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Metabolomics analysis of different diameter 2
classes of Taxus chinensis reveals that the

resource allocation is related to carbon

and nitrogen metabolism
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Abstract

Taxus chinensis (Taxus cuspidata Sieb. et Zucc.) is a traditional medicinal plant known for its anticancer substance
paclitaxel, and its growth age is also an important factor affecting its medicinal value. However, how age affects
the physiological and metabolic characteristics and active substances of T. chinensis is still unclear. In this study,
carbon and nitrogen accumulation, contents of active substances and changes in primary metabolites in barks
and annual leaves of T. chinensis of different diameter classes were investigated by using diameter classes instead
of age. The results showed that leaves and barks of small diameter class (D1) had higher content of non-structural
carbohydrates and C, which were effective in enhancing defense capacity, while N content was higher in medium
(D2) and large diameter classes (D3). Active substances such as paclitaxel, baccatin Il and cephalomannine also
accumulated significantly in barks of large diameter classes. Moreover, 21 and 25 differential metabolites were
identified in leaves and barks of different diameter classes, respectively. The differential metabolites were enhanced
the TCA cycle and amino acid biosynthesis, accumulate metabolites such as organic acids, and promote the
synthesis and accumulation of active substances such as paclitaxel in the medium and large diameter classes.
These results revealed the carbon and nitrogen allocation mechanism of different diameter classes of T. chinensis,
and its relationship with medicinal components, providing a guidance for the harvesting and utilization of wild T.
chinensis.
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Introduction

T. chinensis is an evergreen woody plant of Taxus in
Taxaceae [1]. It is primarily distributed in China, Japan,
Korea and the Soviet Union, and is regarded as a valu-
able relict tree species from the Tertiary Period. In recent
years, T. chinensis has garnered considerable attention
due to its rich content of bioactive molecules, such as
paclitaxel, flavonoids, steroids, and lignans [2]. These
compounds have shown promise in cancer treatment,
hypoglycemia, and antioxidant properties [3, 4]. Unfortu-
nately, the growth rate of the T. chinensis population is
slow, and its competitiveness and regeneration ability are
low [5]. Therefore, understanding the dynamic changes in
paclitaxel content in different age groups of 7. chinensis is
of great significance for the development and utilization
of T. chinensis.

Non-structural —carbohydrates (NSCs), including
soluble sugars and starch, are important organic car-
bon components in plants [6, 7]. Meanwhile, NSCs can
reflect the balance between carbon assimilation and car-
bon consumption during plant growth and survival [8].
Soluble sugars regulate cellular osmotic pressure, aiding
in stress resistance, while starch serves as a long-term
nutrient pool, and both can interconvert under specific
conditions. The relationships among their contents delin-
eate plant growth and defense strategies [9, 10]. Previous
studies have shown that the accumulation of primary
metabolite such as soluble sugar and starch in T chinen-
sis contributes to the active substances such as paclitaxel
[11]. Therefore, detecting the dynamics of carbohydrates,
especially NSCs content, in different parts of plant tissues
with tree age, is crucial for evaluating and understanding
tree carbon dynamics.

Carbon (C), nitrogen (N) and phosphorus (P) are essen-
tial elements in the structural composition and func-
tional metabolism of plant cells, playing a pivotal role in
regulating various physiological processes in plants [12,
13]. In addition, carbon and nitrogen metabolism are the
major metabolic processes in plants, both necessitating
the absorption of energy generated by photosynthesis
[14]. However, there is little research on the interaction
between carbon metabolism and nitrogen metabolism in
T. chinensis. According to the growth rate hypothesis, the
content of C, N and P in plants is closely related to the
growth rate [15]. Fast-growing plants require more rRNA
input than protein input [16], meaning that the stoichio-
metric ratio of rapidly growing plants slopes towards P.
Fast-growing plants have higher N: C and P: C ratios and
lower N: P ratios [17]. The stoichiometric characteris-
tics of each organ can reflect the optimal growth strat-
egy adopted by the plant to adapt to its environment [18].
Therefore, investigating the stoichiometric characteristics
of nutrient elements in 7. chinensis can provide valuable
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point of reference for understanding the nutrient utiliza-
tion strategy during its growth.

