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ABSTRACT
The efficacy of Taxol, a natural anticancer drug, in the treatment of various types of cancers has been certified globally. Fungal

elicitors have been reported as an impressive strategy for enhancing Taxol biosynthesis. We have investigated the effect of twig

age on Taxol biosynthesis and the communities of endophytic fungi. A negative correlation between Taxol content and the

complexity of the endophytic fungal community in twigs was predicted. Endogenous taxoids, similar to balancing valves, might

have a specific effect on controlling the microbiota assembly in Taxus twigs. Utilising the special correlation, 11 isolates of twig

age‐associated fungi were used to screen new fungal elicitors involved in Taxol biosynthesis. Two efficient fungal elicitors, L01

(Guignardia) and J02 (Diaporthe), were identified, increasing the Taxol contents by 5.91‐ and 4.83‐folds, respectively. It is
confirmed that effective fungal elicitors may be negatively correlated with Taxol contents in Taxus tissues. Furthermore, the J02

and L01 fungal elicitors significantly induced the jasmonic acid (JA) content, speculating the involvement of MYC2a‐controlled
JA signalling in fungal elicitor‐activated Taxol biosynthesis. Our data revealed the effect of twig age on Taxol biosynthesis of

Taxus and provided a novel approach to screen effective fungal elicitors involved in Taxol biosynthesis.

1 | Introduction

Taxus species, which are rare and endangered woody species, have
significant medicinal ingredients (Chunna Yu et al. 2021). Taxol
was firstly extracted from the bark of the yew (Taxus brevifolia) and
now can be detected in all species in the genus Taxus (Wani and
Horwitz 2014). The efficacy of Taxol (trade name: paclitaxel) in the
treatment of various cancers has been widely certified (Li
et al. 2023). With the increasing demands, the supply of Taxol is in
short (Xue et al. 2020). Therefore, it is extremely urgent to explore a

cost‐effective way to enhance the accumulation of Taxol and/or its
intermediates in Taxus tissues (Yu et al. 2022).

So far, tremendous efforts have been made to reveal the Taxol
biosynthesis pathway, consisting of nearly 30 steps (Kaspera
and Croteau 2006; Zhan et al. 2023). Although the biosynthesis
pathway of Taxol has been preliminarily elucidated, Taxol
represents a formidable synthetic challenge (Zhang et al. 2023).
Currently, the twigs of Taxus trees are the main sources for
Taxol extraction. Increasing the Taxol yield in the twigs of
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Taxus trees is an effective way to address the supply and
demand of Taxol (Exposito et al. 2009).

The induction and regulation of Taxol biosynthesis in Taxus
tissues is a research hotspot. Due to the low and unstable levels
of Taxol, several factors, such as methyl jasmonate (MeJA),
salicylic acid (SA), coronatine (COR), polyethylene glycol
(PEG), and cyclodextrin (CD), were applied to enhance Taxol
biosynthesis in cultured Taxus cells or tissues (Demidova
et al. 2023; Gallego et al. 2015; Zhao et al. 2023). For example, a
mixture of MeJA solution elicited Taxol biosynthesis in T.
media hairy root cultures by regulating the expression of TS,
BAPT, and DBTNBT genes (Sykłowska‐Baranek et al. 2022).
Treating T. media cell cultures with the elicitor COR enhanced
the taxane production by 15‐fold compared to the control
(Escrich et al. 2021). Several salicylic acid (SA) responsive
transcription factors (TFs) regulate the expression of most Taxol
biosynthesis genes, suggesting that SA is also an effective
chemical elicitor involved in Taxol biosynthesis (Y. Chen
et al. 2021). However, chemical reagents frequently cause sec-
ondary pollution, which affects the quality of Taxol extracts,
significantly limiting the application of chemical elicitors.

A number of endophytes exist in the intercellular space of
medicinal plants, including Taxus trees (Zhang et al. 2024;
Zhang et al. 2024). Many endophytic fungi have been reported
to be involved in activating plant secondary metabolism. Several
geographically associated endophytic fungi play important roles
in the accumulation of tropane alkaloids in Anisodus tanguticus
(Wang et al. 2023). Introduction of S. indica led to a substantial
rise in the contents of flavonoids and phenols in the leaves and
seeds of Tartary buckwheat (Zheng et al. 2023). Two endophytic
fungi, Penicillium canescens and Talaromyces, have beneficial
effects on tanshinones and phenolic compounds of Salvia ab-
rotanoides (Masoudi Khorasani et al. 2023). Moreover, three
endophytes isolated from the rhizomes of Houttuynia cordata,
including Ilyonectria liriodendra, unidentified fungal, and Pen-
icillium citrinum, increased the accumulation of phenolics and
volatiles, as well as several medicinal compounds (afzelin, de-
canal, 2‐undecanone, and borneol) (Ye et al. 2021).

Interestingly, several endophytic fungi of Taxus trees have been
reported to act as elicitors in Taxol production. Application of
Aspergillus niger, an endophytic fungus found in the inner bark
of T. chinensis, resulted in a great increase in Taxol biosynthesis
(Wang et al. 2001). Treatment with fungal elicitors significantly
increased Taxol biosynthesis in the cell culture of Corylus
avellana (Salehi et al. 2020). An endophytic fungus KL27 sig-
nificantly promoted the level of Taxol in the needles of T. chi-
nensis by regulating the expression of several key genes
involved in the upstream pathway of terpene synthesis (Cao
et al. 2022). Screening for more efficient fungal elicitors can
increase the yield of Taxol in an environmentally friendly way.

