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ARTICLE INFO ABSTRACT
Keywords: Paclitaxel is a potent anti-cancer drug that is mainly produced through semi-synthesis, which still
Taxus yunnanensis requires plant materials as precursors. The content of paclitaxel and 10-deacetyl baccatin III (10-

High paclitaxel yield

DAB) in Taxus yunnanensis has been found to differ from that of other Taxus species, but there is
Transcriptome analysis

little research on the mechanism underlying the variation in paclitaxel content in T. yunnanensis

Chloroplast genome . . X . . .

Gene expression of different provenances. In this experiment, the contents of taxoids and precursors in twigs

GRT-PCR between a high paclitaxel-yielding individual (TG) and a low paclitaxel-yielding individual (TD)
of T. yunnanensis were compared, and comparative analyses of transcriptomes as well as chlo-
roplast genomes were performed. High-performance liquid chromatography (HPLC) detection
showed that 10-DAB and baccatin III contents in TG were 18 and 47 times those in TD, respec-
tively. Transcriptomic analysis results indicated that genes encoding key enzymes in the pacli-
taxel biosynthesis pathway, such as taxane 10-p-hydroxylase (T10pH), 10-deacetylbaccatin III 10-
O-acetyltransferase (DBAT), and debenzoyl paclitaxel N-benzoyl transferase (DBTNBT), exhibited
higher expression levels in TG. Additionally, QRT-PCR showed that the relative expression level of
T10pH and DBAT in TG were 29 and 13 times those in TD, respectively. In addition, six putative
transcription factors were identified that may be involved in paclitaxel biosynthesis from tran-
scriptome data. Comparative analysis of plastid genomes showed that the TD chloroplast con-
tained a duplicate of rps12, leading to a longer plastid genome length in TD relative to TG. Fifteen
mutation hotspot regions were identified between the two plastid genomes that can serve as
candidate DNA barcodes for identifying high-paclitaxel-yield individuals. This experiment pro-
vides insight into the difference in paclitaxel accumulation among different provenances of
T. yunnanensis individuals.

1. Introduction

Paclitaxel was first isolated from the bark of Taxus brevifolia in 1967 and has been used as an anti-cancer drug for the treatment of
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various cancers such as breast cancer, lung cancer, and ovarian cancer [1]. However, owing to destructive harvesting methods at
production sites, the complex purification process, and low yield, the supply of paclitaxel remains far from meeting market demand
[2]. To increase the yield of paclitaxel, a paclitaxel total synthesis method has been reported [3]. However, its complex synthesis
process leads to a decrease in yield, an increase in cost, and the production of various toxic products, making this method difficult to
commercialize [4]. After elucidating the total synthesis method for paclitaxel, a semi-synthesis method was also published, starting
from a high-content paclitaxel intermediate, such as 10-deacetyl baccatin III (10-DAB), to chemically synthesize paclitaxel [5]. Later,
Chen et al. [6]isolated endophytic fungi that can produce paclitaxel from the branches and bark of T. yunnanensis. However, the
semi-synthesis [7] relies on plant-supplied precursors, while biosynthesis [8] is limited by the recalcitrant behavior of Taxus spp. plant
cell cultures in vitro [9]. Previous research shows that the differential expression of key genes leads to variations in the content of
paclitaxel and paclitaxel intermediates among different species [10], so identifying high-paclitaxel-yield individuals is an important
direction for optimizing paclitaxel production.

The biosynthetic pathway of paclitaxel involves 19 catalytic reactions and has three main stages. The first stage is the synthesis of
the taxane skeleton. As a diterpenoid compound, paclitaxel is synthesized from isoprene precursors [11]. Three units of isopentenyl
pyrophosphate (IPP) and one unit of dimethylallyl pyrophosphate (DMAPP) condense to form geranylgeranyl pyrophosphate (GGPP)
via the methyl erythritol phosphate (MEP) pathway [12]. Then, catalyzed by taxadiene synthase (TS), GGPP cyclizes to form tax-
adiene, creating the tricyclic diterpene skeleton structure of paclitaxel [13]. Notably, while this step is slow but still not the
rate-limiting step in paclitaxel biosynthesis [14]. Afterwards, taxane is hydroxylated, acylated and ketonized to form baccatin III [15].
During this process, an increase in the expression of 10-deacetylbaccatin III-10-f-O-acetyltransferase (DBAT) increases accumulation
of baccatin III [16]. Finally, the C-13 side chain of baccatin III is assembled as the last step in paclitaxel biosynthesis [17] (Fig. 1).

