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Genome-wide identification

and expression pattern analysis of NAC family
in Taxus yunnanensis and the TyuNAC30 role
in paclitaxel production
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Abstract

Background The NAC transcription factor family represents a large group of plant-specific genes involved in various
biological processes, including secondary metabolite biosynthesis, responses to biotic and abiotic stresses, and
hormone signaling. Taxus yunnanensis, a well-known medicinal plant, is the natural source of the anticancer diterpene
paclitaxel. Despite the biological importance of NAC transcription factors, no comprehensive genome-wide study of
the NAC gene family has been conducted in T. yunnanensis.

Results In this study, 44 NAC genes were identified from the T. yunnanensis genome. Gene structure analysis revealed
that the number of exons ranged from 1 to 7, with most genes containing 2 to 3 exons. Chromosomal mapping
showed an uneven distribution of TyuNACs across the 11 chromosomes. Duplication type analysis indicated that
dispersed duplication is the primary mechanism driving the expansion of the TyuNACs, accounting for the largest
proportion (24 genes), followed by tandem (12 genes) and proximal duplications (8 genes); no whole-genome or
segmental duplication events were detected. Cis-regulatory element analysis suggested that TyuNACs are involved in
key biological processes such as development, light response, stress adaptation, and hormone signaling. Expression
profiling revealed diverse tissue-specific expression patterns, with most TyuNACs highly expressed in bark. Moreover,
gRT-PCR analysis demonstrated that several TyuNACs respond to methyl jasmonate (MeJA) treatment. Yeast one-
hybrid and related assays revealed that TyuNAC30 functions as a negative regulator of TyuDBTNBT, a key enzyme gene
in the paclitaxel biosynthetic pathway.

Conclusion This study presents the comprehensive genome-wide characterization of the NAC transcription factor

family in T.yunnanensis. The findings underscore the predominant role of dispersed duplication in the expansion of
the TyuNAC family, with additional contributions from tandem and proximal duplications. Importantly, TyuNAC30 was
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identified as a negative regulator of TyuDBTNBT, suggesting a key role in the transcriptional regulation of paclitaxel
biosynthesis. These findings offer valuable insights for further exploration of the functional roles of NAC genes,
particularly their involvement in the regulatory mechanisms underlying paclitaxel biosynthesis.

Keyword Genome-wide identification, Taxus yunnanensis, NAC family genes, Paclitaxel biosynthesis, Expression

pattern

Background

The genus Taxus, belonging to the Taxaceae family and
commonly known as yews [1], consists of slow-growing,
long-lived gymnospermous trees or shrubs [2]. These
plants are considered relict species from the Tertiary
period and exhibit a wide distribution across various
countries [3], including regions in Asia, Europe, and
North America. Presently, they are encountering endan-
germent [4]. In Nepal, Taxus is recognized as a crucial
herbal remedy and has demonstrated a notable efficacy
in treating conditions such as gastrointestinal disorders,
coughs, and colds [5]. T. yunnanensis is predominantly
found in Yunnan Province, China, and is a significant
plant within the genus Taxus. It has been extensively
researched due to its high-value secondary metabolite,
paclitaxel, which is contained within its tissues [6, 7].
Since 1995, when Zhang et al. [8] first isolated and char-
acterized the chemical constituents of T. yunnanensis,
more than 100 paclitaxane diterpenes have been identi-
fied from various parts of the plant. Paclitaxel is a natu-
rally occurring compound present in plants in minute
quantities [9]. It is classified as a polyoxygenated cyclic
diterpenoid and is widely utilized in clinical settings for
treating diverse cancers such as ovarian, breast, lung, and
cervical cancers [10—12]. The biosynthesis of paclitaxel
is an extraordinarily intricate process that commences
in vivo with the diterpene precursor geranylgeranyl
diphosphate (GGPP) [13]. Subsequently, it undergoes a
sequence of modifications catalyzed by cytochrome P450
hydroxylases (CYP450s), acyltransferases, and other
enzymes, culminating in the production of the final prod-
uct, paclitaxel [14—16]. However, due to the low natural
concentration of paclitaxel in specific organs such as
taxus bark [17], increasing its content has proven to be a
significant challenge.

Transcription factors (TFs) are proteins that regu-
late gene expression by binding to specific cis-promoter
regions of target genes, thereby either enhancing or
inhibiting the transcription rate of those genes [18].
The NAC (NAM, ATAF1/2, and CUC2) family repre-
sents one of the largest plant-specific transcription fac-
tor families, named after its principal members: NAM
(no apical meristem), ATAF1/2 (transcription activation
factor), and CUC (cup-shaped cotyledon) [19]. NAC pro-
teins consist of a highly conserved N-terminal domain
(NAC domain) and a variable C-terminal domain [20].
The N-terminal domain, composed of 150 amino acids,

is further subdivided into five distinct subdomains with
specific functions: The A subdomain is associated with
dimerization, while the B and E subdomains contribute
to protein functional diversity. The C and D subdomains
are involved in DNA binding interactions [21, 22]. The
C-terminal region of NAC TFs is additionally involved
in the regulation of transcriptional activation/inhibition
regions (TAR or TRR), contributing to transcriptional
regulation [23]. NAC transcription factors play a crucial
role in regulating the expression of multiple target genes,
involving their binding to specific DNA sequences (CAT-
GTG motif) located within the promoter regions of these
target genes [24].

