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Comprehensive analysis of the NAC )
transcription factor gene family in Sophora
tonkinensis Gagnep
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Abstract

Background Sophora tonkinensis Gagnep. has long been utilized in the treatment of anti-inflammatory and pain-
relieving, with its principal active compounds being alkaloids and flavonoids. NAC transcription factors, a large family
of plant-specific regulators, play pivotal roles in growth, development, stress responses, and secondary metabolism.
However, comprehensive genome-wide characterization of S. tonkinensis NAC gene family (StNAC) remains
unexplored.

Results This study identified 85 NAC proteins from the S. tonkinensis genome database. Phylogenetic analysis
revealed that StINAC proteins were categorized into 15 subgroups based on their homology with Arabidopsis thaliana
NAC proteins. Gene structure analysis demonstrated a variation in intron numbers ranging from 1 to 7, with a majority
of StNAC genes containing 2-3 introns. Chromosomal distribution analysis indicated an uneven spread of StINAC
genes across 9 chromosomes, with the highest number of StNAC genes on Chr3. Detection of 4 tandem duplicates
and 32 segmental duplicates revealed that segmental duplication primarily drive StNAC genes amplification.
Prediction of cis-regulatory elements suggested the involvement of StNAC genes in growth, stress responses, and
hormone regulation. Gene expression analysis showed substantial variability expression of StNAC genes across
different tissues. Notably, eight StNAC genes were identified as significantly associated alkaloid and flavonoid levels.
gRT-PCR validation indicated that five genes were highly expressed in tissues, corroborating transcriptome data.

Conclusion These findings offer valuable insights for further functional characterization of NAC genes and their
potential roles in alkaloid and flavonoid biosynthesis in S. tonkinensis.
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Background

The NAC gene family, one of the largest plant-specific
transcription factor families, derives its name from the
founding members NAM (no apical meristem), ATAF1/2
(Arabidopsis thaliana transcription activation factor
1/2), and CUC2 (cup-shaped cotyledon 2), which gov-
ern developmental processes and stress responses [1, 2].
Structurally, NAC proteins feature a conserved N-termi-
nal DNA-binding domain (subdivided into subdomains
A-E) and a variable C-terminal transcriptional regula-
tory region (TRR) [3, 4]. While subdomains A, C, and
D are evolutionarily conserved, the flexibility of subdo-
mains B and E enables functional diversification, includ-
ing roles in secondary metabolism regulation [3, 5].

NAC transcription factors are pivotal regulators of
specialized metabolite biosynthesis, particularly alka-
loids and flavonoids. In Camellia sinensis, CsNAC086
directly activates chalcone isomerase (CHI) and flavo-
nol synthase (FLS), driving flavonoid accumulation [6].
Similarly, OpNACI in Ophiorrhiza pumila orchestrates
camptothecin biosynthesis by binding to the TDC (tryp-
tophan decarboxylase) promoter [7]. Stress-responsive
NACs further modulate metabolite synthesis indirectly.
For instance, drought-induced TrNACO002 in white clover
upregulates CHS and CHI, amplifying flavonoid produc-
tion as a protective mechanism [8]. Mechanical damage,
such as tobacco topping, activates jasmonic acid-indole-
3-acetic acid (JA-TAA) crosstalk to elevate NtNAC-RI
expression, enhancing nicotine biosynthesis while pro-
moting lateral root growth [9]. These findings underscore
NACs as molecular hubs integrating developmental cues
and environmental stress with specialized metabolism.

In Sophora tonkinensis Gagnep. (S. tonkinensis),
a medicinal plant prized for quinolizidine alkaloids
(matrine, oxymatrine) and flavonoid glycosides (flavo-
noids, dihydroflavones, flavonols, genistin, genistein,
trifolirhizin), the biosynthetic pathways remain partially
characterized [5, 10-13]. The pathway of quinolizidine
alkaloid synthesis involves decarboxylation of lysine as
a precursor to cadaverine, followed by oxidative deami-
nation to produce 5-aminovaleraldehyde, which is then
spontaneously cyclized to A'-Piperideine. This process
is obtained by a reaction catalyzed by lysine decarboxyl-
ase and copper aminocarboxylase [14]. While the num-
ber of genes involved in the flavonoid anabolic pathway
is large, and the regulatory mechanism is complex. It is
now widely accepted that the flavonoid synthesis pathway
consists of the phenylpropane pathway from the substrate
phenylalanine through the catalytic and hydroxylation
processes of various enzymes, like phenylalaninammo-
nialyase (PAL), cinnamate 4-h ydroxylase (C4H), 4-cou-
marate: coenzyme A ligase (4CL), CHS, chalcone
reductase (CHR), CHI, and others [15-17]. Notably,
research has shown that NAC genes are involved in the
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biosynthetic pathways of alkaloids and flavonoids in
medicinal plants. E.g.,weighted gene co-expression net-
work analysis in Litsea coreana identified NAC transcrip-
tion factors as hub genes co-expressed with PAL, C4H,
and CHI [18], suggesting conserved regulatory roles in
flavonoid biosynthesis. There is also CsNAC086 in tea
tree, OpNAC]1 found in Ophiorrhiza pumila, TrNAC002
from white clover, and the NAC transcription factor
of Amomum tsao-ko fruit [6-8, 19]. Despite this, NAC
genes in S. tonkinensis remain uncharacterized, limiting
mechanistic insights into their metabolite regulation.