In the long-term evolution of plants, a vast array of
primary metabolites with structural diversity have been
synthesized. These metabolites possess a critical function
in plant growth, environmental adaptation, and efficacy
[19]. Gas chromatography-mass spectrometry (GC-MS)
technology is of great importance in plant metabolomics
research due to its high resolution, sensitivity, reproduc-
ibility, and large library of standard metabolite spectra
[20]. GC-MS allows the simultaneous measurement of a
large number of chemically diverse compounds, includ-
ing organic acids, amino acids, sugars, sugar alcohols,
aromatic amines, and fatty acids [21]. Therefore, GC-MS
is widely used to reveal the changes of metabolic fluxes
in different tissue parts, growth stages and different
environments of plants. Zhang et al. used GC-MS to
compare the active components in three different 7. chi-
nensis leaves, indicating that the most diverse and abun-
dant metabolites are found in T. chinensis [22]. Previous
studies have examined differences in leaf metabolism in
different species of T. chinensis [23], yet relatively few
studies focused on the differential response of primary
metabolites to tissue and development stages.

T. chinensis, as an evergreen tree species with medicinal
value, has attracted extensive attention due to its active
substances such as paclitaxel. Previous studies mainly
focused on the content of paclitaxel in 7. chinensis of dif-
ferent species and different tissue parts [24]. However,
growth age also significantly influences its medicinal effi-
cacy [25]. To investigate the effects of physiological meta-
bolic responses on the accumulation of active substances
in different ages, we collected barks and leaves of the cur-
rent year from different diameter classes representing
different ages and analyzed them for non-structural car-
bohydrates, nutrients, active components, and primary
metabolites in T. chinensis.

Methods

Plant materials and growth condition

The study was conducted in 2019 at Muling Taxus cuspi-
data Sieb. et Zucc. Nature Reserve, located in Heilongji-
ang Province, China, at the northern end of the Changbai
Mountains (130°00" ~ 130°28’ E, 43°49’ ~ 44°06’ N). The
reserve belongs to a temperate continental monsoon cli-
mate, with an average annual temperature of -2 °C and
an average annual precipitation of 530 mm. The T. chi-
nensis in the reserve are distributed throughout mixed
coniferous and broad-leaved forests, with a complete age
structure and good regeneration. The T. chinensis was
identified by Prof. Ligiang Mu (Northeast Forestry Uni-
versity), and voucher specimens of the T. chinensis has
been deposited in the Herbarium of the Northeast For-
estry University (Deposition number: 021001001001001
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~021001001001004). The T. chinensis used in the experi-
ment were obtained through natural regeneration.

Three sample plots with the same forest type, soil type
and elevation were established. Each plot measured
30 mx30 m, with a distance of at least 50 m between
each plot. In mid-September, at approximately 10 a.m.,
different diameter grades of each sample were collected
in an “S” shape. Leaves of the current year and barks at
1.3 m above ground were collected from the south-fac-
ing crowns of female T. chinensis at each sample site.
Breast height diameter collected ranged from 2.6 cm to
47.4 cm and was divided into three stages of growth and
development according to diameter class. Breast height
diameter 2.0-16.0 cm was stage D1, 16.0-32.0 cm was
D2, and 32.0-48.0 cm was D3. Portions of the samples
were immediately frozen in liquid nitrogen and stored at
-80 °C for GC-MS analysis. Portions of the samples were
dried at 105 °C for 10 min and then at 70 °C until con-
stant weight. The dried tissues were ground and passed
through a 0.5 mm sieve, and stored for analysis of non-
structural carbohydrates, carbon, nitrogen, phosphorus,
and active ingredients.

Soluble sugar and starch content

Soluble sugars and starch concentrations were deter-
mined by the anthrone method [26]. Soluble sugars
were first extracted twice from 0.1 g of powder using 2
mL of 80% ethanol. The residue was decomposed with 2
mL of 9.2 mol/L HCIO, and 4 mL of distilled water was
added for starch determination. The concentrations of
soluble sugars and starch were measured by absorbance
at 625 nm using a UV visible spectrophotometer. Sugar
concentration was calculated from the regression equa-
tion of glucose standard solution and starch concentra-
tion. The sum of soluble sugars and starch is referred to
as total non-structural carbohydrates.

