.,
2010; Sun et al., 2013). Zhang and Wu (2003) have examined the
ethylene inhibitors enhanced paclitaxel production in suspension cul-
tures of Taxus spp. cells, indicating the attenuation of ethylene signal
transduction could activate the biosynthesis of paclitaxel. However, the
results obtained from the present study differed from the above-men-
tioned studies. Lower expression levels of DEGs participating in plant
hormone signal transduction pathway related to ABA, ethylene and JA
in different tissues especially in needles of ZD1 than in those of WT
suggested an attenuation of plant hormone signal transduction in ZD1.

Fig. 3. A. DEGs assigned to paclitaxel biosynthesis pathway and each lane represented the unigene aligned to the target genes. The expression heatmaps from left to right were arranged
in the following order: WT-N, ZD1-N, WT-B, ZD1-B, WT-R and ZD1-R. The z-score were applied to represent the fold change among samples. B. Different expression patterns of DEGs
involved in paclitaxel biosynthesis pathway among tissues in WT-N and ZD1.
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The weakened TFs regulated by plant hormone signal transduction in
all three tissues of ZD1 were probably ascribe to the attenuation of
plant hormones signal. Also, the decrements in plant hormone gen-
eration were consistent with the weakened plant hormone signal
transduction. These different observations between our experiment and
previous studies might be attributed to the difference between in vitro
and in vivo experimental systems.

4.4. Differential expressed TFs negatively regulated the expressions of
paclitaxel biosynthesis DEGs

The positive regulations of TFs such as MYC2, JAMYC, WRKY, ERF,
TIFY, R2RE, MYB and bHLH on increasing expression of paclitaxel
synthesis genes in Taxus cell cultures under MeJA induction suggested
that the activation of JA signal transduction could enhance paclitaxel
biosynthesis (De Geyter et al., 2012; Lenka et al., 2012; Nims et al.,

Fig. 4. DEGs assigned to plant hormone signal transduction and each lane represented the unigene aligned to the target genes. The expression heatmaps from left to right were arranged in
the following order: WT-N, ZD1-N, WT-B, ZD1-B, WT-R and ZD1-R. The z-score were applied to represent the fold change among samples.

Fig. 5. Correlation between differential expressed TFs and DEGs in paclitaxel biosynthesis pathway (n = 6). Color bar represents the p value and significance correlation was detected at
p < 0.05. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

C.-T. He et al. Plant Physiology and Biochemistry 122 (2018) 10–18

16



2006). In the present study, however, there were significant negative
correlations between most differential expressed TFs and DEGs from
paclitaxel biosynthesis pathway, which proposed the possible negative
regulation roles of these TFs on paclitaxel biosynthesis. Negative reg-
ulation of TFs as repressor was also reported in other secondary me-
tabolites biosynthesis (Song et al., 2014). For example, a set of
R2R3MYBs has been identified as repressors of the phenylpropanoid
pathway in Grapevine (Cavallini et al., 2015). However, few studies
have reported the negative regulation roles of TFs on paclitaxel. Lenka
et al. (2015) revealed the possibly negative impacts of TcJAMYC on the
paclitaxel synthesis pathway genes after 48 h MeJA elicitation. Zhang
et al. (2015) have discovered divergence roles of two ERF TFs, TcERF12
and TcERF15, which act as repressor and activator of ts in paclitaxel
biosynthesis in T. chinesis. Thus, there should be some TFs that function
as negative regulators in paclitaxel biosynthesis in Taxus.

5. Conclusion

In summary, it was further verified that the new cultivar ZD1 could
accumulate much more paclitaxel and 10-DAB III in needles than WT.
Expressions of paclitaxel biosynthesis genes were correspondingly sig-
nificantly much higher in ZD1 than in WT, especially in needles. The
tissue-dependent expression patterns of paclitaxel biosynthesis genes in
ZD1 were considered to be an important evident to explain the high
content of paclitaxel and 10-DABIII in needles. Attenuation of plant
hormone signaling in ZD1 has resulted in the decline of TFs from sev-
eral families such as BHLH, WRKY, ERF and MYC, which might relate to
the enhancement in the expressions of paclitaxel biosynthesis genes
through a negative regulation of these TFs in ZD1. These observations
have revealed a new insight about the regulation roles of TFs on pa-
clitaxel biosynthesis based on the new unusual Taxus cultivar. Further
study of ZD1 would undoubtedly advance our understanding of the
regulation patterns of these TFs and other molecular processes on pa-
clitaxel biosynthesis.
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