RNA-Seq, a high-precision and cost-effective DNA sequencing technology, is being increasingly used for assessing the complexity of
transcriptomes [18]. Currently, RNA-Seq is widely used to investigate the expression of paclitaxel pathways in different species and
plant tissues [19]. Li et al. studied the regulation of gene expression in the T. chinensis paclitaxel synthesis pathway under application of
methyl-jasmonate and found that the activation of a series of transcription factor (TF) families, such as MYB, bHLH, ERF, AP2, and
MYC, can enhance the expression of related genes in the paclitaxel synthesis pathway [20]. Zhou et al. measured the paclitaxel content
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Fig. 1. Paclitaxel biosynthetic pathway from geranylgeranyl diphosphate. Steps shown with dotted arrows are not yet fully elucidated. Enzyme
abbreviations: TS, taxadiene synthase; TS5oH, taxane-5a-hydroxylase; TAT, taxane-5a-ol-O-acetyltransferase; T10pH, taxane-10f-hydroxylase;
T130H, taxane-13a-hydroxylase; T2oH, taxane 2a-hydroxylase; T7fH, taxane 7f-hydroxylase; TBT, taxane-2a-O-benzoyl transferase; DBAT, 10-
deacetylbaccatinlll-10-O-acetyltransferase; PAM, phenylalanine aminomutase; PCL, phenylalanine-CoA ligase; BAPT, C-13 phenylpropanoyl-CoA
transferase; T2'oH, taxane2'a-hydroxylase; DBTNBT, debenzoyl paclitaxel N-benzoyl transferase [2].
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in different Taxus species and found that differential expression of genes that are involved in the paclitaxel biosynthesis pathway, may
provide a potential explanation for interspecific differences in paclitaxel accumulation [21]. Meng et al. found that different TF
families, such as NAC, WRKY and bZIP, participated in the response of T. yunnanensis to low temperature stress through transcriptome
analysis of T. yunnanensis under different temperatures [22].

T. yunnanensis is mainly distributed in Yunnan Province, China. As a slow-growing tree species, it has been extensively studied
owing to its valuable secondary metabolite paclitaxel [23,24]. Since Zhang et al. [25] reported the chemical composition of
T. yunnanensis in 1990, more than 100 taxane diterpenes have been isolated from various parts of T. yunnanensis. Among them, the
most representative compound, paclitaxel, and its biosynthetic precursor 10-DAB have been characterized as having higher content in
T. yunnanensis than in other Taxus spp [26]. Previous studies have found that the paclitaxel content of T. yunnanensis of different
provenances varies significantly [27], but there are currently no reports on the molecular mechanism underlying the differences in
paclitaxel or 10-DAB content among T. yunnanensis individuals. Thus, in a preliminary experiment, two excellent clonal lines of
T. yunnanensis with high taxanes content were selected based on their morphological characteristics and content of taxanes, following
the screening of T. yunnanensis from 25 natural distribution areas in Yunnan and T. yunnanensis artificial forests [28]. The present study
used RNA-Seq technology and chloroplast genome sequencing to analyze two T. yunnanensis trees of different provenances. This study
investigates the expression patterns of key genes involved in taxane compound metabolism and the differences in chloroplast genomes
between two T. yunnanensis individuals of different provenances grown in the same environment.

2. Materials and methods
2.1. High- and low-paclitaxel-yield individuals

High- and low-paclitaxel-yield individuals of T. yunnanensis (TG and TD, respectively) were planted in a greenhouse at the Lab-
oratory of Forest Plant Cultivation and Utilization, Yunnan Academy of Forestry & Grassland Science (25°8'E, 102°44'N). Samples were
obtained from three-year-old cultivated TG and TD individuals that had been planted in close proximity, and the growth conditions
were maintained at 25-30 °C with a light/dark cycle of 12/12 h and 80-85% relative humidity [28]. Three replicates of twigs were
collected from TG and TD plants, respectively, for RNA extraction.

2.2. Determinations of paclitaxel content

Fresh twigs were cut from the T. yunnanensis trees and dried in a 65 °C oven for 6 h before being ground into a powder. The powder
was filtered through a 40-mesh sieve to remove large particles. Five grams of the filtered powder was added to 100 mL, 50 mL, and 50
mL of methanol solution for three separate reflux extractions. The combined extract volume was then evaporated to 100 mL using a
rotary evaporator. The extract was then extracted four times with an equal volume of hexane. The methanol extract was then evap-
orated using a rotary evaporator and reconstituted to 25 mL with methanol. The extract was then filtered through a 0.22-pm filter for
high-performance liquid chromatography (HPLC) analysis.