Metabolite extraction and detection

A total of 0.1 g sample was mixed with 0.8 mL of 80%
methanol solution and 5 pL 2-chloro-L-phenylalanine
(0.3 mg/mL). The mixture was sonicated at 4 °C for
30 min and subsequently centrifuged at 12,000 rpm and
4 °C for 15 min. The 200 uL supernatant concentrated
by rotary evaporation, and then 35 pL of 20 mg/mL
methoxypyridine solution was added. The mixture was
vigorously shaken for 30 s and allowed to react at 37 °C
for 90 min. Then, 35 pL of N, O-Bis (trimethylsilyl) tri-
fluoroacetamide (BSTFA) (containing 1% TMCS) was
added for derivatization and the reaction was carried out
at 70 °C for 60 min. After 30 min at room temperature,
the material was analyzed by GC-MS. The GC-MS data
were obtained using the Agilent 7890 A-5975 C (Agi-
lent, USA) and a non-polar DB-5 capillary column (30 m
% 250 pm LD., J&W Scientific, Folsom, CA). Instrument
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parameters: Inlet temperature 280 °C, EI ion source tem-
perature 230 °C, high purity helium (purity>99.999%)
as carrier gas, shunt ratio 10:1, injection volume 1.0 pL,
solvent delay 5 min. Ramp-up procedure: initial tempera-
ture 70 °C, ramp-up to 200 °C at 10 °C/min, then ramp-
up to 280 °C at 5 °C/min and maintain for 10 min.

Determination of carbon, nitrogen, and phosphorus
content

An elemental analyzer (Elementar Inc., Hanau, Hessen,
Germany) was used to determine the carbon and nitro-
gen content in the leaves and barks of T. chinensis. The
total phosphorus content was determined using a UV
spectrophotometer after digestion with H,SO, and H,O,,
according to the method of Zhang et al. [27].

Extraction and HPLC analysis for 10-deacetylbaccatin lll,
baccatin lll, cephalomannine and paclitaxel

A leaves and barks samples of T. chinensis (1 g) was
mixed with 30 mL of 80% ethanol, extracted by ultrasoni-
cation for 30 min, centrifuged, and the supernatant was
retained. The process was repeated 3 times and the fil-
trates were combined and concentrated by rotary evapo-
ration with the addition of ImL of methanol and an equal
volume of ethyl acetate, left overnight, centrifuged and
the supernatant was removed. And the obtained solution
was filtered through 0.22 pm membrane for injection
into HPLC.

The separation was carried out on a Zorbax SB-C18
(5 pm, 4.6 mm X 25 cm, Agilent Technologies) column
at 30 °C with the flow rate maintained at 1.0 mL/min.
The mobile phase consisted of acetonitrile (solvent A)
and water (solvent B). The injection volume was 10 pL
and the peak was observed at 227 nm. The gradient pro-
gram was as follows: 0—3 min, 40% A; 3—7 min, 40—45%
A; 7-11 min, 45-75% A; 11-17 min, 75-40% A. Sample
peaks were identified based on matching retention times
compared to authentic standards.

Statistical analysis

Data were analyzed using SPSS 19.0 (SPSS, Santa
Clara, CA, USA) one-way factorial analysis of variance
(ANOVA). In all cases, differences were considered sig-
nificant at a probability level of P<0.05. Plots were made
with GraphPad Prism 8.

Unsupervised Principal Component Analysis (PCA)
was carried out using the statistics function prcomp
within R v3.5.0 (www.r-project.org). Supervised multiple
regression orthogonal partial least-squares discriminant
analysis (OPLS-DA) was performed using ropls v1.19.8
in R (Thevenot, Roux, Xu, Ezan, & Junot, 2015). Differ-
ential metabolites were identified using a threshold vari-
able importance in projection (VIP) value (VIP>1.0) and
one-way ANOVA analysis (P<0.05). Hierarchical cluster
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Fig. 1 Contents of soluble sugars (a), starch (b) and non-structural carbohydrates, NSCs (c) in leaves and barks of T. chinensis in different diameter classes.
Different letters indicate significant differences between different diameter classes (P <0.05); * indicates significant differences (P <0.05) between leaves