The distribution of endophytic fungi in plant tissues exhibits spa-
tiotemporal variation. Previous studies have shown that the hosts'
age significantly affects the occurrence of endophytes in the rhizo-
sphere of Ginkgo biloba (Kumar, Singh, and Pandey 2009). High‐
throughput sequencing illustrated the variation in endophytic fungi
of tea plants with different ages (Wu et al. 2020). The fungal
microbial communities associated with different medicinal plants,

such as Rheum palmatum and Paris polyphylla, were also affected
by the host's ages (D. Chen et al. 2022; Liu, Greenslade, and
Yang 2017). In the present study, we investigated the effect of twig
age on the secondary metabolism of T. mairei and identified several
endophytic fungi related to Taxol biosynthesis. Two efficient fungal
elicitors for the enhancement of Taxol biosynthesis also have been
isolated, revealing a new approach to regulating the biosynthesis of
Taxol.

2 | Results

2.1 | Variations in Metabolic Profiling Among
Twigs With Different Ages

The twigs of the Taxus tree are the primary resources for extracting
Taxol. Five twig samples with different ages were harvested from
the same plant (Figure 1a). To investigate the impact of twig age on
phytochemical composition, an untargeted metabolomic analysis
was conducted, detecting 13 008 ion features in negative mode and
20 735 ion features in positive mode, respectively (Table S1). A total
of 1662 annotated compounds were assigned to different metabolic
pathways (Table S2). The metabolite profiling of different twig
samples displayed dramatic variations in their chemical compo-
nents (Figure 1b). PCA showed that PC1 and PC2 explained 40.17%
and 10.73% of the variation, respectively (Figure 1c). The numbers
of DAMs in different comparisons were shown in Figure 1d.

The top three largest KEGG terms were ‘biosynthesis of phenyl-
propanoids’ (38 metabolites), ‘phenylalanine metabolism’ (32
metabolites), and ‘glycerophospholipid metabolism’ (24 metabolites,
Figure S1). According to the metabolite database, the largest
number of identified metabolites were belonging to the ‘lipids and
lipid‐like molecules’, followed by ‘benzenoids’, ‘organoheterocyclic
compounds’, and ‘phenylpropanoids and polyketides’ terms
(Figure S2). Pearson's correlation coefficient analysis indicated well
repeatability of the HPLC/MS data (Figure S3). Several quality
control parameters, such as average m/z, retention time, and TIC,
were analysed, indicating high‐quality raw MS data (Figure S4a,b).
To screen age‐specifically accumulated metabolites, DAMs were
grouped into 10 clusters, representing different accumulation pat-
terns. Cluster I contained the metabolites that decreased with twig
ages, while Cluster II contained the metabolites that increased with
twig ages. Metabolites belonging to Cluster III–VII were specifically
accumulated in Y1‐5 samples, respectively (Figure S4c). Predomi-
nant metabolites in the Cluster I were oxidation–reduction‐related
compounds and predominant metabolites in the Cluster II were
alkaloids. Interestingly, flavonoids were predominantly accumu-
lated in the Y1 samples, terpenoids were predominantly accumu-
lated in the Y3 and Y4 samples, and amino acids were highly
accumulated in the Y5 samples (Figure S4d).

2.2 | Variations in Gene Expression Profiling
Among Twigs of Different Ages

To reveal the variations in gene expression, transcriptomic analysis
performed, yielding 88.34Gb of raw data (Table S3). Pearson's
correlation coefficient analysis indicated well repeatability of the
RNA sequencing data (Figure S5). In total, 50 919 genes were
detected, including 24 275 GO‐annotated genes and 9400 KEGG
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annotated genes (Table S4). A heatmap showed the gene expression
profiles of twigs with different ages (Figure 1f). PCA showed that
PC1 and PC2 explained 94.64% and 3.08% of the variation, respec-
tively (Figure 1g).

The numbers of DEGs in different comparisons are presented in
Figure 1h. GO enrichment analysis was performed to predict the
biological functions that the DEGs were involved in (Figure S6a).
Most of the DEGs enriched in several Taxol biosynthesis‐related
GOs (GO:0042616 and GO:0036203), hormone response‐related
GOs (GO:0009938, GO:0009723, GO:0009867, and GO:0080151),
and shoot development‐related GOs (GO:0032502, GO:0080186,
GO:0090351, and GO:0048367). Our data suggest great changes in
Taxol biosynthesis and hormone signalling occur during the twig
development process (Figure S6b). KEGG enrichment analysis
suggested that the DEGs were enriched in lipid metabolism,
terpenoid metabolism, and flavonoid metabolism pathways
(Figure S6c).

2.3 | Integrated Metabolomic and
Transcriptomic Analysis of Taxol Biosynthesis in
T. mairei

Taxol biosynthesis pathway involves several intermediate
metabolites and enzymes (Figure 2a). In our study, Taxol and 13

intermediate metabolites were detected through untargeted
metabolomic analysis. GGPP, an important precursor for Taxol
biosynthesis, was highly accumulated in the Y3‐5 samples.
Taxol and most of its intermediate metabolites, such as
10‐deacetyl‐2‐debenzoylbaccatin III, 10‐deacetylbaccatin III,
and baccatin III, were predominantly accumulated in the
Y1 samples (Figure 2b). Additionally, a number of Taxol
biosynthesis‐related genes were identified, including three TS
genes, five T5OH genes, five T13OH genes, six TAT genes, five
T10OH genes, two TBT genes, one DBAT gene, one DBTNBT
gene, two T7OH genes, and one T2OH gene. Most of the Taxol
biosynthesis‐related genes were significantly decreased with
twig ages, suggesting that Taxol biosynthesis is more active in
young twigs than in old twigs (Figure 2c).