HPLC analysis was conducted utilizing the Agilent 1100 HPLC system. Chromatographic separation was achieved employing the
Agilent Hypersil 5 ODS C18 column (250 x 4.0 mm, 5 pm). The reference substances, 10-DAB, baccatin III, 10-deacetylpaclitaxel, 7-
xylosyl-10-deacetylpaclitaxel, cephalomannine, and paclitaxel were purchased from Sigma-Aldrich China Inc. (Shanghai, China). The
injection volume was 5 pL, and detection occurred at a wavelength of 227 nm, with gradient elution at a flow rate of 1.0 mL/min,
maintained at 30 °C. The mobile phase consisted of acetonitrile: water (30:70 [v: v]) from 0 to 28 min, followed by acetonitrile: water
(54:46 [v: v]) after 28 min. Precise amounts of 10-DAB, baccatin III, 10-deacetylpaclitaxel, 7-xylosyl-10-deacetylpaclitaxel, cepha-
lomannine, and paclitaxel reference standards were weighed and sequentially prepared into five different concentrations to establish
the standard curve as indicated: 10-DAB (0.1377, 0.2755, 0.4133, 0.551, 0.6888 mg/mL), baccatin III (0.1330, 0.2660, 0.3990,
0.5320, 0.6650 mg/mL), 7-xylosyl-10-deacetylpaclitaxel (0.1910, 0.3820, 0.5730, 0.7640, 0.9550 mg/mL), 10-deacetylpaclitaxel
(0.2050, 0.4100, 0.6150, 0.8200, 1.0250 mg/mL), Cephalomannine (0.1717, 0.3434, 0.5151, 0.6868, 0.8585 mg/mL), paclitaxel
(0.1188, 0.3564, 0.5940, 0.8316, 1.1880 mg/mL) [29].

2.3. RNA extraction

Total RNA was extracted using the RNeasy Plant Mini Kit (Qiagen, Hilden, Germany) according to its manual. Contaminating DNA
was removed by adding DNase I to the mixture. Clean RNA was detected by 1% agarose gel electrophoresis. The quality of total RNA
was confirmed using the RNA 6000 Nano LabChip Kit (Agilent, Santa Clara, CA, USA), with an RNA integrity number >7.0 required.

2.4. Construction and sequencing of cDNA library

The sequencing library was constructed using the NEBNext Ultra™ RNA Library Prep Kit for Illumina (NEB, Ipswich, MA, USA).
Oligo(dT) magnetic beads were used to enrich for mRNAs with a poly-A tail from the total RNA. The RNA was fragmented into pieces
approximately 300 bp in length using ion disruption. The first strand of cDNA was synthesized from RNA using 6-base random primers
and reverse transcriptase. The second strand of cDNA was synthesized using the first-strand cDNA as the template. After library
construction, PCR amplification was used to enrich library fragments. The library size was selected to be 380 bp based on fragment
size, and the library quality was checked using an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). The
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constructed library was sequenced by Personal Biotechnology Co., Ltd (Shanghai, China) using the Illumina HiSeq 2000 sequencing
platform (Illumina, San Diego, CA, USA) for paired-end (PE) sequencing. The quality of obtained raw reads was checked with the
FastQC tool. To acquire valid sequencing data, the raw data were filtered using Cutadapt software (v2.3). In this step, the reads with
adapters or ambiguous bases (‘N” > 5% of a read), and low-quality reads (with more than 10% Q < 20) bases were discarded.

2.5. Functional annotation and enrichment analysis

Cutadapt was used to remove adapter sequences and low-quality reads. All assembled unigenes were searched for in various da-
tabases, including the non-redundant (Nr) protein database, Gene Ontology (GO), SwissProt, Kyoto Encyclopedia of Genes and Ge-
nomes (KEGG), and eggNOG database with an E value < 0.00001 threshold. Local Perl scripts were used to perform GO and KEGG
enrichment analysis on differentially expressed genes (DEGs).

2.6. Differentially expressed unigene analysis

Clean reads of each sample were mapped to the reference sequence (GCA_018340775.1). The expression level of each transcript in
different samples was according to fragments per kilobase of transcript per million mapped reads (FPKM), normalizing for gene length
and sequencing depth. The differential expression fold change between different samples was calculated based on the FPKM values of
gene expression. DESeq was used for differential screening analysis, with a threshold set both at p-value <0.05 and logz(fold change) >
1 to screen for DEGs.