and bark at the same diameter class

Table 1 C, N and P contents and stoichiometric ratios of T. chinensis

Variable Leaves Barks
D1 D2 D3 D1 D2 D3
C(g/kg) 588.32+13.76a* 566.82+20.16a* 57843+4.28a* 550.22 +4.24a* 469.55+4.89b* 457.83+15.09b*
N (g/kg) 9.74+0.12c* 12.93 +£0.46b* 16.89+0.17a% 6.81+£041b* 7.05+0.12ab* 7.89+0.12a*
P (9/kg) 497+0.23b* 582+0.1a* 599+0.31a* 249+0.21a* 244+0.07a* 2.11+0.08a*
C: N ratio 59.49+0.25a 43.26+1.06b* 35.26+0.26¢* 81.38+524a 66.67+1.27b* 58.12+2.62b*
N: P ratio 197+0.11b 2.22+0.11b* 2.8440.15a% 2.80+042b 2.89+0.08ab* 3.75+0.15a*
C: P ratio 117.07 +£5.83a* 96.07 £3.59b* 100.02+6.11ab* 223.73+1843a* 192.36+3.37a* 216.82+5.24a*

analysis (HCA) and the corresponding Heatmap were
performed using the ClustVis online tool. Annotated
metabolites were mapped to the Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway database (http://
www.kegg.jp/kegg/pathway.html) to determine path-
way associations) [28—30]. Pathway enrichment analysis
was performed on the MetaboAnalyst 5.0 (https://www.
metaboanalyst.ca). Pearson correlations were used to
assess the relationships between physiochemical param-
eters by using R software (version 4.1.2).

Results

Non-structural carbohydrates traits in leaves and barks of
T. chinensis in different diameter classes

Non-structural carbohydrates, including soluble sugars
and starch, are important energy substances in plants.
Compared to D1, the soluble sugar content in leaves
was significantly decreased in D2 and D3, by 21.32%
and 20.94%, respectively. Soluble sugar content in the
barks only significantly decreased in D3 (Fig. 1a). Starch
content in barks decreased significantly with increasing
diameter classes. Compared to D1, D2 and D3 decreased
by 25.29% and 40.15%, respectively. There was no sig-
nificant difference in starch content in leaves (Fig. 1b).
NSCs content in both leaves and barks decreased with
increasing diameter class at different diameter levels. The
changes in NSCs in leaves were caused by soluble, sugars

whereas changes in NSCs in barks were caused by starch
(Fig. 1¢).

In the same diameter class, soluble sugars accumu-
lated mainly in leaves, while starch accumulated mainly
in barks. Soluble sugar content was significantly higher in
leaves than in barks, with 2.13, 1.53 and 1.77 times higher
than in barks with increasing diameter, respectively. In
contrast, the starch content in barks was 2.16, 1.68 and
1.38 times higher than in D1, D2 and D3 leaves, respec-
tively. The NSCs content in both D1 and D3 leaves was
significantly higher than in the barks, 1.17 and 1.29 times
higher than in the barks, respectively.

Carbon, nitrogen, and phosphorus characteristics in

different diameter classes in leaves and barks of T. chinensis
As shown in Table 1, there was no significant effect of
diameter class on C content in annual leaves. However, C
content in barks decreased significantly with increasing
diameter class, with a 14.67% and 16.79% decrease in D2
and D3, respectively, compared to D1. N content in leaves
and barks increased with increasing diameter class. The P
content in leaves increased significantly with increasing
diameter class, while the P content in barks did not differ
significantly among different diameter classes. In addi-
tion, the stoichiometric ratios were significantly different
among the different diameter classes. The stoichiomet-
ric ratios in leaves and barks showed the same pattern
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of change at different diameter classes. The C: N ratio
decreased with increasing diameter class. In contrast, the
N: P ratio increased with increasing diameter class.

In addition, in the same diameter class, the content
of C, N, and P in leaves is significantly higher than that
in barks. Compared with leaves, the average C, N, and
P content of the three diameter classes in the barks
decreased by 14.77%, 45.03%, and 58.14%, respectively.
Conversely, the stoichiometric ratios were higher in barks
than in leaves for C: N, N: P and C: P ratios, and most of
them were significantly different.