2.4 | Differences in the Community Structure of
Endophytic Microorganisms

ITS sequencing obtained 2 404 688 raw tags, yielding 3,129 ASVs
(Table S5). Sequence length ranged from 200 to 400 bp (Figure S7a).
Venn diagram showed that only 29 common ASVs were detected in
all the sample groups (Figure S7b). Alpha and beta diversity analysis
confirmed that the communities of endophytic fungi were signifi-
cantly affected by twig age (Figure 3a,b). Furthermore, the hierar-
chical clustering analysis indicated that twig samples with different

FIGURE 1 | Integrated untargeted metabolomic and transcriptomic analysis identified differences among twigs of different ages. (a) Five sample groups

of twigs with different ages: 1‐year‐old (Y1), 2‐year‐old (Y2), 3‐year‐old (Y3), 4‐year‐old (Y4), and 5‐year‐old (Y5). Bars indicate 1 cm. (b) A heatmap of the

abundance of metabolites in the five stem sections (N=6). The heatmap scale ranges from−2 to +2 on a log2 scale. (c) PCA of the metabolomes from different

sample groups. (d) Number of DAMs in various comparisons. (e) A heatmap of the gene expression in the four stem tissues (N=3). The heatmap scale ranges

from −2 to +2 on a log2 scale. (f) A PCA of the transcriptomes from five sample groups. (g) The number of the DEGs in different comparisons. [Color figure

can be viewed at wileyonlinelibrary.com]
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ages were well separated, and the Y1 group has greater differences
compared to the other four twig groups (Figure 3c).

According to the ASV sequences, all endophytic fungi were pre-
dicted and grouped into 433 genera. Only 65 fungal genus were
detected in the Y1 group, and more than 200 fungal genera were
detected in the Y3–Y5 groups (Figure 3d), suggesting that the old
twigs contained more endophytic fungi than the young twigs. To
determine the effects of age on fungal communities, linear dis-
criminant analysis coupled with the effect size analysis (LEfSe)
analysis was performed to identify biomarker taxa in different twig
groups (Figure 3e). The relative abundance of all fungal genera is
shown in Figure 3f. In the Y1 group, Davidiella, Pleosporales, and
Malassezia were the dominant fungal genera; in the Y2 and Y3
groups, Cladosporium, Davidiella, and Alternaria were the domi-
nant fungal genera; and in the Y4 and Y5 groups, Didymellaceae,
Cladosporium, and Davidiella were the dominant fungal genera.

The relation between the differential fungal genus and the
differentially accumulated taxoids in the host plant was
analysed. Pearson correlation analysis screened a series of tax-
oid biosynthesis‐related fungal genus, such as Guignardia,

Cladosporium, Nigrospora, Didymella, Phomopsis, Botryo-
sphaeria, Chaetomium, Phanerochaete, Aspergillus, Alternaria,
Paraconiothyrium, and Phyllosticta (Figure 3g).

2.5 | Influence of Taxoids on the Growth of
Endophytic Fungi Isolated From T. mairei Twigs

We have previously screened and obtained a large number of
endophytic fungal isolates from the twig of T. mairei
(Table S6). The above correlation analysis provided us with
cues for screening Taxol biosynthesis‐related endophytic
fungi. To analyse the role of endophytic fungi in age‐associated
Taxol biosynthesis, 11 typical fungi, including M5 (Alternaria),
N16 (Cladosporium), J02 (Diaporthe), M11 (Didymella), L01
(Guignardia), N13 (Nigrospora), N42 (Paraconiothyrium), M8
(Perenniporia), R01 (Phanerochaete), J10 (Phomopsis), and L13
(Phyllosticta), were selected (Figure 4a). The relative abun-
dance of the selected endophytic fungi from different twig
groups was analysed according to the ITS sequencing data
(Figure S8).

FIGURE 2 | Integrated metabolomic and transcriptomic analyses for Taxol biosynthesis. (a) Diagram of the classic Taxol biosynthesis pathway.

The numbers in parentheses represented the number of coding genes for each enzyme. (b) Differential accumulation of several metabolites related to

the taxol pathway among the five sample groups. The numbers in the circle represent different metabolites, consistent with that in part a. The colour

scale ranges from −2 to +2 on a log2 scale. (c) Expression analysis of genes encoding enzymes related to the paclitaxel biosynthesis pathway among

the five sample groups. The colour scale ranges from −2 to +2 on a log2 scale. [Color figure can be viewed at wileyonlinelibrary.com]

4 of 16 Plant, Cell & Environment, 2025

 13653040, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/pce.15422 by C

henjia Shen - H
angzhou N

orm
al U

niversity , W
iley O

nline L
ibrary on [10/02/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://wileyonlinelibrary.com


To analyse/detect the inhibitory effect of taxoids on the endophytic
fungal growth, dilution agar assays were performed. Taxol signifi-
cantly inhibited the growth of L01, R01, N16, M8, and M11 com-
pared to DMSO used control group (p<0.05); BAC significantly
inhibited the growth of L01, J02, R01, N16, M8, N13, and M5
compared to DMSA used control group (p<0.05); and
10‐Deacetylbaccatin III (DAB) significantly inhibited the growth of
J10, R01, N16, M8, M11, and L13 compared to DMSA used control
group (p<0.05). Our data showed that three taxoids (Taxol, Bac-
catin III (BAC), and DAB) greatly influence the growth of most of
the selected typical endophytic fungi (Figure 4b).

2.6 | Effect of Inoculation With Different
Endophytic Fungi on the Host's Metabolite
Accumulation

Based on the correlation between endophytic fungi and Taxol bio-
synthesis, we are striving to develop new fungal elicitors (Figure 5a).
In total, 7029 ion features with annotation were identified
(Table S7). Quality control of the ion feature data was analysed by
various methods. Boxplot analysis showed that the median values of
different sample groups are relatively consistent (Figure S9a). PCA
results showed that endophytic fungi‐treated groups displayed great

FIGURE 3 | Differences in community structure of endophytic fungi among different sample groups. (a) Analysis of alpha diversity by Shannon index. (b)