2.7. Phylogenetic and structural analyses

The phylogenetic tree of WRKY, bHLH, and ERF was constructed using the seven TFs confirmed to be involved in the paclitaxel
biosynthesis pathway, including TcJAMYC1/2/3, TcERF12/15, and Tc(WRKY1/8/47 [30-32] as reference sequences, by MEGA11. The
tree-building method was neighbor-joining (NJ), with 1000 bootstrap replicates and the Poisson correction model.
2.8. Real-time PCR validation

Quantitative real-time PCR (qRT-PCR) was performed on TG and TD samples using the SYBR Premix Ex Taq Kit (TaKaRa, Dalian,
China) and a DNA sequence detection system (ABI PRIM 7700; Thermo Fisher Scientific, Waltham, MA, USA). The actin sequence was
used as an internal reference gene, and relative fold differences in expression were calculated using the comparative cycle threshold
method (2724Y). Expression analysis was performed with three biological replicates. The primer sequences are list in Table S1.

2.9. Chloroplast genomic comparison

Chloroplast DNA extraction and assembly annotation were performed according to previously described methods [33]. In brief,
paired-end reads were sequenced by the Illumina HiSeq system (Illumina). High-quality clean reads were generated, and adaptors were

0.66 - [
=™

0.63 |
0.60

B

]

=0.04

2

g

3 0.03

0.02

0.01

0.00

Fig. 2. The contents of six taxoids in high- and low-paclitaxel-yielding Taxus yunnanensis (TG and TD, respectively). Statistical significance was
assessed at a p < 0.01 threshold.
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trimmed. Aligning, assembly, and annotation were conducted using CLC de novo assembler (CLC Bio, Aarhus, Denmark), BLAST,
GeSeq, and Geneious v 11.0.5 (Biomatters Ltd, Auckland, New Zealand). To detect the degree of sequence differences between the
chloroplasts of the two Taxus plants, the sequences were visually compared using the online tool mVISTA. Codon usage in the
chloroplast genome was assessed using CodonW v 1.4.2. In addition, single sequence repeat (SSR) sites in the chloroplast genome were
identified using the online tool misa.

2.10. Identification of divergence hotspots

In order to identify mutation hotspot regions, the protein coding genes, non-coding regions, and intron regions of the two Taxus
plastomes were extracted with local Python scripts and aligned with MAFFT v 7.221. Then, alignments of more than 200 bp in length
were used to evaluate nucleotide diversity (Pi) using DnaSP v 5.0.

3. Results
3.1. Differences in paclitaxel content between TG and TD

Contents of paclitaxel and other taxoids in twigs of the collected samples are shown in Fig. 2. All contents of taxoids were higher in
TG than in TD, except for 7-xylosyl-10-deacetylpaclitaxel. Among those taxoids, 10-DAB, baccatin III, 10-deacetylpaclitaxel, cepha-
lomannine, and paclitaxel accumulated significantly more in TG, but the content of 7-xylosyl-10-deacetylpaclitaxel did not signifi-
cantly differ between TG and TD (Fig. 2).

3.2. Transcriptomes of different Taxus samples

Transcriptome sequencing was performed on the TG and TD samples using the Illumina HiSeq 2000 high-throughput sequencing
platform, obtaining a total of 93,498,780 raw reads. After removing adapter sequences and low-quality reads, a total of 86,761,854
clean reads were obtained, accounting for 92.7% of raw reads; 89.30% and 93.03% of clean reads were mapped to the reference
transcriptome, respectively. The percentages of N, Q20, and Q30 bases for the TG and TD sequences after data filtering were
0.000445% and 0.000421%, 98.2% and 97.47%, and 94.76% and 92.91%, respectively. The data quality is summarized in Table 1. A
total of 54,689 unigenes were obtained with a library length of 380 bp. Among them, 19,587 unigenes were annotated in the GO
database, accounting for 35.18% of all unigenes; 16,296 unigenes were annotated in KEGG, accounting for 29.79% of all unigenes;
39,822 unigenes were annotated in eggNOG, accounting for 72.81% of all unigenes; 33,296 unigenes were annotated in the SwissProt
database, accounting for 60.88% of all unigenes (Table 1).