Active substances accumulation in different diameter
classes in leaves and barks of T. chinensis

To further compare the differences in active substances in
different diameter classes of T. chinensis, the contents of
10-deacetylbaccatin III, baccatin III, cephalomannine and
paclitaxel were determined by HPLC. When the diam-
eter classes were consistent, most active substances were
higher in barks than in leaves. Except for 10-deacetylbac-
catin III, the content of other active substances in barks
increased significantly with increasing diameter class
(Fig. 2).

Metabolic profiling of T. chinensis based on GC-MS

To further understand the metabolic changes in leaves
and barks of T. chinensis in different diameter classes.
The primary metabolites in the samples were identi-
fied using non-targeted GC-MS metabolomics technol-
ogy. A total of 118 metabolites were identified in leaves,
including 27 carbohydrates, 23 organic acids, 19 amino
acids, 14 lipids, 12 benzoic acid, 4 phenylpropanoids, 3
alcohols, 2 amines and 14 others (Fig. 3a). A total of 138
metabolites were divided into 9 classes in barks, includ-
ing 30 organic acids, 30 carbohydrates, 20 amino acids,
16 lipids, 12 benzoic acid, 6 phenylpropanoids, 3 alco-
hols, 2 amines and 19 others (Fig. 3b). All samples were
subjected to PCA to investigate overall metabolite differ-
ences among the different diameter classes (D1, D2, and
D3) and intragroup variation in metabolites. PCA results
from the three sample groups showed that leaves and
barks of T. chinensis with different diameter classes were
separated, indicating significant metabolic differences
(Fig. 3c, d). The results showed that the first principal

10-Deacetylbaccatin III  34.87 22.13
Baccatin III 81.91
Cephalomannine 54.28 36.34

leaves

31.41
29.17

55.35

Paclitaxel 25.98 20.41 36.31 88.64
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component (PC1) separated D1, D3 and D2 leaves with
49.6% variance contribution value; D1 was mainly sepa-
rated by the second principal component (PC2), reaching
a value of 16.4%. In the PCA plot of barks, two principal
components, PC1 and PC2, were extracted and explained
40.0% and 24.4% of the variability, respectively.

Differential metabolites between different diameter
classes in leaves and barks

To identify the differential metabolites between dif-
ferent diameter classes in leaves and barks, we selected
the metabolites of variable influence on project values
(VIP>1.0) and P value (P-value, P<0.05) of one-way
ANOVA as the differential metabolites. In three dif-
ferent diameter classes, 21 and 25 different metabo-
lites were screened from leaves and barks, respectively.
The main differential metabolites in leaves were mostly
organic acids and sugars, and the relative content of most
organic acids was higher in D2 and D3 than in D1, such
as fumaric acid, L-malic acid, succinic acid and pyruvic
acid. The differential metabolism in barks was mostly
organic acids and amino acids, and most of the organic
acids accumulated more in D2, such as L-malic acid, pal-
mitic acid and stearic acid (Fig. 4).

In addition, we matched all differential metabolites in
T. chinensis with the KEGG database to obtain informa-
tion about the pathways involved in metabolites. The
metabolic pathway analysis was shown in Fig. 5. The
differential metabolites in leaves were mainly enriched
in the citrate cycle (TCA cycle), pyruvate metabolism,
tyrosine metabolism, alanine, aspartate and glutamate
metabolism, and glyoxylate and dicarboxylate metabo-
lism (Fig. 5a). The differential metabolites in barks were
annotated and enriched in glyoxylate and dicarboxylate
metabolism, glutathione metabolism, and glycine, serine,
and threonine metabolism (Fig. 5b).

Correlation analysis between significantly different factors
The correlation analysis of indicators with significant dif-
ferences between different diameter classes of T. chinen-
sis was performed, and the results are shown in Fig. 6. A
total of 44 significant correlations were found, with 24
showing a positive correlation and 20 showing a nega-
tive correlation in leaves. In leaves, 4-pyridoxic acid was

5116 3589 | 24.40 160 pg/g
2635 2753 96.83
942 12139 15939 | 50

barks

Fig. 2 The content of active substances in leaves and barks of different diameter classes of T. chinensis
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Fig. 3 The identified metabolites analysis. Number of different types of metabolites identified in leaves (a) and barks (b). Principal component analysis

(PCA) of the leaves (c) and barks (d)

significantly positively correlated with sucrose, soluble
sugars, and non-structural carbohydrates, and negatively
correlated with N and P. Epicatechin was significantly
negatively correlated with baccatin III, paclitaxel, and
negatively correlated with 10-deacetylbaccatin III and
cephalomannine. A total of 51 significant correlations,
28 positive correlations and 23 negative correlations were
found among the 15 indicators that differed significantly
between different diameter classes in the barks. In barks,
10-deacetylbaccatin III showed significant positive cor-
relations with starch, non-structural carbohydrates and
C, and negative correlations with shikimic acid and N.