Analysis of beta diversity by PCoA clustering. (c) UPGMA clustering analysis of the endophytic communities. (d) Number of fungal genus detected in different

sample groups. (e) The relative abundance of endophytic fungi in different sample groups. (f) Analysis of the differential fugal genus in different sample

groups. (g) Pearson correlation analysis of differential fungal genus and host's Taxol levels. [Color figure can be viewed at wileyonlinelibrary.com]
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differences to the control group (Figure S9b). Treeplot analysis
indicated good data repeatability in one group (Figure S9c). A
heatmap showed the metabolite accumulation profiles of twigs with
different fungi incubations (Figure 5b). Most of the identified
metabolites were grouped into different subclasses, including 8.51%
of amino acids, 7.88% of carbohydrates, 2.05% of diterpenoids, 3.82%
of fatty acids, 1.93% of fatty acyl glycosides, 4.02% of flavonoids,
1.95% of steroidal glycosides, 2.94% of terpene glycosides, and 1.87%
of triterpenoids (Figure 5c). Compared to the control group (CK), a
number of DAMs were detected, ranging from 578 DAMs (L13/CK)
to 735 DAMs (R01/CK), suggesting that R01 causes the greatest
changes in the metabolic profile of T. mairei (Figure 5d). KEGG
classification analysis identified 112 diterpenoids, only 16 ~ 21 of
these were significantly changed by endophytic fungi incubations
(p<0.05) (Figure 5e). Twelve taxoids, belonging to the subclass of
diterpenoids, were identified, 7 ~ 8 of which were significantly
(p<0.05) altered by endophytic fungi incubations (Figure 5f). Our

data suggest that taxoids are a class of diterpenoid compounds that
specifically respond to fungal inoculations compared to the control
group. More than half of the 12 detected taxoids, such as
10‐deacetylbaccatin III, taxol, taxine B, baccatin III, and taxusin,
were significantly (p<0.05) upregulated by various fungi inocula-
tions. No significant changes were observed in the levels of ce-
phalomannine, cabazitaxel, docetaxel, and taxol C (Figure 5g).

2.7 | Effect of Endophytic Fungi Inoculation on
the Host's Gene Expression and Hormone
Accumulation

The effect of endophytic fungi inoculation on Taxol accumu-
lation was evaluated, gaining two efficient fungal elicitors
(Figure 6a). To reveal the regulation mechanism of Taxol bio-
synthesis, two efficient fungal elicitors, Guignardia L01 and

FIGURE 4 | Screening and isolation of Taxol metabolism‐associated endophytic fungi. (a) The isolated endophytic fungal isolates were observed

in plates. (b) The effect of taxoids on the growth of endophytic fungi isolated from T. mairei. A positive percentage represents the inhibition rate,

while a negative percentage represents the promotion rate. “*” indicated the significant differences between the taxoid and DMSO treatments. [Color

figure can be viewed at wileyonlinelibrary.com]
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Diaporthe J02, were selected for inoculation assays (Figure 6b).
HPLC data indicated that the two fungi (L01 and J02) cannot
synthesise Taxol (Figure S10). After 48 h incubation, the twigs
of T. mairei were harvested and washed with ddH2O for un-
targeted transcriptomic analysis. In total, 1856 DEGs, including
1103 up‐ and 753 downregulated genes, after L01 incubation,
and 1757 DEGs, including 1142 up‐ and 615 downregulated
genes (Figure 6b). Interestingly, most of the DEGs were com-
monly identified in both of the L01/CK and J02/CK compari-
sons, suggesting that the two fungal elicitors have similar effects
on the host's gene expression (Figure S11).

GO enrichment analysis showed that a number of DEGs
were enriched in various Taxol biosynthesis‐related GO
terms (Figure 6c). Fungal elicitors enhanced the Taxol
accumulation by activating the Taxol biosynthesis pathway.
Interestingly, several hormone signalling pathways were
also greatly activated by fungal elicitors. For example, four
ABA signalling‐related GO terms, including ‘(+)‐abscisic
acid 8′‐hydroxylase activity’, ‘abscisic acid binding’,
‘abscisic acid‐activated signalling pathway’, and ‘abscisic
acid catabolic process’, were significantly enriched under
fungal elicitor treatments (Figure 6c). Additionally, four

FIGURE 5 | Effect of inoculation with different endophytic fungi on the host's metabolism. (a) Co‐inoculation of Taxus twigs with different

endophytic fungi. (b) Heatmap showing the relative accumulation levels of each detected metabolite under different endophytic fungi inoculations.

The heatmap scale ranges from −2 to +2 on a log2 scale. (c) The number of differentially accumulated metabolites under different endophytic fungi

inoculations. (d) Enrichment analysis of several secondary metabolism‐related GO terms. (e) The number of differentially accumulated diterpenoids

under different endophytic fungi inoculations. (f) The number of differentially accumulated taxanes under different endophytic fungi inoculations.

(g) The contents of taxoids under different endophytic fungi inoculations. [Color figure can be viewed at wileyonlinelibrary.com]
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ethylene signalling‐related GO terms, three JA signalling‐
related GO terms, one BR‐related GO, one GA‐related GO,
and one SA‐related GO, were significantly altered under
fungal elicitor treatments. Expression analysis showed that
most of the ethylene and JA signalling pathway‐related
genes were upregulated by the J02 and L01 incubations
(Figure 6d–f).

The contents of four important phytohormones, including
ACC, JA, SA, and ABA, were determined through target
metabolomic analysis (Figure 6f). No significant changes
were observed in the ACC contents between the CK and J02/
L01‐treated groups. Interestingly, the levels of endogenous
JA were significantly upregulated and the levels of en-
dogenous SA and ABA were significantly downregulated
under the J02/L01 incubations (Figure 6g). Our data suggest
that endogenous JA might play a significant role in fungi
elicitor‐mediated regulation of Taxol biosynthesis.

2.8 | Identification of a JA Signal‐Related MYC2a

According to the T. mairei genome, four MYC2 subfamily members
were identified. Expression analysis revealed that MYC2a was sig-
nificantly upregulated under the J02/L01 inoculations (Figure 7a).
The full‐length encoding sequence of MYC2a was cloned through
PCR amplification. A phylogenetic tree was constructed to analyse
the relationship of MYC2 proteins between T. mairei and other
plants (Figure 7b). Multiple sequence alignment indicated that T.
maireiMYC2a is conserved in the HLH domain in comparison with
other MYC family members (Figure 7c).