3.3. Identification and analysis of DEGs between TG and TD

In this experiment, a total of 1286 DEGs were found, including 598 up-regulated genes and 688 down-regulated genes. The
paclitaxel biosynthesis pathway is an important part of terpenoid biosynthesis and is a currently well-characterized biosynthesis
pathway. It includes the supply of precursors, diterpenoid taxane core synthesis, hydroxylations, acylations, baccatin III formation, and
C13-side chain assembly intermediate reaction steps (Fig. 1). To obtain further clarity into the relationship between DEGs and
paclitaxel biosynthesis, GO enrichment analysis was performed (Fig. S2). Four GO terms directly related to paclitaxel synthesis were
identified (Table S2): paclitaxel biosynthetic process (GO: 0042617), paclitaxel metabolic process (GO: 0042616), taxane 10-beta-hy-
droxylase activity (GO: 0050597), and taxadiene 5-alpha-hydroxylase activity (GO: 0050604). Among them, paclitaxel biosynthetic
process, paclitaxel metabolic process, and taxane 10-beta-hydroxylase activity were all significantly down-regulated in TD relative to
TG. KEGG analysis of DEGs revealed that there were significant differences in 17 KEGG pathways between TG and TD (Fig. 3A). Almost
all of the differences were related to metabolism pathways: one pathway related to transport and catabolism, two pathways related to
metabolism of other amino acids, one pathway related to metabolism of cofactors and vitamins, four pathways related to lipid
metabolism, one pathway related to glycan biosynthesis and metabolism, one pathway related to energy metabolism, two pathways
related to carbohydrate metabolism, two pathways related to biosynthesis of other secondary metabolites, and three pathways related
to amino acid metabolism (Fig. 3B).

3.4. Variation in the precursors of paclitaxel biosynthesis between TG and TD

The MEP pathway provides the key precursor GGPP for the paclitaxel biosynthesis pathway. According to the transcriptome data
obtained in this experiment, five genes related to the MEP pathway were found: one DXR-encoding unigene, two DXS-encoding

Table 1

Comparison of the quality statistics for filtered reads between high- and low-paclitaxel-yielding Taxus yunnanensis (TG and TD, respectively).
Sample Reads No. Bases(bp) Q30(bp) N(%) Q20(%) Q30(%)
TG 47721860 7158279000 6783238535 0.000445 98.2 94.76

TD 45776920 6866538000 6380253689 0.000421 97.47 92.91
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of differentially expressed genes (DEGs). The significant p-value of each KEGG term between the high- and low-paclitaxel-yielding Taxus yunnanensis
(TG and TD, respectively) is shown in the heatmap.

unigenes, one MECPS-encoding unigene, and one GGPPS-encoding unigene. Although the expression levels of MEP pathway-related
genes found in this experiment were higher in TD than in TG, except for GGPPS, there were no significant differences in the expression
levels of all related genes (Fig. 4).
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Fig. 4. The expression patterns of the genes in the paclitaxel biosynthetic pathway in high- and low-paclitaxel-yielding Taxus yunnanensis (TG and
TD, respectively).
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3.5. Variation in the paclitaxel biosynthesis pathway between TG and TD

The paclitaxel biosynthesis pathway has been elucidated in recent years. In the present study, a total of 40 genes related to the
paclitaxel biosynthesis pathway were found (Table S3), including one TS-encoding unigene, two T5aH-encoding unigenes, four TAT-
encoding unigenes, two T13aH-encoding unigenes, sixteen T10pH-encoding unigenes, one T7fH-encoding unigene, one T2aH-
encoding unigene, two TBT-encoding unigenes, one DBAT-encoding unigene, one DBTNBT-encoding unigene, two PAM-encoding
unigenes, and two PCL-encoding unigenes. Among them, the unigenes encoding TAT, T108H, T2aH, DBAT, and DBTNBT exhibited
different expression patterns in TG and TD. Most of the T10pH unigenes and the DBAT and DBTNBT unigenes had higher expression
levels in TG than in TD, while the expression levels of TAT and T2aH were lower in TG than in TD (Fig. 4).

3.6. Identification and phylogenetic analysis of TF families between TD and TG

TFs can activate the co-expression of multiple genes in secondary metabolic pathways, which effectively regulates the production of
secondary metabolites. Therefore, many TFs play an important role in the biosynthesis of paclitaxel, such as bHLH, MYB, and AP2/ERF
TFs. A total of 57 TF families were identified in this experiment, and 6585 genes were annotated as putative TFs, which included 133
WRKYs, 126 MYBs, 234 ERFs, 295 bHLHs, and 21 AP2s (Table S4). Sequences of the TFs determined to participate in the paclitaxel
biosynthesis pathway were used to construct a phylogenetic tree. After removing data with poor homology, a total of six TFs were
finally used for phylogenetic analysis, including two WRKYs (Fig. S3), three bHLHs (Fig. S4), and one ERF (Fig. S5). Except for one
WRKY and one AP2 with expression in TG that was lower than that in TD, the other TFs had higher expression levels in TG.