NAC transcription factors (TFs) have been docu-
mented to control several developmental processes in
numerous plant species. These activities include the for-
mation of plant roots [25], the differentiation and divi-
sion of cells [26], the development and aging of leaves
[27], the maturation of fruits, and the germination of
seeds [28]. Furthermore, NAC transcription factors (TFs)
have a significant function in the cellular response to
abiotic stressors, including salt [29], low and high tem-
perature [30, 31], and drought [32]. Additionally, studies
have demonstrated that NAC transcription factors play a
role in controlling the production of secondary metabo-
lites in plants [33]. These NAC TFs have been found to
regulate the expression of genes involved in the second-
ary metabolite pathway, resulting in an enhanced pro-
duction of valuable medicinal compounds [34, 35]. The
emerging field of NAC transcription factors involves the
coordinated regulation of secondary metabolite produc-
tion, encompassing the analysis of net output, evocation
of signals, and control over signaling pathways [36]. For
example, overexpression of AaNACI in Artemisia annua
resulted in a substantial increase in sesquiterpene lac-
tones content, including artemisinin and dihydroarte-
misinic acid [33], and AaNAC2, AaNAC3, and AaNAC4
have been reported to bind to the promoter of the ter-
pene synthase gene AaTPS1, thereby enhancing mono-
terpene production in Actinidia chinensis [37]. SINAC4
positively regulates carotenoid accumulation in Sola-
num lycopersicum [38]. In addition, PgNAC72 in Panax
ginseng was found to bind to the NAC-binding element
within the PgDDS promoter, thereby activating its tran-
scription and leading to a substantial increase in total
saponin production [39]. Moreover, The production of
caffeine in Camellia sinensis [35] and the production of
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paeoniflorin in Andrographis paniculata are both regu-
lated by NAC transcription factors [36]. Thus, NAC
transcription factors play crucial roles in the regulation
of plant secondary metabolite synthesis and have been
reported in numerous plants [40], particularly in medici-
nal species. Nonetheless, little is known about the NAC
transcription factor family in T. yunnanensis. MeJA is
an important signaling mediator that regulates plant
growth and development [41], and it has been shown to
strongly promote the biosynthesis of taxoid compounds
[42, 43]. However, MeJA induces paclitaxel biosynthesis
in a concentration-dependent manner, exhibiting a satu-
ration effect [44]. The response of paclitaxel biosynthesis
to MeJA concentration increases linearly between 0 and
200 uM, but concentrations greater than 200 uM exhibit
inhibitory effects [45]. Therefore, many studies use
100 uM as the optimal induction concentration and apply
it in the transcriptional regulation studies of metabolites
(39, 41].

Despite the resolution of the reference genome of T.
yunnanensis [3], the investigation into NAC transcrip-
tion factors in this species remains largely unexplored,
with only a few studies to date identifying potential NAC
transcription factors that could play a pivotal role in
paclitaxel biosynthesis [46]. Therefore, further efforts are
required to conduct comprehensive research on the NAC
family. In this study we identified 44 NAC genes from the
genomic data of T. yunnanensis. In addition to analyz-
ing the gene structures, motifs, chromosomal locations,
co-locations, subcellular localizations, and cis-acting ele-
ments, these genes were categorized based on their phy-
logenetic relationships with Ginkgo biloba NAC proteins.
Additionally, the expression patterns and co-expression
networks of the TyuNAC30 and paclitaxel biosynthe-
sis genes in various tissues were examined, and yeast
one-hybrid crosses were used to confirm the regulatory
effects of NAC on the paclitaxel biosynthesis genes. The
findings of this work establish the groundwork for future
enhancements of paclitaxel content via genetic modifica-
tion and artificial regulation. They also offer significant
insights into the molecular mechanism of transcriptional
regulation of paclitaxel biosynthesis and optimization of
the transcriptional regulatory network.

Materials and methods

Identification and classification of NACgenesin T.
yunnanensis

The genome data of T. yunnanensis and G. biloba were
retrieved from the 1 K Medicinal Plant Genome Data-
base for further analysis (http://www.herbgenome.
com/) and Ginkgo Genome Database (https://ginkgo.zj
u.edu.cn/). The NAC domain (PF02365), obtained from
the Pfam protein family database, was employed in an
HMM search against the protein database to identify
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all NAC-domain-containing proteins in 1. yunnanen-
sis. The NAC gene was searched using HMMR 3.0 with
default settings and an E-value threshold of 1e7'° to iden-
tify relevant sequences [47]. To further investigate the
structural features of the NAC genes identified in T. yun-
nanensis with NAC domains, we conducted additional
analyses using SMART (http://smart.embl-heidelberg.d
e) and NCBI’s conserved domain databases (CDD; http
s://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml). In
addition, we evaluated various physicochemical prop-
erties, including subcellular localization, grand average
of hydropathicity (GRAVY), isoelectric point (PI), and
molecular weight (MW). A Perl script was employed to
calculate the molecular weight and isoelectric points,
while GRAVY values were computed using ExPASy (htt
p://web.expasy.org/protparam/), and subcellular localiza-
tion was predicted using WoLF PSORT (https://www.gen
script.com/wolf-psort.html), CELLO (http://cello.life.nct
u.edu.tw/) and Plant-mPLoc (http://www.csbio.sjtu.edu.c
n/bioinf/plant-multi/).

Phylogenetic analysis and classification of NAC genes

A rooted neighbor-joining (NJ) phylogenetic tree of T.
yunnanensis, Arabidopsis and G. biloba NAC proteins
was generated using MEGA 7 software to investigate
their evolutionary relationships and classify the NAC
gene family [48]. Protein sequences for Arabidopsis and
G. biloba NACs were obtained from the TAIR11 data-
base (https://www.arabidopsis.org) and Ginkgo Genome
Database (https://ginkgo.zju.edu.cn/). Sequence align
ment was performed using ClustalW with the default
parameters, and the phylogenetic tree was visualized and
refined using Evolview2 [49].

Analysis of gene architecture and conserved motifs

To predict motifs, the TyuNAC protein sequence was
input into the MEME online tool (http://meme-suite.org/
) [47]. The pattern discovery was set to identify 10 motifs,
with the minimum and maximum motif widths and rep-
etition numbers configured accordingly. The NAC motif
domain was visualized using TBtools [50]. Additionally,
the online Gene Structure Display Server (GSDS) (http:
//gsds.cbi.pku.edu.cn/index.php) was employed to illus-
trate the gene structure and extract the locations of the
NAC gene sequences from the genome annotation file.

Analysis of chromosomal locations, gene duplication and
collinearity

A total of 44 NAC genes were mapped onto chromo-
somes, and their distribution was visualized using Map
Chart software (v2.32) [51]. Gene duplication analysis
was performed using MCScanX (https://github.com/wy
p1125/MCScanX). Collinearity among all proteins in the
T. yunnanensis genome was first identified, followed by
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classification of gene duplication types with the built-in
duplicate_gene_classifier module. Long terminal repeat
(LTR) retrotransposons were detected using EDTA
(v2.2.0), and NAC gene duplication types were subse-
quently extracted based on MCScanX results [52]. Non-
synonymous (Ka) and synonymous (Ks) substitution
rates were calculated using KaKs-Calculator [53]. Addi-
tionally, MCScanX (v1.0.0) was used to analyze syntenic
relationships between 7. yunnanensis NAC genes and
those from A. thaliana, G. biloba, Phellodendron amu-
rense, Catharanthus roseus and Salvia miltiorrhiza.