Other active substances, including cephalomannine,
paclitaxel and baccatin III, showed significant negative
correlations with starch, non-structural carbohydrates
and C, and positive correlations with N.

Discussion

The T. chinensis exhibits different growth responses in
different diameter classes. In our study, the primary
metabolites of T. chinensis was extensively analyzed. The
results showed that the differential metabolites of leaves
and barks among different diameter classes were mainly
amino acids and organic acids, primarily enriched in the
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Fig. 4 Heatmap of the differential metabolites in leaves (a) and barks (b)

amino acid biosynthesis pathway and energy metabolism
pathway. In addition, with increasing diameter class, C
and NSCs content decreased, while N content increased.
Active substances, such as paclitaxel, accumulated in
barks of higher diameter classes.

The results demonstrate a significant impact of diam-
eter class on NSCs content. It has been shown that when
the overall carbohydrate supply of plants is sufficient,
leaves accumulate a certain amount of NSCs, leading to a

€g-za

19-ca
¢g-ca

downregulation of photosynthesis. Conversely, when the
carbohydrate supply is insufficient, demand far exceeds
supply, NSCs content in leaves decreases and leaf pho-
tosynthetic rate increases [31]. In this study, NSCs con-
tent decreased gradually with increasing diameter class,
and changes in NSCs content in leaves were mainly
influenced by soluble sugars. Soluble sugars participate
in plant osmotic regulation, transportation, and signal
transduction. Trees preferentially allocate photosynthetic
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products to soluble sugars to maintain their concentra-
tion above a certain threshold [32]. This may be related
to the growth season of plants, Yan et al. found that NSCs
content in current year needles increased with age dur-
ing leaf unfolding but significantly decreased with tree

age at the end of the growth season [33]. This is consis-
tent with the results of our study. While T. chinensis is
an evergreen species, its growing season is mainly con-
centrated in June-July. In this study, the leaves of the cur-
rent year were collected in September, the fruiting period
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for T. chinensis. In addition, the trend of NSCs content
decreasing with the increase of diameter class was also
observed in the barks of T. chinensis. This is because
barks serve as the main NSCs storage organ and tends
to store more starch [34]. In summary, our results dem-
onstrate that trees with small diameter classes tend to
maintain higher levels of NSCs during the non-growing
season to cope with unfavorable conditions and improve
their survivability.

In general, higher leaf C content is associated with
lower photosynthesis rate and growth rate, and the stron-
ger the defense against unfavorable environment. Con-
versely, higher leaf N and P content is linked to higher
photosynthetic and growth rates and greater resource
competitiveness [35, 36]. Our study found that the C
content of leaves and barks in T. chinensis was higher at
D1 and D3, suggesting a stronger defense in the current
year leaves of young and old trees. The accumulation of
NSCs also confirms this conclusion. Meanwhile, N and P
contents in this study all increased with the increase of
diameter class, with higher N and P contents in D2 and
D3, indicating that resource competitiveness increased
with the increase of diameter class. In addition, ecologi-
cal stoichiometry is related to RNA allocation and cell
growth rate, with high growth rates requiring more rRNA
for growth [37]. Matzek et al. found that an increase in
rRNA content leads to an increase in cellular P content,
while C: P and N: P ratios show a decreasing trend during
rapid plant growth [38]. In this study, C: P and N: P ratios
in leaves were smaller in D1 and D2, indicating faster
growth rates during the young and middle ages of T. chi-
nensis. Conversely, in order to resist harsh environments,
older trees reduce their growth rate, which resulting in
relatively high C: P and N: P ratios in leaves [39].