3.7. Validation of DEGs by qPCR

To validate the expression levels of key genes in different paclitaxel biosynthesis pathways, eight genes in paclitaxel biosynthesis
pathway were randomly selected for qRT-PCR: TS, T5cH, T13aH, T20H, T7pH, TBT, T108H, and DBAT (Fig. 5). Among them, except
for TS and T2aH, which had higher expression levels in TD, the remaining genes involved in paclitaxel synthesis had more transcript
accumulation in TG than in TD. The accumulations of T10$H and DBAT in TG were particularly significant, being 29-fold and 13-fold
higher than those in TD, respectively.

3.8. General features of TG and TD chloroplast genomes

The sequence lengths of the chloroplast genomes of TG and TD were 128,356 bp and 129,190 bp, respectively, and their total GC
contents were 34.69% and 34.65%, respectively. The two plastomes encoded 116 unique genes. The TG and TD plastomes encoded 83
and 82 genes, respectively, as well as 30 tRNA genes each and 4 rRNA genes each. There was a duplicate of rps12 in TG. The petL gene
was lost in TG; rps16 was absent in TD (Table 2).

In order to analyze the codon usage of TG and TD, the sequences of 82 protein-coding genes were extracted for analysis. The
concatenated extracted sequence lengths were 73,432 bp and 73,950 bp, respectively, containing 42,785 and 43,063 codons,
respectively. In addition, the relative synonymous codon usage (RSCU) values of all codons ranged from 0.32 to 2.23 in the two
plastomes. It is worth noting that there were 60 codons with RSCU values greater than 1 in the two chloroplast genomes; however, Arg
only had an RSCU value greater than 1 in TG, and Ser only had an RSCU value greater than 1 in TD (Fig. 6).
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Fig. 5. Differential expression of the genes involved in the paclitaxel biosynthesis pathway as measured by qPCR. Significant differences are
indicated by “*” (p < 0.01).
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Table 2

Comparison of plastome features between high- and low-paclitaxel-yielding Taxus yunnanensis (TG and TD, respectively).
Taxon Total GC content (%) Total length (bp) Total genes Protein coding genes rRNA genes tRNA genes
TG 34.69 128,356 117 83 4 30
TD 34.65 129,190 116 82 4 30

The number of SSRs in TG and TD were 42 and 54, respectively, and there were 11 and 21 SSRs located in their non-coding regions,
respectively. While psbE-petG, rps12-2-trnV-GAC, and rpll6-intronl only appeared in TG, atpA-atpF, rpl36-rps11, psbE-petL, rpl16-rps3,
rps7-trnV-GAC, and rps 19 only appeared in TD. Among all SSRs, mononucleotide repeats were the most common type, with 19 and 20
in TG and TD, respectively, followed by dinucleotide repeats, with 6 and 13, respectively (Table S5).

3.9. Plastome hotspot identification

The chloroplast genomes of TG and TD were compared using mVISTA (Fig. 7). Both tRNA and rRNA genes were relatively
conserved in TG and TD, and the coding regions were more conserved than the non-coding regions. Based on the degree of divergence
between sequences, nucleotide diversity was calculated in the coding and non-coding regions of the two chloroplast genomes. In the
coding region, three highly variable hotspots were found that could be utilized as potential DNA barcodes, namely infA, rpl23, and rps3,
each of which exhibited high nucleotide diversity (Pi > 0.002). In the non-coding region, a total of 12 highly variable hotspots were
found: atpE-rbcL, clpP-infA, petN-trnD-GUC, rbcL-accD, rpl32-trnL-UAG, rpoB-trnC-GCA, rps12-rps8, rrnl6-trnl-GAU-1, trnl-CAU-ycf2,
trnl-GAU-2-r23, trnL-UAA-2-trnF-GAA, ycf1-chIN. Each of these exhibited rather high nucleotide diversity (Pi > 0.1) (Fig. 8).