Promoter cis-regulatory element analysis of TyuNAC genes

The 2000 bp upstream sequence of the TyuNAC gene
was extracted from the genome file and submitted to the
Plant-Care website (http://bioinformatics.psb.ugent.be/w
ebtools/plantcare/html) for cis-acting element prediction
. The findings from the Plant-Care analysis were summa-
rized, and TBtools was used to visualize the results [50].

Expression pattern and functional annotation analyses of
TyuNAC genes

To gain deeper insights into the expression patterns of
the TyuNAC gene across various tissues and organs,
transcriptomic data for five tissue types were retrieved
from the NCBI database [3]. The tissues studied included
bark, leaf, root, stem, and twig bark, with data sourced
from the public transcriptome repository (BioProject:
PRJNA661543). All datasets were generated from three
independent biological replicates. The data were pro-
cessed and visualized using TBtools software [50]. GO
annotation of the TyuNAC gene set was carried out
using GOATOOLS (https://github.com/tanghaibao/GO
atools) based on GO terms derived from the Gene Ont
ology Consortium. Enrichment analysis was performed
using Fisher’s exact test, and Bonferroni correction was
employed to adjust for multiple comparisons. GO terms
with P<0.05 were deemed significantly enriched, reflect-
ing the overrepresentation of specific biological functions
within the TyuNAC gene set [54].

Expression analysis using quantitative real-time
polymerase chain reaction (QRT-PCR)

The experimental materials consisted of two-year-old
1. yunnanensis seedlings, which were disease- and pest-
free, with similar heights (50-60 cm) and growth condi-
tions. Seedling-stage plants were selected for sampling
due to their uniform developmental status, which helps
minimize biological variation. Previous studies have also
indicated that key genes involved in paclitaxel biosyn-
thesis show higher expression during early developmen-
tal stages, suggesting that the seedling phase may reflect
an active period of secondary metabolite accumulation
[55]. The T. yunnanensis were planted in Dujiangyan
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city, Sichuan Province, China (31.01°N, 103.37°E). T. yun-
nanensis seedlings were treated with 100 umol/L MeJA
(Sigma, Santa Clara, CA, USA) each with three repli-
cates (n=3). Samples of leaves and bark were collected at
Oh,3h,6h,9h,12h, and 24 h post-treatment for gene
expression analysis. The collected samples were immedi-
ately flash-frozen in liquid nitrogen and then stored in an
ultra-low-temperature freezer (Thermo, Waltham, MA,
USA) for further analysis [56]. All tissues were collected
from three individual trees as biological replicates.

Total DNA and RNA was extracted from leaf sample
using the CTAB method, and the cDNA was obtained
using PrimeScript® II first Strand ¢cDNA Synthesis Kit
(TaKaRa, Japan). The qRT-PCR was referred to our previ-
ous experimental operation in a Bio-Rad CFX96™ system
(Bio-Rad, America), and TyuActin was selected as inter-
nal control. The specific primers were designed by Primer
Premier 5.0 with amplified PCR products from 80 to
300 bp. All qRT-PCR primers were evaluated for amplifi-
cation efficiency using standard curve analysis with seri-
ally diluted ¢cDNA. Only primers with efficiency values
ranging from 90 to 110% and correlation coefficients (R?)
above 0.99 were considered acceptable for gene expres-
sion quantification (Tables S1-S2). The relative expres-
sion levels of the genes across different samples were
calculated using the 2724t method to compare the rela-
tive expression of each gene in 0 h of each treatment and
control condition, and three biological replicates were
conducted for each gene. Data alignment and analysis
were conducted using Excel 2019, and graphical repre-
sentations were generated with GraphPad Prism 5 [57].

Protein-protein interaction network analysis

The genomic protein sequences of 7. yunnanensis were
compared with those of A. thaliana using the online
server OrthoVenn2 (https://orthovenn2.bioinfotoolkits
.net/home) to map homologous gene relationships. The
NAC protein interaction network of T. yunnanensis was
analyzed using the online website String (https://strin
g-db.org/). Protein interaction networks were visualized
using Cytoscape software (version 3.9.0).

Content determination of paclitaxel and
10-Deacetylbaccatin Il (10-DAB) under MeJA treatment

1.0 g of powdered dried T. yunnanensis branches and
leaves was added to 15 mL of methanol and extracted
using an ultrasonic device (KQ5200DE, Kunshan Ultra-
sound Instrument Company, Kunshan, China) for 1 h
and three biological replicates were conducted for each
sample. The extract was centrifuged at 5000 rpm for
5 min to obtain the supernatant. The supernatant was
transferred to a 50 mL volumetric flask and filtered
through a 0.45 pm microfiltration membrane. Pacli-
taxel and 10-DAB were analyzed using a Shimadzu
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LC20AB high-performance liquid chromatography
(HPLC) system. The paclitaxel and 10-DAB determina-
tion were separated on a Phenomenex Luna C18 column
(4.6 mm x 250 mm, 5 um) with mobile phases consisting
of acetonitrile and water in ratios of 45:55 (v/v) and 29:71
(v/v), respectively. Detection was performed at 227 nm
with a flow rate of 1 mL/min, an injection volume of 10
puL, and a column temperature of 30 °C. Quantitative
analysis was performed using standard solutions of pacli-
taxel and 10-DAB to establish a calibration curve (Tables
S3), representative chromatogram is shown in Fig S1. The
standards, 10-DAB (>98%, CAS: 32,981-86-5) and pacli-
taxel (299.9%, CAS: 33,069-62-4), were procured from
Beijing Solarbio Science & Technology Co., Ltd. (Beijing,
China).

Subcellular location analyses of AspbHLH

The CDS region of TyuNAC30 (excluding its stop codon)
was inserted into the pCAMBIA1300-35S: GFP vector.
Snap Gene 6.0.2 software was used to design the ampli-
fication primers for the constructed plasmid, which was
introduced into Agrobacterium tumefaciens GV3101
using the conventional freeze—thaw method, and then
subsequently infiltrated into 5-week-old tobacco leaves
(Nicotiana benthamiana) at 5 weeks of age [58]. The GFP
signal was then detected using a Leica confocal micro-
scope 3 days after infestation.