2.9 | MYC2a Plays a Potential Regulatory Role in
Taxol Biosynthesis

A series of Taxol biosynthesis‐related genes were significantly
induced by two selected fungal elicitors. Expression analysis showed

FIGURE 6 | Effect of inoculation with two selected endophytic fungi on the host's gene expression. (a) The taxol content in Taxus twigs under different

endophytic fungi inoculations. Red stars indicated two efficient fungal elicitors. (b) The number of DEGs under two different endophytic fungi inoculations.

(c) Enrichment analysis of taxol biosynthesis‐ and hormone signal‐related GO terms. (d, e) The number of hormone‐related DEGs under the J02 and L01

inoculations. (f) The HPLC chromatogram of four selected phytohormones, including ACC, SA, ABA, and JA. (g) Contents of four important phytohormones

in Taxus twigs under the two endophytic fungi inoculations. “*” indicates significant differences between control and treatment groups at p<0.05. [Color

figure can be viewed at wileyonlinelibrary.com]
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that two TS genes (ctg5306_gene.4 and ctg7747_gene.1), two T5OH
genes (ctg11276_gene.2 and ctg4941_gene.1), one T13OH gene
(ctg593_gene.12), one TAT gene (ctg6909_gene.2), one TBT gene
(ctg5026_gene.7), one DBAT gene (ctg887_gene.19), one DBTNBT
gene (ctg195_gene.25), two T7OH genes (ctg12564_gene.1 and
ctg2120_gene.17) were upregulated by fungal elicitors by more than
fivefolds (Figure 8a).

To predict potential targets of MYC2a, the promoter sequences of 11
fungal elicitor responsive Taxol biosynthesis‐related genes were
scanned for the MYC2 binding elements. Interestingly, the
promoters of T5OH (ctg11276_gene.1), DBTNBT (ctg195_gene.25),
T7OH (ctg2120_gene.17), TS (ctg5306_gene.4), T13OH

(ctg593_gene.12), TS (ctg7747_gene.1), and DBAT (ctg887_gene.19)
contained at least one tandem MYC binding element, and were
predicted as potential targets of MYC2a (Figure S12). Electro-
phoretic mobility shift assay (EMSA) results showed that MYC2a
bound directly to the target element in the promoters of DBTNBT
(ctg195_gene.25), T7OH (ctg2120_gene.17), TS (ctg5306_gene.4),
T13OH (ctg593_gene.12), and TS (ctg7747_gene.1), suggesting they
were potential target genes of MYC2a (Figure 8b–e). No significant
binding activities were observed in the MYC2a‐T5OH and MYC2a‐
DBAT pairs. To determine the transcriptional activity of MYC2a, a
dual‐luciferase (LUC) reporter assay was carried out using a tran-
sient expression. The dual‐LUC data confirmed the transcriptional
activation effect of MYC2a on DBTNBT, T7OH, TS, T13OH genes

FIGURE 7 | Identification of JA signal pathway‐related TF, MYC2a. (a) Relative expression level of MYC2 subfamily TF genes under J02 and L01

inoculations. ‘*’ indicated significantly changed MYC2 subfamily gene under the J02 and L01 inoculations (p< 0.05). (b) Evolutionary analysis of

T. maireiMYC2a and other known MYC2 proteins in plants. (c) Multiple sequence alignment analysis of MYC2 family members. [Color figure can be

viewed at wileyonlinelibrary.com]
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FIGURE 8 | A potential regulatory network involved in the fungal elicitor‐activated Taxol biosynthesis pathway. (a) Expression analysis of the Taxol

biosynthesis pathway genes under L01 and J02 inoculations. (b–e) EMSA analysis of the binding sites of MYC2a to its potential targets. GST only or the

TF‐GST fusion protein was incubated with the probes containing the binding elements derived from the promoters. ‘−’ and ‘+’ represent absence and

presence, respectively, and 20◊ and 200◊ show increasing amounts of probes for competition. (f) The dual‐luciferase assays in tobacco leaves showed that co‐
transformation of TFs activates the promoters of taxol biosynthesis‐related genes. ‘*’ indicates significant differences between control and treatment groups at

p<0.05. (g) A model for the role of MYC2a in controlling the structure of endophytic fungi. [Color figure can be viewed at wileyonlinelibrary.com]

(Figure 8f). Our data provided a potential regulatory network
involved in the fungal elicitor‐activated Taxol biosynthesis pathway
(Figure 8g).

3 | Discussion

3.1 | Twig Age Affected the Secondary
Metabolism and Endophytic Fungi Assemble of the
Host Taxus Tree

There is convincing evidence of a link between tissue age and sec-
ondary metabolism in perennial plants. Plant age affected the

accumulation of various types of secondary metabolites, including
flavonoids and anthocyanins in Batavia lettuce, annatto pigments in
Bixa orellana, and ABA and anthocyanins in Aristotelia chilensis
(Machado et al. 2023; Escrich et al. 2021; Sng et al. 2021). However,
there are no reports on the correlation between tissue age and the
accumulation of Taxol. In the present study, an integrated meta-
bolomic and transcriptomic analysis revealed the predominant
accumulation of Taxol in young twigs of Taxus trees, indicated that
young twigs are more suitable for the industrial extraction of Taxol.

The plant's endophytic fungi play an essential role in en-
hancing host development and secondary metabolism (Yan
et al. 2019). The colonisation and assembly of endophytes

10 of 16 Plant, Cell & Environment, 2025
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are significantly affected by the host's genotypes and en-
vironmental stresses (Latz et al. 2021). Interestingly, the
impacts of tissue age on the host's microbial assembles were
reported in various plants. Seasonal and leaf age‐dependent
variations in the endophytic fungal assemblages were
observed in Camellia japonica (Osono 2008). In Swietenia
macrophylla, the percentage of antimicrobial activity‐
associated isolates increased with leaf age (Ibrahim, Lee,
and Sheh‐Hong 2014). Recently, the spatial and temporal
dynamics of bacterial community assembly were surveyed
during the Arabidopsis development process (Beilsmith,
Perisin, and Bergelson 2021). In T. mairei, only 65 genera
were observed in the youngest twig sample and more than
200 genera were observed in old twigs, confirming the effect
of twig age on endophytic fungal assemblies.