4. Discussion

As the main natural source of paclitaxel, Taxus spp. have become a critical research focus owing to the huge economic value of
paclitaxel [10,21,34]. In the present study, the contents of 10-DAB, baccatin III, 10-deacetylpaclitaxel, 7-xylosyl-10-deacetylpacli-
taxel, cephalomannine. and paclitaxel in two different T. yunnanensis individuals, TG and TD, were measured. It was found that except
for the content of 7-xylosyl-10-deacetylpaclitaxel, the contents of all other assayed substances were higher in TG than in TD (Fig. 2).
Previous studies have measured the paclitaxel content in the twigs of T. yunnanensis, finding a range of 0.00172-0.0084% [35,36]. In
the present study, paclitaxel content in TG (0.011%) was significantly higher than TD (0.001%), and in TD twigs was lower than the
previously reported content range. The paclitaxel biosynthesis intermediate 10-DAB is an important precursor in the semi-synthesis
method, and its content in TG (0.6266%) was 18 times that in TD (0.0362%). At the same time, the content of 10-DAB in TG was
higher than that reported in other Taxus spp. such as T. yunnanensis previously (0.005%), T. media (0.07%), T. cuspidata (0.003%), and
T. chinensis (0.006%) [36,37]. In addition, 10-deacetylpaclitaxel, 7-xylosyl-10-deacetylpaclitaxel, and cephalomannine can also be
converted to paclitaxel via a few steps [38-42]. The contents of 10-deacetylpaclitaxel and 7-xylosyl-10-deacetylpaclitaxel detected in
TG (0.016% and 0.0031%) and TD (0.026% and 0.00323%) are lower than those in other Taxus spp., such as T. cuspidata
(0.0144-0.0288% and 0.009%), T. chinensis (0.0072-0.043% and 0.042-0.111%), and T. media (0.0216-0.0288% and 0.009%) [43,
441, but the content of cephalomannine in TG (0.1306%) twigs was significantly higher than that in twigs of TD (0.04695%) and other
Taxus spp., such as T. media (0.033-0.055%), T. cuspidata (0.033-0.066%) [43,44]. To reveal the mechanisms underlying the dif-
ferences in paclitaxel accumulation between the two different provenances of T. yunnanensis, further RNA-Seq and qRT-PCR analyses
were performed.

The MEP pathway, as an important pathway for the supply of paclitaxel biosynthesis precursors, can increase the accumulation of
paclitaxel biosynthesis precursors by upregulating their expression [45]. GGPPS, as an enzyme regulating taxoid production in the
MEP pathway, plays an important role in the MEP pathway. The expression level of GGPPS in TG is twice that of TD, suggesting a more
abundant precursor supply in TG. In addition, there are also some important enzymes in the paclitaxel biosynthesis pathway that
significantly differ in expression levels. TAT and T13aH are catalytic enzymes on the branch pathways of paclitaxel biosynthesis,
respectively. T13aH catalyzes taxadiene-5a-ol into taxadiene-5a-13a-diol, while TAT is responsible for acylation of taxa 4(20),11
(12)-dien-5a-ol, which is then hydroxylated by hydroxylases such as T10aH [11,46] (Fig. 1). In this experiment, the expression levels
of two T13aH genes were higher in TG, and the expression levels of four TAT genes were higher in TD (Fig. 4). However, regarding the
subsequent expression levels of hydroxylases, the expression levels of 16 T10aH genes were higher in TG. DBAT is another key enzyme
that catalyzes 10-deacetylbaccatin III into baccatin Il [47]. DBAT catalysis is a rate-limiting step in paclitaxel biosynthesis [48], and its
expression level can affect the content of baccatin III, the last diterpene intermediate before paclitaxel [49]. One DBAT-related gene
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Fig. 6. The relative synonymous codon usage (RSCU) values of all concatenated protein-coding genes for high- and low-paclitaxel-yielding Taxus
yunnanensis (TG and TD, respectively).
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Fig. 7. Sequence identity plots for high- and low-paclitaxel-yielding Taxus yunnanensis (TG and TD, respectively).

was found, and it was highly expressed in TG, which indicates that the conversion of 10-DAB to paclitaxel is higher in TG [16]. These
results were also corroborated by relative content measurements by qPCR (Fig. 5). The secondary metabolite accumulation in plants is
influenced by a combination of environmental and genetic factors. In the present study, however, the two experimental lines were
grown under the same environmental conditions, and the results are thus attributable to only the genetic differences between TG and
TD [29]. Based on the HPLC data and gene expression analysis, it can be inferred that the reason for the higher paclitaxel content in TG
twigs is the high expression levels of key genes involved in paclitaxel biosynthesis, GGPPS and DBAT, which leads to high accumulation
of baccatin III in the twigs of TG. Although gene expression levels are associated with the accumulation of secondary metabolites in
plants, transcriptomic analysis often involves sampling at specific time points rather than continuously monitoring gene expression
across the entire plant over time. Meanwhile, the accumulation of secondary metabolites in plants changes along with gene expression
levels over time. In a study measuring taxane content and expression levels of genes related to the paclitaxel biosynthetic pathway in
T. baccata cell suspension cultures, it was found that the expression levels of genes related to the paclitaxel biosynthetic pathway
increased with experiment duration, while changes in taxane content showed no clear pattern [50]. Therefore, time-series experiments
should be conducted in the future to provide more convincing evidence of the differences between TG and TD.