Yeast one-hybrid assays

The CDS of TyuNAC30 was inserted into the pGADT7
vector to generate the recombined constructs AD- Tyu-
NAC30. Referring to previous studies, promoter frag-
ments of the DBTNBT genes were cloned from T
yunnanensis and inserted into the pAbAi vector [59]. The
co-transformed Y1H Gold yeast strains were plated on
SD/-Leu plates with or without AbA.

Luciferase complementation imaging assay

The LUC assay was employed to verify the interaction
between TyuNAC30 and TyuDBTNBT. TyuNAC30 and
the promoter sequences of TyuDBTNBT were cloned
into the pGreen II 62-sk and pGreen II 0800-LUC vec-
tors, respectively. These vectors were then transformed
into Escherichia coli, and bacterial cultures containing
the correctly identified plasmids were obtained. Subse-
quently, the extracted plasmids, along with empty pGreen
11 0800-LUC and pGreen II 62-sk vectors as controls, were
transformed into Agrobacterium strain GV3101 contain-
ing pSoup plasmid. Then, the four vectors were sepa-
rately mixed in pairs and injected into tobacco leaves,
following established protocols [58]. The injected leaves
were first kept in darkness for 24 h and then transferred
to a standard incubator for 12 to 24 h for further experi-
mentation. LUC fluorescence was subsequently observed
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using a multicolor fluorescence imaging system. Three
biological replicates for each treatment were performed.

Statistical analyses

Data were processed using Microsoft Excel 2016. All
values are presented as the mean+standard deviation
(SD) from at least three biological replicates. Statisti-
cal analyses were performed using GraphPad Prism 8.0.
The one-way ANOVA test and Tukey’s test were used to
assess differences, with p<0.05 considered statistically
significant.

Results

Identification and classification of NAC genesin T.
yunnanensis

In the genome of T. yunnanensis, a total of 44 TyuNAC
genes were identified, each designated as TyuNACI to
TyuNAC44 based on its chromosomal position. The
fundamental physicochemical properties of TyuNAC
proteins are detailed in Table S4, encompassing char-
acteristics such as molecular weight (MW), isoelectric
point (pI), hydrophobicity, and subcellular localization
predictions. The molecular weights of TyuNAC proteins
in this study ranged from 5.87 to 63.85 kDa, with corre-
sponding pl values spanning 6.70 to 111.62. Hydropho-
bicity predictions indicated GRAVY scores ranging from
-0.904 to 0.294, where all 44 proteins exhibited negative
values, indicative of their hydrophilic nature. Regarding
subcellular localization, predictions indicated that 41
of the 44 TyuNAC proteins were in the nucleus, while 2
were found in the cytoplasmic nucleus, and 1 was located
extracellularly.

Phylogenetic analysis of TYuNAC proteins

To investigate the evolutionary relationships of Tyu-
NAC proteins, a phylogenetic tree was constructed using
amino acid sequences from 44 TyuNACs, 144 AtNACs
(from A. thaliana), and 50 GbNACs (from G. biloba).
Based on homology with G. biloba NAC proteins, the
TyuNAC proteins clustered into nine branches, des-
ignated as Group I to Group IX subgroups (Fig. 1). The
largest groups, Groups VII, each include 12 TyuNAC
members, while the smallest, Groups II and IV, comprise
only 2 members each. Furthermore, similar functional
GbNAC and AtNAC proteins tend to cluster within the
same subgroup. For instance, VND1 (AtNAC037), VND2
(AtNACO076), VND3 (AtNAC105), VND4 (AtNAC007),
VND5 (AtNAC026), VND6 (AtNACI101), and VND7
(AtNACO030), associated with secondary wall synthe-
sis, are mainly grouped in Group VI (Table S5). Conse-
quently, it is hypothesized that TyuNAC proteins within
corresponding subgroups may share similar functions.
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Fig.1 Phylogenetic tree of NAC proteins between T. yunnanensis, A. thaliana and G. biloba. They are divided into 9 subgroups according to the subgroups
of G. biloba and represented by different colors. The red star, green square and purple circle represent T. yunnanensis (prefix as Tyu), A. thaliana (prefix as
At), and G. biloba (prefix as Gb), respectively

Gene structure, conserved motifs, and domain analysis of of most TyuNAC genes contains three conserved motifs
TyuNAC genes (motif 2, motif 4, motif 5). Analysis of intron/exon struc-
To gain deeper insights into the structural diversity and  tures in TyuNAC coding sequences revealed variability,
similarity among TyuNAC genes, we analyzed conserved  with some genes featuring multiple untranslated region
motifs and intron/exon distributions according to their =~ (UTR) regions while others lack such structures. This
phylogenetic relationships (Fig. 2A-D). Using the MEME  diversity likely reflects evolutionary distinctions among
program, we predicted a total of 10 conserved motifs, homologous TyuNAC genes. Intriguingly, TyuNAC genes
designated as motif 1 through motif 10 (Fig. 2E, Table  within the same phylogenetic group exhibit highly similar
S6). All TyuNAC genes exhibit five NAC sub-structural  intron/exon structures, primarily differing in the lengths
domains (A-D), as illustrated in Fig. S2. Consistent with  of exonic and intronic regions.

structural domain analysis, clustered TyuNAC members

share common motif compositions, suggesting poten-

tial functional similarities. Specifically, the N terminus
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Analysis of promoter cis-regulatory element of TyuNAC
genes

In this study, we identified 44 cis-regulatory elements
(CREs) in the promoter regions of the TyuNAC genes.
These CREs were classified into three main categories
based on their functional roles: hormone-responsive

elements, plant growth and development-associated ele-
ments, and biotic and abiotic stress-responsive elements
(Fig. 3). Detailed information on the 7. yunnanensis cis-
regulatory elements is provided in Table S7. The analysis
revealed that abiotic stress-responsive elements were the
most abundant among the identified CREs, followed by