3.2 | The Biological Function of Taxoids in Taxus
Trees

Taxol is a significantly effective anticancer drug used for the treat-
ment of various cancers (Yu et al. 2023). However, the biological
function of taxoids for Taxus trees themselves is rarely explored.
The synthesis of Taxol is an extremely complex and energy‐
consuming biosynthesis process, involving over 30 steps (Kaspera
and Croteau 2006; Zhan et al. 2023). Taxus trees cannot effortlessly
synthesise taxoids solely for the sake of human health. We hy-
pothesised that endogenous taxoids, just like balance valves, may
have a specific effect on controlling the microbiota assembly in
Taxus trees. Plant‐derived diterpenoids are often considered fungi-
cides with significant antifungal activity (Adamczyk et al. 2023).
The reproduction of many endophytic fungi is inhibited by taxoids,
confirming the antifungal activity of taxoids. Our data explained the
negative correlation between taxoid content and the complexity of
the endophytic fungal community in twigs of varying ages. It is
interesting that M8 is strongly inhibiting by all tested taxoids, but its
level is very low in old twigs. Conversely, L13, less sensitive to
taxoids, was found predominantly in Y5‐stage twigs. It indicated
that there is another mechanism involved in the interaction
between fungi and plant secondary metabolism. Taxus tree syn-
thesises taxoids to control the population of specific genera of en-
dophytic fungi in the young twigs, indicating that these specific
genera can be utilised as fungal elicitors to activate the biosynthesis
pathway of taxoids.

3.3 | Discovery of Two New Efficient Fungal
Elicitors Involved in Taxol Biosynthesis

Using omic correlation analysis, we predicted several potential
fungal elicitors related to Taxol biosynthesis. To date, many studies
have focused on screening and studying Taxol‐producing fungi
(Cheng et al. 2022). For example, Aspergillus aculeatinus, Alternaria
alternata, and Cladosporium cladosporioides were reported to be
Taxol‐producing fungi (Fu et al. 2023; Miao et al. 2018; Qiao, Tang,
and Ling 2020). Although the fungi selected in our study do not
produce Taxol, they are potential fungal elicitors of Taxol bio-
synthesis. Fortunately, two efficient fungal elicitors, L01 (Guignar-
dia) and J02 (Diaporthe), were identified, increasing the Taxol
contents by 5.91‐ and 4.83‐folds, respectively. The strains from the

Guignardia genus are the dominant endophytes in the leaves of
various woody plants (Fan et al. 2020; Xiong et al. 2013). The
Guignardia and Diaporthe genera contain many beneficial en-
dophytic fungi with various functions. Cocultivation with a
Guignardia genus endophyte specifically affected the growth and
chemical composition of Dendrobium catenatum (Wu et al. 2020).
Inoculation with a Diaporthe fungal endophyte from a perennial
grass adapted to rocky sea cliffs improved the growth and salinity
tolerance of gramineous crops (Toghueo et al. 2022). Our data
revealed novel functions for the two endophytic fungi mentioned
above, which can serve as fungal elicitors to induce the biosynthesis
of Taxol in Taxus twigs.

3.4 | Endogenous Hormones Play an Essential
Role in Fungal Elicitor‐Mediated Taxol
Biosynthesis in the Host Taxus Trees

In our study, the J02 and L01 fungal elicitors significantly activated
various Taxol biosynthesis‐related GO terms, leading to an increase
in the content of Taxol. Interestingly, various hormone‐related GO
terms were also changed under the J02 and L01 inoculations,
indicating an essential role of hormone signalling pathways in
fungal elicitor‐mediated Taxol biosynthesis. Several hormones, such
as JA, ABA, GA, and ET, were reported to be involved in Taxol
biosynthesis (Cao et al. 2022; Demidova et al. 2023). Jiang's study
showed that the endophytic fungus Pseudodidymocyrtis lobariellae
KL27 promotes Taxol biosynthesis and accumulation by activating
the JA biosynthesis and JA signal transduction pathways (Cao
et al. 2022). Despite significant changes in the expression of ethy-
lene signalling‐related genes, the content of ACC was not affected
by the J02 and L01 inoculations. JA contents were significantly
upregulated by both of the J02 and L01 inoculations, confirming the
role of JA in fungal elicitor‐activated Taxol biosynthesis. JA is es-
sential for diverse plant defence responses against biotic and abiotic
stresses (Li et al. 2021). Plants perceive the treatment of fungal
elicitor as a potential threat, prompting the activation of the JA
signalling pathway to boost their resistance to environmental
stresses. In the future, the induction or inhibition of JA signalling
pathways will be a key concern for screening new effective fungal
elicitors.

3.5 | The Regulatory Network of Fungi
Elicitor‐Activated Taxol Biosynthesis

MYC2, a key transcriptional regulator in the JA signalling sig-
nificantly contributes to in enhanced improved biosynthesis of
plant secondary metabolites (Liu et al. 2022). Previous studies
have investigated the function of MYC2 in Taxol biosynthesis in
various Taxus species (Cui et al. 2019). In T. mairei, four MYC2‐
like genes were identified, one of which was significantly upre-
gulated by the J02 and L01 inoculations. We speculated that
MYC2a might be a key transcription regulator of fungal elicitor‐
activated Taxol biosynthesis.

In T. chinensis, overexpression of MYC2a significantly increased the
expression of TS, TAT, DBTNBT, T13OH, and T5OH genes (Zhang
et al. 2018). In T. media, MYC2 showed transcriptional activation
activity on the promoters of DBTNBT, T2OH, T7OH, T5OH,
T13OH, DBAT, T10OH, PAM, GGPPS, and TS (Cui et al. 2019).
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Considering the expression levels and promoter regulatory ele-
ments, a series of Taxol biosynthesis pathway genes, such as
T13OH, TS, DBTNBT, and T7OH, were predicted to be the down-
stream targets of MYC2a. Regardless of the Taxus species, MYC2 is
a key factor in regulating the biosynthesis of paclitaxel.