TFs play a key role in regulating the production of secondary metabolites [51]. Multiple studies have reported a series of TFs that
can increase the expression of paclitaxel synthesis genes [32,52,53]. For example, Tc(WRKY1 can specifically bind to the W-box
element (TTGAC(C/T)) in the DBAT promoter and activate the expression of DBAT [54]. TcJamycl/2/4 and TcERF12/15 have also
been found to regulate the paclitaxel synthesis pathway. The phylogenetic tree constructed in the present study revealed six genes that
are closely related to the TFs that regulate the paclitaxel biosynthesis pathway, including two WRKYs, three bHLHs, and one ERF.
Among them, one WRKY and one AP2s had different expression patterns between TG and TD, providing more candidate regulatory
factors for the paclitaxel biosynthesis pathway.

As the genome of a semiautonomous organelle, chloroplast genomes have been explored for the development of many molecular
markers that have been used for provenances- and species-level identification. For example, SSRs were used to distinguish the red alga
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Fig. 8. Comparative analysis of the Pi values between high- and low-paclitaxel-yielding Taxus yunnanensis (TG and TD, respectively): (A) protein-
coding genes; (B) non-coding and intron sequences.

Gracilaria tenuistipitata between two different provenances [55]. Thus, it is of value to use chloroplast DNA molecular markers to
identify molecular genetic differences between high- and low-paclitaxel-yield individuals in order to further understand their dif-
ferentiation. The chloroplast genomes of two T. yunnanensis individuals were sequenced, assembled and compared, which revealed
some obvious differences (Table 2). The length of the TG chloroplast genome was 834 bp less than that of the TD chloroplast genome.
The total length of chloroplast genome introns in TG was significantly higher than that in TD, while the total length of non-protein
coding sequences in the chloroplast genome was lower in TG than in TD. A duplicate of rps12 was found in TG. Moreover, rps12 is
usually necessary for trans-splicing of PPR4 and EMB2654 transcripts in maize and Arabidopsis [56], but there is currently no research
on PPR4 in T. yunnanensis. Secondly, petL was absent in TG but not TD, but Andreas et al. [57] found that petL deletion does not
necessarily hinder the growth of higher plants through knockout of petL in tobacco. The loss of rps16 in the TD chloroplast genome may
be linked to its nuclear translocation during the course of evolution. The loss of multiple chloroplast-encoded rps16 genes has been
recorded in various seed plants [58]. For example, rps16 is missing in the plastomes in Penthorum chinense, Trachelium caeruleum. and
Pelargonium x hortorum [59-61]. Additionally, rps16 has also been observed to be completely absent in a wide range of taxa from ferns
to angiosperms [62-68]. With the emergence of DNA barcode technology, using short DNA sequences to distinguish species and taxa
has become common [69]. Although rcbL, matK, and trnH-psbA are commonly used as species-level identification barcodes in plants,
these DNA barcodes are not completely reliable [70-74]. In the present study, there were no nucleotide substitutions between TG and
TD in rcbL and matK. Based on the observed sequence variation, a total of 15 highly variable regions (infA, rpl23, rps3, atpE-rbcL,
clpP-infA, petN-trnD-GUC, rbcL-accD, rpl32-trnL-UAG, rpoB-trnC-GCA, rps12-rps8, rrnl6-trnl-GAU-1, trnl-CAU-ycf2, trnl-GAU-2-rrn23,
trnL-UAA-2-trnF-GAA, ycf1-chIN) can be used as potential DNA barcodes to distinguish between TG and TD (Fig. 8). Further testing
must be conducted to determine whether it can be used as a reliable DNA barcode to distinguish between TG and TD T. yunnanensis.

In the present study, HPLC technology was utilized to determine the taxane compounds in twigs from two different T. yunnanensis
individuals, and significant differences were found between them. Through analysis of the chloroplast genome, potential DNA
barcodes were identified to distinguish the experimental samples. However, these results are preliminary. In future experiments, more
accurate quantification methods, such as HPLC-MS/MS, will be used to determine the taxane compounds, and further experiments will
be conducted to validate these potential DNA barcodes.
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5. Conclusions

TG accumulated a greater quantity of both paclitaxel and taxanes compared to TD. Correspondingly, the genes associated with the
paclitaxel biosynthesis pathway in TG exhibited distinct expression patterns in TD. These differentially expressed genes may elucidate
the factors explaining the variation in paclitaxel content among T. yunnanensis individuals from different provenances. Analysis of the
chloroplast genome revealed multiple highly variable regions that could serve as potential DNA barcodes for distinguishing high-
paclitaxel-yielding individuals. These experimental results contribute to a deeper understanding of the differences in the accumula-
tion of taxoids among T. yunnanensis individuals from different provenances.
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