Fan et al. BMC Genomics (2025) 26:705 Page 8 of 17

TyuNACO1 K o] 1] oJo1JoJoJo 1] 1 o]o]0 o 1] fe2 B

TyuNAC02 o]0 o[ 1]2]2 ofofofofolo]1]o]o]o]1 ofo] Jo2 T

TyuNACO3 [ 1]o] 1 ofofo]1 o[ t[ [ [ofoBo]o]o]0 o]o] e R [ T

TyuNAC04 ofofo of1]o ofoofo]t[of@o]o]0]0 ofo] Jeo 7 r |

TyuNACO5 o1 o3l o] o] o]ololofa]o]t]o]1 00| |2 I R TR

TyuNAC06 o[ 1Bl o[ 1] 0 1o a]ofofoo]of1]o]0]0 1[o]o] | o

TyuNACO7 o [ l@l o[ o [t 1 1lofofofofoo]oft]o]0]0 ofofo] |ms ans

TyuNACO8 [ 1]0]0 ofofi]o 1 1[1]ofofo]o]0 1[ofo]1 o[ 1]o] | e

TyuNAC09 | 11 oo 1]o 0 1 1ofof 1o 1]0]0 ofofo] Jum JE B T R

TyuNAC10 [o]o]o oo 1]1]o 1 1B o[ofofofo]1]o]o]0]0 o[ 1]o] |ua e

TyuNACI1 1o 1] o 0 ofofH]ofo]o]0 tofofolofoi[1]o] |us 1 —

TyuNACI2 o[t ofo]o ofofof1]o]olt]ofolo[ @M olo]0]| |us [

TyuNACI3 [ 1]0]0 o Bl oo ofofof1]olofo]o]1]0]0 ofofo] |3 [N R

TyuNAC14 0 of1 | 1o Lo o o[ o B o B o8 o Bl oo oz N

TyuNACIS 0 0 | ofofofofB]o]1]0 1o B8 o i[o] fes e

TyuNAC16 o]0 ofofo]o 1 oo oo oo a]o]t]o[t]o[o]0] | EECR

TyuNACI7 | 1| 1|0 olof1 ojo|o 00 olo 0fo rjfofof1 15 2| |

TyuNACI8 0 ofo]o 0 o [o o [T o [T o [ o B o[ o |88 o [o [ o] [ux I E—

TyuNAC19 ool 1| ofof1]o]1 0 o1 t]olofofo]1]0 1 i]ofo] s s

TyuNAC20 o1 ofo]o [ 0 ofofofofof ] 1] 1]olo] 1R o]o]o]o] Jo [55 [o —]

TyuNAC21 of1 oo 1]t 0 ofofofofof [ 1To] 1ol 1R o]o]o]0] us [ R T R

TyuNAC22 oo 0 0 0 0 o BN oo ol o BN o W] o[ o @Y ofo]o]0] fm [ AR

TyuNAC23 ofo]o ofofofo 0 0 of1]o]o o 1ol o ool o olo] fus s

TyuNAC24 o1 1] o]o] 1 0 o o] ofo]ofofa]o[o]o]a]of1][o]0] fum s

TyuNAC25 [o]0]o ofofo]o 0 1 ofo] [ofi]o]i]o]0 0 o[ o] | [E e

TyuNAC26 [ 1]1]1 1 i]0] 0 o 1] 1{o]ofo]o]o 118 o if1]o]o] |ue [N R

TyuNAC27 11 o] 1B o 0 o[ ool 1]t i ifofol 1] 1]o]o]o] Jo e

TyuNAC28 [o] o]0 o o] o[ 0 ofo ofololo]] i o[ o ofo[0] 0] fno EE—

TyuNAC29 [o]o 1 1]o 0 o[ 1] ifofofo]o]o 1lofo] Bl o[o] |us Osoe

TyuNAC30 o]0 ofof 1] o 1] oo 1]ofolofofB o] 1 f2lo]1|o]o] |m B [

TyuNAC31 0 o030 ofofo 1] 1] ofoft[ofo[ oo o] 2] o]1]o]0] Jes [0 —

TyuNAC32 [2]0]0 ofof2]2 ofo]2 00 i 1olololo]2]o]2]2]o @ o]o]1]o] o [ |

TyuNAC33 [2] 00 o 1]2]2 ofo]2 ofo i 1]ololofo 1]o]2]2] o] t]o]o]1]o] | e

TyuNAC34 oo 1|1]o]o ofof1 0o] ofofofo] 1Tolo B o] T of0]0]0] |us asos

TyuNAC3S ofol28 1[of1]o]1 oo o8 ol2lo o] [1[t[ofo oo oMol [o]opslo=Z@lo]| |1s e

TyuNAC36 oo 1o]o]1 ofofof@ o 1]o]1 oo o |80 o] 1]o o] |us [ T R

TyuNAC37 0o 1{o]o ofofo of1fo]1 11| 1f1{o]ofo 0 10 0 0 18 [l [

TyuNAC38 [ 1 Bl o] 1 1B [ of 1] 1[1]o]o ofololof 1]oEl ol ool o o] |2 L [ S

TyuNAC39 ofo 1ofo]o of | 1] 1fofolo] oft]ofof [0 ofofofofo]0 o] | E——

TyuNAC40 1o 1lofo]o ofofofofofofo]0 oo 1fofofofofof1]ofofR] ] [o] |os [T E—

TyuNAC41 1o oot ofof I o] 1]o]o] [oft]o]o]ofo]o]oo]o]1]0 | [o] |3 2

TyuNAC42 [ 1]o]o]0 1]o]o]o 2 o[ [ 8 o 1|0 olololofo tTo]1]o] [0 o] |us T [

TyuNAC43 1 1 1fof1]o ofofofo]T of 1ol o[ iofolo]1]0 0 oo 0 o |z 38

TyuNAC44 olo 1 1 1|1|ofofo olofofo |I|u ofofofjojofofr|1]1|o0 0 0 18 B
»‘f;&%"%&"&%‘%“"f@vﬁ@* &i@‘i@i@é‘“& §Z§V‘3;§*°i’°°+ & f@é < &i&éj&"g‘\”%&v’“‘gﬁ;s‘;’g&ia&a&& B Count B B
9 &Qk&§ SFEEE S & Lo & A == Plant growth and development

== Phytohormone responsive

Abiotic and biotic stresses Phytohormone responsive

Plant growth and development

Abiotic and biotic stresses

Fig. 3 The cis-regulatory elements analysis of TyuNACs promoter regions. A Statistics for cis-acting elements in the promoter regions of TyuNAC genes.
The numbers of specific cis-elements are indicated by numbers and a green color gradient. B Color-coded histograms indicate the numbers of cis-

elements in each category

hormone-responsive elements and those associated with
plant growth and development (Fig. 3). This distribu-
tion suggests a strong correlation between TyuNAC gene
expression and environmental stress responses. Notably,
the number of abscisic acid (ABA)-responsive elements
(ABREs) was significantly higher than that of other phy-
tohormone-related elements, indicating a potentially
crucial role for ABA in the regulation of TyuNAC gene
expression in T. yunnanensis.