3.6 | New Ideas for Screening Fungal Elicitors of
Taxol Biosynthesis

Fungal elicitors have been reported as an impressive strategy for
enhancing Taxol biosynthesis in various cell suspension sys-
tems (Salehi et al. 2021). Our data confirmed the inhibitory
effect of taxoids on the growth of endophytic fungi, suggesting
that taxoids are important regulators of the community struc-
ture of endophytic microorganisms. In young leaves, the con-
centration of Taxol is relatively high, which results in the
growth inhibition of certain specific endophytic fungi. Taking
advantage of the above phenomenon, we have screened several
endophytic fungi. Fortunately, two fungal elicitors were
obtained, which can be used in the research of the artificial
induction of Taxol in a suspended cell system. It is worth
mentioning that the endophytic fungi used have a low abun-
dance level in young leaves, where the content of Taxol is high.
It is suggested that effective fungal elicitors may be negatively
correlated with Taxol content in Taxus trees.

4 | Conclusion

Using omic correlation analysis, a negative correlation between
Taxol content and the complexity of the endophytic fungal
community in twigs was predicted. We identified two effective
fungal elicitors, L01 (Guignardia) and J02 (Diaporthe), which
activate Taxol biosynthesis by regulating the MYC2a‐controlled
JA signalling pathway. Our data revealed the effect of twig age
on the secondary metabolism of Taxus and provided a novel
approach to screen effective fungal elicitors involved in Taxol
biosynthesis. In future research, we will optimise the prepara-
tion of fungal elicitors, such as fungal cell walls, extracts, etc.,
hoping to obtain more efficient elicitors.

5 | Materials and Methods

5.1 | Taxus materials and treatments

T. mairei trees were planted in the growth chamber at Hang-
zhou Normal University, Hangzhou, China, at day/night tem-
perature 23 ~ 26°C/16 ~ 18°C and photoperiod of 12 h. The
twigs of different ages (Y1 for 1‐year‐old, Y2 for 2‐year‐old, Y3
for 3‐year‐old, Y4 for 4‐year‐old, and Y5 for 5‐year‐old) were
harvested and stored for further analysis.

5.2 | Untargeted Metabolomic Profiling

About 60mg of twigs from each sample group (N= 6) were
treated with 600 μL of methanol‐H2O (V:V = 7:3, with a mixed
internal standard) in a 1.5 mL centrifuge tube. The mixed

samples were ground at 4°C for 2 min at a rate of 1500 strokes/
min using the 2010 Geno/Grinder. The samples were homo-
genised and extracted with a 250 μL chloroform/methanol/
water (1:3:1) working solution. After being vacuum‐dried, the
samples were resuspended in a methanol solution. The extract
samples were uploaded and separated by Waters ACQUITY
UPLC I‐Class Plus/Thermo QE with an ACQUITY UPLC HSS
T3 column. Then, the resulting samples were analysed using a
high‐resolution MS/MS TripleTOF 5600 Plus System according
to a previously published work (Yu et al. 2018).

The ion features of MS/MS data were generated by SCMS
software. The relative standard deviations of each ion feature
were calculated according to the quality control samples. The
ion features with deviations more than 30% were removed. The
annotation information for each ion feature was generated by
searching the online KEGG (https://www.kegg.jp/) and
PLANTCYC (https://www.plantcyc.org/) metabolic databases.

5.3 | Standard Solutions and Calibration Curves
for Targeted Hormones

All chemicals and solutions, such as methanol, acetonitrile,
2‐Propanol, formic acid, were purchased from Thermo Fisher
Scientific (Waltham, USA). Chloroform was obtained from
Titan Technology Co. Ltd. (Shanghai, China).

Standards, such as ACC (SIGMA, 22059‐21‐8), ABA (Yuanye,
14375‐45‐2), SA (Yuanye, 69‐72‐7), and JA (SIGMA, 77026‐92‐7),
were purchased from SIGMA and Yuanye, respectively. Stock
solutions of a single standard were prepared at 1mg/mL in
MeOH. Primary mixed standard stock solution (MSS) was pre-
pared by mixing the single standard stock solution, and diluting
it with MeOH‐water (5:95, v/v) to appropriate concentrations.
Calibration curves were obtained by diluting the MSS with
MeOH‐water (5:95, v/v) to a concentration gradient.

Liquid chromatography was performed on a Nexera UHPLC
LC‐30A (SHIMADZU). An ACQUITY UPLC HSS T3 system,
equipped with an electrospray ionisation (ESI) source, was
applied for analysis. Targeted hormones were determined in a
multiple reaction monitoring (MRM) mode. Data acquisitions
were conducted using Analyst software. The SCIEX OS‐MQ
software was applied to quantify all hormones.

5.4 | DNA Extraction and Internal Transcribed
Spacer Region (ITS) Sequencing

Total DNAs were extracted from different sample groups
(N= 6) by the CTAB method (Kumar et al. 2024). The purified
DNAs were PCR amplified with primers ITS1 (5′‐GTGAR
TCATCGAATCTTTG‐3′) and ITS2 (5′‐TCCTCCGCTTATTGA
TATGC‐3′) on the NovaSeq PE250 platform following its
instructions. High‐quality tag sequences without the barcodes
and primers were obtained using the Fqtrim software (ver.
0.9.7). Chimeric sequences were filtered using Vsearch software
(ver. 2.3.4) and were dereplicated using the DADA2 package
(ver. 1.8). Alpha and beta diversities were calculated by QIIME2
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with R (ver. 3.5.2), and the relative abundance was used to
determine fungi taxonomy.