Paclitaxel, 10-deacetylbaccatin III, baccatin III and
cephalomannine belong to the paclitaxel group, exhib-
iting structural similarity with paclitaxel and serve as
semi-synthetic precursors for paclitaxel drugs [40, 41].
Previous studies have shown that paclitaxel content in
T. chinensis is affected by various factors such as spe-
cies, organs, collection time, and growth environment [3,
24]. In this study, we found that the active components
in barks of different diameter classes were significantly
higher than those in leaves of the current year, consistent
with findings by van Rozendaal et al. [42]. Meanwhile,
with the increase of the diameter class, the active sub-
stances in the barks of T. chinensis showed an increasing
trend, except for 10-deacetylbaccatin. Conversely, the
leaves showed a decreasing and then increasing trend.
This could be attributed to all selected T. chinensis in this
study were female plants. Young and old trees allocated
more energy for defense, accompanied by an increase in
secondary metabolites, such as paclitaxel, while medium-
sized T. chinensis used more energy for reproduction,
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leading to decreased nutrient growth [43, 44]. In addi-
tion, correlation analysis by differential metabolites
among different diameter classes revealed significant
correlations between various primary metabolites, such
as sugars, amino acids and organic acids, and active sub-
stances such as paclitaxel. Moreover, differential metabo-
lites associated with active substances in leaves and barks
were mainly enriched in the amino acid biosynthetic
pathway. Steele et al. reported that D-phenylalanine can
effectively increase the content of paclitaxel, presumably
due to the molecular structure of D-phenylalanine, which
is directly involved in the synthesis of the C-13 side chain
of paclitaxel. Additionally, the introduction of D-phe-
nylalanine appears to create a favorable environment for
paclitaxel synthesis, promoting cellular metabolic pro-
cesses and ultimately increasing paclitaxel output [45].

In addition, this study compared metabolic changes
during paclitaxel accumulation in leaves and barks of
T. chinensis of different diameter classes. As the diam-
eter class increased, we observed changes in a series of
metabolites including sugars, amino acids and organic
acids (Fig. 4). In leaves, pyruvic acid, fumaric acid,
L-malic acid and succinic acid accumulated mainly in
D2 and D3. Moreover, the TCA cycle and related amino
acid metabolic pathways including alanine, aspartate and
glutamate metabolism were also enhanced. The TCA
cycle involves the biosynthesis of fumaric acid, isoci-
trate, and succinic acid, many of which are precursors
for amino acid biosynthesis [46]. Glutamate serves as a
substrate for glutamate synthase, which synthesizes N
compounds such as proteins and nucleic acids [47, 48].
This indicated that N metabolism was enhanced in the
leaves of middle-aged and old trees compared to young
trees. In addition, L-malic acid, palmitic acid and stearic
acid in barks were found to accumulate significantly in
D2 and D3. The upregulation of organic acids promotes
sugar metabolism and the TCA cycle, providing energy
to initiate and maintain the antioxidant system [49, 50].
Pathway analysis showed that differential metabolites
were mainly enriched in glyoxylate and dicarboxylate
metabolism, glutathione metabolism, and glycine, ser-
ine, and threonine metabolism. Glyoxylate and dicar-
boxylate metabolism regulate carbohydrate metabolism
and enhance plant tolerance [51, 52]. In summary, as the
diameter class increases, it is regulated by metabolites
such as amino acids and organic acids, ultimately result-
ing in enhanced nitrogen metabolism in plants at higher
diameter classes.

Conclusions

As a valued medicinal plant, the growth age of T. chinen-
sis is a crucial factor that affects its medicinal value. In
this study, we compared the variations in NSCs, nutri-
ents, active substances and primary metabolites in barks
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and leaves of the current year from different diameter
classes. The results showed that smaller diameter classes
had higher C and NSCs content in both leaves and
barks, thereby enhancing defense capabilities. N content
in leaves and barks increased with diameter class and
enhanced TCA cycle to support amino acid conversion
for the synthesis of active substances, such as paclitaxel.
In conclusion, our results confirm that different diameter
classes of T. chinensis affect the accumulation of active
ingredients through flexible allocation of carbon and
nitrogen metabolism, providing a basis for the harvest-
ing and utilization of T. chinensis. In addition, our results
provide inspiration for the future by regulating carbon
and nitrogen metabolism, thereby increasing the accu-
mulation of paclitaxel.
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