Gene duplication, chromosomal distribution, and synteny
analysis of TyuNAC gene

Genomic locations of TyuNACs were obtained from
annotation files, revealing their non-random distribu-
tion across 11 chromosomes; chromosome 12 lacked
TyuNACs. Chromosome 5 had the most TyuNACs (7,
15.91%), followed by chromosome 4 (6 genes, 13.64%)
(Fig. 4A). Analysis of gene duplication types revealed that
a total of 24 TyuNACs originated from dispersed duplica-
tions, 12 from tandem duplications, and 8 from proximal

duplications, whereas no whole-genome duplication
(WGD) or segmental duplication events were detected
(Fig. 4B, Table S8). Ka/Ks ratios indicated these dupli-
cates evolved under negative purifying selection (Table
S9). Synteny analysis with A. thaliana revealed no homol-
ogous NAC genes. To explore syntenic relationships in
more closely related species, additional comparisons
were conducted. In G. biloba, 24 syntenic NAC genes
were identified, indicating a relatively high level of col-
linearity with T yunnanensis. In addition, syntenic NAC
genes were detected in three representative medicinal
plants: three in P amurense, one in S. miltiorrhiza, and
one in C. roseus. These results suggest that NAC genes in
T. yunnanensis exhibit greater syntenic conservation with
gymnosperms and selected medicinal plants than with A.
thaliana (Fig. 4C-QG).
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Expression pattern, GO enrichment and protein—protein
interaction network analysis of TyuNACs

To further elucidate the expression patterns of NAC
family genes and their involvement in the growth, devel-
opment, and synthesis of secondary metabolites in T.
yunnanensis, the expression of TyuNACs was extracted
from transcriptome data derived from five tissues (Table
S$10). Some genes showed patterns of tissue-specific
expression, as shown in Fig. 5A-B. Some genes, like Tyu-
NAC13, TyuNAC16, and TyuNAC31, only showed high
expression in the Bark tissue, according to analysis of
differentially expressed genes. This suggests that these
genes may play important roles in the development of
the Bark. TyuNACO08, TyuNAC35, TyuNAC29, and Tyu-
NAC41 genes were highly expressed only in leaves, sug-
gesting that they may be associated with leaf growth
and development. Notably, several TyuNACs showed
root-specific high expression. For instance, TyuNAC10
exhibited a 34-fold higher expression in roots compared
to bark (log,FC =5.09), suggesting a potential role in root
development. Although most of the TyuNACs showed

differences in different tissues, indicating the diversity of
their functions in different tissues, these inferences need
to be further verified. GO enrichment analysis revealed
that five TyuNAC genes were associated with the regula-
tion of the flavonoid biosynthetic process (GO:0009962)
(Fig. 5C), indicating a potential involvement of TyuNACs
in secondary metabolite biosynthesis (Table S11). Fur-
thermore, promoter analysis showed that several key
enzyme genes involved in flavonoid and paclitaxel bio-
synthesis contain putative NAC binding motifs (Fig. S3),
suggesting that TyuNACs may directly regulate these
pathways at the transcriptional level. After analyzing the
expression of enzyme genes involved in the paclitaxel
biosynthetic pathway, it was noted that these enzyme
genes showed distinct tissue-specific expression patterns.
Notably, most enzyme genes exhibited high expression
levels in the bark (Fig. 5B), resembling the expression
patterns observed in specific TyuNACs. In summary,
TyuNACs may play a potential role in the biosynthesis
of the diterpene alkaloid paclitaxel. Additionally, we pre-
dicted interactions among TyuNACs and identified that
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11 TyuNACs interacted with each other (Fig. 5D), with
the most robust interactions observed between Tyu-
NACO03 and TyuNACI7.

MeJA-induced expression changes of TyuNACs and
paclitaxel biosynthetic genes

To further investigate the impact of MeJA on the expres-
sion of TyuNAC gene, 18 TyuNAC genes were ran-
domly selected to assess changes in their expression
levels in leaves and bark at various time points follow-
ing MeJA treatment (Fig. 6). The results observed that

the expression of TyuNACs was obviously influenced by
MeJA treatment. Specifically, TyuNACO03, TyuNACI13,
and TyuNAC44 genes exhibited a pattern of initial
increase followed by a decrease in expression levels as the
duration of treatment extended in leaf tissues (Fig. 6A,
E, R). Similarly, TyuNACO08, TyuNAC35, and TyuNAC39
displayed a similar trend in bark tissues (Fig. 6B, N, P).
Notably, under MeJA treatment, the expression of the
TyuNACI17 exhibited significant changes in both leaf
and bark tissues. In leaf tissue, 4 genes reached peak
expression at 3 h post-treatment, whereas in bark tissue,
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maximum expression occurred at 6 h post-treatment
(Fig. 6A, E, M, R). This observation indicates that the
expression pattern of TyuNACI7 gene responds to MeJA
treatment in a time-specific manner. Additionally, it was
observed that MeJA treatment inhibited the expression
of certain TyuNACs. For instance, TyuNAC24 and Tyu-
NAC29 showed an initial decrease in expression imme-
diately after treatment, followed by a gradual return to
their original levels over time (Fig. 6], L).

Additionally, the expression of paclitaxel synthase
genes was significantly affected by MeJA treatment (Fig.
S4A-F). In leaf tissue, all six genes were upregulated to
varying degrees following MeJA treatment. For exam-
ple, TyuTAT showed a rapid induction at 3 h (2.56-folds,
log,FC=1.36), while TyuDBTNBT expression peaked
at 12 h (2.39-folds, log,FC=1.26) and remained high at
24 h (2.22-folds) (Fig. S4C-D). TyuTBT also exhibited a
progressive increase, reaching a maximum 2.05-folds
at 24 h (log,FC=1.03). Moderate increases were also
observed for TyuTS, TyuDBAT, and TyuBAPT, with fold
changes ranging from 1.4 to 2.4 across different time
points. In bark tissue, the MeJA response was even more
pronounced. TyuTBT expression rose dramatically to
5.27-fold at 3 h (log,FC =2.40), maintaining elevated lev-
els at 6 h (4.59-folds) and 12 h (3.70-folds). TyuDBTNBT
increased significantly to 4.06-fold at 6 h (log,FC=2.02)
and remained elevated through 12 h and 24 h. TyuTAT
expression also peaked at 6 h with a 2.99-fold increase,
while TyuT'S, TyuDBAT, and TyuBAPT showed upregula-
tion between 1.5- to 2.4-folds at various time points.