5.5 | ITS Sequence Data Analysis

Alpha diversity was calculated by Chao, Simpson and
Shannon index based on the normalised counts using the
vegan ver. 2.5.6R package (https://www.r-project.org/). The
beta diversity was calculated by principal coordinates
analysis, using Bray‐Curtis dissimilarity and visualised
using ggplot2 packages. A one‐way analysis of similarity was
applied to evaluate the effects of twig age on the endophytic
fungus communities and secondary metabolism (p < 0.05).
The LEfSe (p < 0.05) was used to analyse the effect of twig
age on the relative abundance of fungal taxa from genera to
species.

5.6 | RNA‐Sequencing and Transcriptomic Data
Analysis

Total RNAs were extracted using an Qiagen RNeasy Mini Kit
(Hilden, Germany). The purified and fragmented mRNAs were
used to construct cDNA libraries using a VAHTS Universal V6
RNA‐seq Library Prep Kit. RNA sequencing was carried out on
an Illumina 6000 platform (OEbiotech, Shanghai, China) to
produce raw sequences (Feng et al. 2023).

Raw reads in fastq format were processed using the fastp
programme, and the low quality reads were deleted to pro-
duce clean reads. The clean reads were mapped onto the T.
mairei genome using HIST2 software. The read counts of
each gene were calculated by HTSeq‐count software. PCA
was performed using R (ver. 3.2.0) to evaluate the sample
supplication. DEGs were screened using the DESeq. 2 soft-
ware based on a threshold of p < 0.05 and foldchange > 2 or
< 0.5. Hierarchical cluster analysis of DEGs was performed
using R (ver. 3.2.0).

5.7 | Isolation and Characterisation of
Endophytic Fungal Isolates

Fresh twigs of T. mairei were surface washed and sterilised by
immersion in 75% ethanol and 1.5% sodium hypochlorite twice.
The resulting samples were cut into small pieces and kept on
PDA solid medium with 30 μg/mL streptomycin sulphate. The
emerging fungi were harvested and transferred to fresh PDA
medium to obtain pure cultures.

The genomic DNA of each endophytic fungal isolates was
extracted by the CTAB method. The ITS region of genomic
DNA were amplified using ITS1FI2 (5′‐GTGARTCATCG
AATCTTTG‐3′) and ITS2 (5′‐TCCTCCGCTTATTGATATG
C‐3′) primers. The PCR products were sequenced and
searched against the NCBI GenBank database. The en-
dophytic fungi isolates were characterised based on three
parameters, including identity, maximum query, and score.

5.8 | Inoculation of Endophytic Fungi With T.
mairei Twigs

For metabolomic analysis, all eleven selected endophytic fungi
(J02, J10, R01, L01, L13, M5, M8, M11, N13, N16, and N42) were
incubated on Potato Dextrose Agar (PDA) for 7 days to
produce spores. Spores with a uniform concentration were used
for inoculation assays. The surface washed twigs were sprayed
with 1mL of spore suspension of each endophytic fungus. The
concentration of the spore suspension was adjusted to
1 × 106 spores/mL, and ddH2O was used as the negative control.
After 48 h incubation, the twigs of T. mairei were harvested and
washed with ddH2O for untargeted metabolomic analysis.

For transcriptomic analysis, two selected endophytic fungi (L01
and J02) were incubated on Potato Dextrose Agar (PDA) for
7 days to produce spores. The concentration of the spore sus-
pension was adjusted to 1 × 106 spores/mL, and ddH2O was
used as the negative control. After 48 h incubation, the treated
area of each twig was washed with ddH2O twice and harvested
for transcriptomic analysis.

5.9 | Promoter and Gene Sequence Analysis

The promoter sequences of several selected genes were extracted
from the public T. mairei genome. The 2000 bp promoter regions
were scanned using the PlantCARE programme for several typical
MYC binding elements. Phylogenetic tree was constructed using
MEGA 7.1 software and the CLUSTALW programme employing
the Neighbour‐Joining method (Saitou and Nei 1987).

5.10 | Prokaryotic Expression and
Electrophoretic Mobility Shift Assay

The full‐length CDS ofMYC2a was cloned and inserted into pGEX‐
6P‐1 vector and prokaryotic expressed in Escherichia coli cells to
produce recombinant GST‐MYC2a protein. The expressed protein
was purified using Clontech His60 Ni Superflow Resin and EMSA
was performed using the Light Shift Chemiluminescent EMSA Kit
(GS009, Beyotime, China). Briefly, probes containing MYC2‐specific
cis‐elements (CAAATGC, CACATG, CATTTG, and CATGTG)
derived from the promoters of seven Taxol biosynthesis‐related
genes were labelled with 506‐FAM (FITC) fluorescent dye. The
probes were incubated with the nuclear extract at room tempera-
ture for 30 min. The entire reaction mixture was run on a non‐
denaturing 0.5 ×TBE 6% polyacrylamide gel for 1 h at 60V at 4°C
and then transferred onto Biodyne B nylon membranes (Pall Cor-
poration). Signals were visualised with reagents included in the kit
and ChemiDoc XRS (Bio‐Rad Laboratories, UAS). Unlabelled
probes were used in competition assays. MYC2‐specific cis‐elements
within probes were changed into CCCCCC and used in mutation
assays.

5.11 | Dual‐LUC Reporter Assays

The full‐length CDS of MYC2a gene was cloned into the
pGreenII62‐SK vector to build effector, and the promoters of
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DBTNBT (ctg195_gene.25), T7OH (ctg2120_gene.17), TS (ctg5306_
gene.4), T13OH (ctg593_gene.12), and TS (ctg7747_gene.1) were
cloned into pGreenII0800‐LUC vector to build reporters. The
GAL4BD and VP16 were prepared as positive and negative con-
trols, respectively. All completed constructs were co‐transformed
into tobacco (Nicotiana tabacum) leaves by Agrobacterium tu-
mefaciens GV3101‐mediated transient expression. The firefly LUC
and Renilla luciferase activities were determined using a dual‐
LUC assay kit (Promega, Madison, USA). All primers and probes
are listed in Table S8.
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