Dynamic changes in paclitaxel and 10-DAB levels in
response to MeJA treatment

To further investigate the effects of MeJA on the content
of paclitaxel and 10-DAB compounds in the leaves and
branches of T. yunnanensis, we examined the changes in
the levels of paclitaxel and 10-DAB following MeJA treat-
ment. The results indicated a significant increase in pacli-
taxel content in the leaves and branches after treatment
(Fig. S4J), with levels beginning to rise at 3 h, peaking at
6 h, and then decreasing, reaching the baseline level by
24 h. In contrast, the 10-DAB content peaked at 3 h (Fig.
S4H), gradually declined thereafter, but did not return to
the initial level by 24 h.

Subcellular localization analysis of TyuNAC and functional
analysis in paclitaxel biosynthesis

Transcriptome DEGs anaiysis have revealed that some
TyuNAC exhibits specific high expression in the bark
(Table S12), and shares a similar expression pattern with
key enzyme genes involved in paclitaxel biosynthesis.
Therefore, we hypothesize that TyuNAC may poten-
tially play a role in paclitaxel biosynthesis. Subcellular
localization analysis showed that TyuNAC30 was local-
ized in the nucleus (Fig. 7A). To further explore the role
of TyuNAC30 in the transcriptional regulation of pacli-
taxel biosynthesis, this study analyzed the cis-acting ele-
ments in the promoter sequences of key enzyme gene,
TyuDBTNBT, and identified multiple NAC transcrip-
tion factor-binding elements, including ABRE (Fig. 7B).
Yeast one-hybrid results showed that yeast cells co-trans-
formed with AD-TyuNAC30 and pAbAi-proTyuDBTNBT
grew colonies on triple-deficient plates, respectively,
indicating that TyuNAC30 directly binds to the promoter
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of TyuDBTNBT (Fig. 7C). The Luc assay demonstrated
that co-injection of TyuNAC30 -62SK with proTyuDBT-
NBT reduced the intensity of the Luc fluorescence signal
compared to injection of proTyuDBTNBT alone (Fig. 7D).
The Luc/Ren ratio was significantly lower than that of the
control, indicating that TyuNAC30 suppressed the pro-
moter activity of TyuDBTNBT (Fig. 7E).

Discussion

Since the discovery of paclitaxel in the Pacific yew tree in
1971, the biosynthetic pathway has been extensively stud-
ied [60, 61]. During this time, several key genes encod-
ing enzymes involved in paclitaxel biosynthesis have
been identified and characterized [13, 62]. These findings
have enhanced our understanding of the enzymatic pro-
cesses underlying paclitaxel production. Recent genome
sequencing of various Taxus species has significantly
advanced our knowledge of paclitaxel biosynthesis [3, 63,
64]. These genomic data provide important insights into
the transcriptional regulation of paclitaxel biosynthesis
[65, 66]. Transcription factors are key regulators that acti-
vate biosynthetic genes at the transcriptional level [56].
and the MYB, bHLH, AP2/ERF, WRKY, and NAC fami-
lies have been shown to play significant roles in paclitaxel
regulation [46, 67, 68]. The involvement of NAC family
members in plant growth and development under abi-
otic stress conditions, as well as their contributions to
enhancing crop resistance, has been well-documented
[19, 69]. However, their specific roles in the regulation of
secondary metabolite synthesis remain to be more thor-
oughly investigated. This study systematically investi-
gated the potential molecular functions of NAC genes in
the transcriptional regulation of paclitaxel biosynthesis.
In this study, we systematically identified the members
of the NAC gene family in T yunnanensis and performed

extensive bioinformatics analyses to investigate their phy-
logenetic relationships, gene structures, motif composi-
tions, chromosomal locations, tandem repeat sequences,
and homologous genes. Furthermore, we explored the
promoter cis-regulatory elements, tissue-specific expres-
sion profiles, and the regulatory functions of NAC genes
in modulating the expression of key enzymes involved in
paclitaxel biosynthesis. These findings provide valuable
insights into the NAC gene family and lay the ground-
work for future investigations into the functional roles of
NAC genes in the biosynthesis of secondary metabolites
(Fig. S5).

This study identified a total of 44 NAC gene family
members, which is notably fewer than the 117 NAC genes
found in A. thaliana, but comparable to the 46 NAC
genes present in Amborella. trichopoda. Differences in
the number of NAC gene family members among species
may be attributable to various evolutionary events, such
as gene rearrangements, amplifications, and contractions
of gene families [70]. Using three widely recognized pre-
diction tools we identified three TyuNACs predicted to
localize outside the nucleus. Although experimental vali-
dation is still lacking, the consistent results across mul-
tiple tools provide useful references and suggest potential
noncanonical functions worthy of further investigation.
The structural analysis of the TyuNACs indicates that
genes within different subgroups exhibit distinct struc-
tures and conserved motifs. In contrast, genes within
the same subgroup share similar motif compositions and
structural features [71]. This suggests that members of
the same subgroup likely perform similar functions [72].
These results align with those observed in A. thaliana,
Oryza sativa, and Vitis viniferae [73, 74], indicating that
NAC proteins with comparable structures and motifs
across these species are likely functionally orthologous.
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TyuNACs family has many cis-acting elements associ-
ated with light responses, hormone responses, and biotic
and abiotic stress responses. This is consistent with the
discovery of other plant NAC gene families [75, 76]. In
addition, it was found that many of the TyuNACs fam-
ily members have multiple CGTCA motifs that function
primarily as MeJA response elements, suggesting that
NAC expression may be regulated by MeJA [77]. The
evolution of gene duplication and genome size is closely
related to the origin of new genes, species divergence,
and gene mutation resistance [78-80]. Gene duplica-
tion events, particularly dispersed, tandem, and proximal
duplications, contribute to the expansion and functional
diversification of TyuNACs. The Ka/Ks ratio can indi-
cate whether a gene is undergoing neutral, purifying, or
accelerated evolution under positive selection [81]. In
this study, the Ka/Ks ratio for all tandemly duplicated
genes was less than 1, suggesting that TyuNACs primarily
evolved under purifying selection. Comparative genomic
analysis revealed marked differences in the size of the
NAC gene family across species. Notably, P amurense
exhibited a substantial expansion (Table S13), suggest-
ing possible lineage-specific gene duplications associated
with the regulation of alkaloid and flavonoid biosynthe-
sis [82]. Compared to gymnosperms such as G. biloba,
angiosperm medicinal plants generally possess larger
NAC families, which may reflect the increased complex-
ity of their secondary metabolic pathways. T. yunnanen-
sis, a gymnosperm, contains relatively fewer NAC genes,
indicating a more conserved NAC repertoire with poten-
tially specialized functions [83]. These findings support
the hypothesis that NAC gene expansion and diversifica-
tion may be evolutionarily linked to the regulation of spe-
cialized metabolism in medicinal plants.

Typically, analyzing gene expression patterns can reveal
the potential functions of genes [72]. The results revealed
that some TyuNACs exhibit tissue-specific expression
patterns. For instance, TyuNACO05 and TyuNACIO are
highly expressed in roots, suggesting that these genes
may be related to root development and stress resis-
tance [84]. Furthermore, some TyuNACs genes, such as
TyuNACI3 and TyuNACI6, are specifically expressed
only in the bark, which is also the primary site of pacli-
taxel production and accumulation in Taxus species [85].
Although the transcriptome data were derived from vari-
ous tissues (e.g., root, stem, leaf, bark) and the qRT-PCR
focused on MeJA-treated branches and leaves, both data-
sets showed complementary expression patterns. Several
TyuNAC genes exhibited high tissue-specific expression
and were significantly induced by MeJA, suggesting their
potential roles in paclitaxel biosynthesis or other second-
ary metabolic pathways. Previous studies have indeed
confirmed that NAC TF can regulate the expression of
genes involved in paclitaxel biosynthesis [46]. MeJA is

Page 13 of 17

commonly used as an inducer of secondary metabolites.
Previous studies have reported that MeJA treatment
increases the accumulation of alkaloids and phenolics in
plants and, in the case of T. yunnanensis, is also crucial
for regulating paclitaxel levels [86, 87]. In our study, the
paclitaxel content reached a maximum at 6 h following
MeJA treatment but declined sharply to baseline levels
by 24 h. This transient accumulation pattern has also
been reported in other Taxus, such as Taxus media and
Cephalotaxus hainanensis, where MeJA induces a rapid
yet short-lived increase in paclitaxel levels [88, 89]. This
dynamic likely reflects the kinetics of jasmonate signal-
ing, which typically triggers immediate early gene activa-
tion followed by rapid attenuation. These findings suggest
that while MeJA acts as an effective elicitor, its regulatory
effects on paclitaxel biosynthesis are time-sensitive and
may be subject to tight endogenous control. After MeJA
treatment, some of TyuNACs was significantly induced
or inhibited in bark and leaves, in addition, some of Tyu-
NACs was also consistent with the trend of the expression
of paclitaxel synthase genes, from which we hypothesized
that there might be a potential regulatory role between
TyuNACs and paclitaxel synthase genes. Therefore, the
study also found that TyuNAC30, a transcription factor
specifically expressed in the bark, exhibits expression
changes after MeJA treatment that are inversely corre-
lated with the expression of key paclitaxel biosynthesis
enzymes (TyuDBTNBT) as well as the contents of pacli-
taxel and 10-DAB. Based on this observation, we hypoth-
esize that TyuNAC30 may be involved in the regulation
of paclitaxel biosynthesis. Therefore, this study selected
TyuNAC30 for further validation. The results revealed
that TyuNAC30 can bind to the promoters of key pacli-
taxel biosynthesis genes (TyuDBTNBT) and negatively
regulate their expression (Fig. S4). Further analysis iden-
tified multiple NAC transcription factor binding sites
(ABRA) within the promoter regions of these enzyme
genes. Studies have shown that the NAC gene family
interacts specifically with ABRE cis-regulatory elements
[90]. Thus, we speculate that TyuNAC may bind to the
ABRA element on the enzyme gene promoter to affect
its expression. This is similar to the research results of 7.
mairei, where DBTNBT and DBAT have been identified
as potential targets of NAC2 [85]. Although this study
demonstrated that TyuNAC30 negatively regulates TyuD-
BTNBT expression, the functional relationship between
TyuNAC30 and paclitaxel biosynthesis remains to be fur-
ther validated through stable transgenic or gene silencing
approaches to clarify its precise role in the regulation of
paclitaxel synthesis. Functional characterization of Tyu-
NAC30 will be addressed in future studies.

TmNAC2 is also specifically expressed in the phloem
[85], showing a similar expression pattern to TyuNAC30.
Additionally, in Taxus mairei, DBTNBT and DBAT
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have been identified as target genes of TmNAC2, and
TmNAC2 has been shown to repress the activity of the
DBTNBT and DBAT promoters. This finding is consistent
with the present study, which identified TyuNAC30 as a
negative regulator of DBTNBT. It has been reported that
MeJA can induce the expression of NAC transcription
factors [39]; however, the expression of TyuNAC30 was
suppressed, suggesting that MeJA may act as an inhibi-
tor of TyuNAC30. These results collectively demonstrate
that NAC transcription factors play roles beyond plant
stress tolerance [72]. GO enrichment analysis revealed
that NAC transcription factors are involved in the regula-
tion of secondary metabolite biosynthesis, aligning with
findings from other studies [70, 91-93]. Nevertheless, the
exact mechanism of NAC regulation of paclitaxel biosyn-
thesis remains to be further investigated.

Conclusions

In this study, we performed a comprehensive analysis of
the TyuNAC transcription factor family in the T. yun-
nanensis genome. A total of 44 TyuNAC genes were
identified, distributed across 11 chromosomes, and cat-
egorized into nine subfamilies. We also investigated their
gene structures, conserved motifs, cis-regulatory ele-
ments, tissue-specific expression patterns, and expres-
sion changes under MeJA treatment. Tandem repeats
were found to play a significant role in the expansion of
the TyuNAC family. Some TyuNAC genes exhibited tis-
sue-specific expression and were linked to plant second-
ary metabolite synthesis. Furthermore, TyuNAC30 was
shown to negatively regulate the expression of TyuDBT-
NBT through binding to their promoters, as confirmed
by yeast one-hybrid experiments and other experiments.
Although TyuNAC influences the expression of paclitaxel
biosynthesis genes, further research is needed to clarify
its specific role in the paclitaxel biosynthetic pathway.
Future studies should explore the interactions between
TyuNAC and other key transcription factors, as well as
their dynamic regulation under different growth stages
and environmental conditions.
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