Here, the NAC gene family in S. tonkinensis (named:
StNAC) were characterized using the whole genome of
this plant (unpublished). Members of the SENAC gene
family were identified and analyzed using bioinformatics
methods. Furthermore, we analyzed the expression pat-
terns of these genes in different plant tissues and their
correlation with metabolites. These results bridge the
gap between NAC functional diversity and specialized
metabolism in S. fonkinensis, providing a foundation for
targeted metabolic engineering.

Materials and methods

Characterization of the StNAC genes

Firstly, a Hidden Markov Model (HMM) was constructed
using HMMER 3.0 software with 105 known A. thali-
ana NAC protein family sequences [5]. This model was
then employed to search all coding protein sequences
of S. tonkinensis to identify potential NAC gene family
sequences. Reference NAC gene family sequences were
obtained by sequence alignment of S. tonkinensis pro-
teins, with an e-value threshold set to 1le-5, and poten-
tial NAC sequences were identified using blastp (version:
ncbi-blast-v2.10.1+). The identified potential sequences
were compiled as candidate NAC family protein
sequences. These candidate sequences were subsequently
annotated with structural domains using PfamScan (ver-
sion: v1.6) and Pfam A (version: v33.1) databases [20, 21].
Sequences containing the structural domains PF02365
and PF01849 were then classified as final NAC gene fam-
ily sequences.

Sequence and phylogenetic analysis

All coding sequence (CDS) of StNAC genes were ana-
lyzed for gene length, amino acid length, relative molecu-
lar weight, isoelectric point, hydrophilicity, stability, and
other physicochemical properties using ExPASy (https://
www.expasy.org). Multiple sequence alignment was perfo
rmed using MAFFT (version v7) with default parameters
to optimize residue homology [22]. The resulting align-
ment was subsequently utilized to construct a maximum
likelihood (ML) phylogenetic tree in MEGA10 software.
Evolutionary model selection was based on the Jones-
Taylor-Thornton (JTT) substitution matrix, with partial
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deletion handling of gaps and ambiguous sites (site cov-
erage cutoff: 50%). Topological robustness was assessed
through 1,000 bootstrap replicates. Final tree annotation
and visualization were executed using the iTOL v6 plat-
form (https://itol.embl.de/), incorporating hierarchical
clustering of clades.

Transmembrane structural domain analysis and subcellular
localization

Properties such as hydrophobicity, charge bias, helix
length, and topological constraints of the transmembrane
domains in the NAC gene family were analyzed using
DeepTMHMM (version 1.0.8), a deep learning-based
program for predicting transmembrane helices. Subcellu-
lar localization of S. tonkinensis NAC gene family mem-
bers was determined using the tool available at https://w
olfpsort.hgc.jp/.

Gene structure and conserved motif analysis

Gene structure analysis of 85 StNAC genes were con-
ducted using General Feature Format (GFF) files and
visualized with Gene Structure Display Server (http://g
sds.cbi.pku.edu.cn/). Conserved motifs were identified
using MEME software (version v5.0.5, http://meme-su
ite.org/), with motif widths set between 6 and 50 and a
maximum of 15 motifs sought.

Identificaiton of cis-elements in the promoter region of
genes

The 2000 bp upstream region of the gene was considered
as the promoter regulatory sequence, and transcription
factors binding sites within this promoter region were
predicted using PlantCARE (http://bioinformatics.psb.u
gent.be/webtools/plantcare/html/), which provides labeli
ng and visualization of binding site locations on the gene
promoter map.

Chromosome localization and covariance analysis

A physical map of the chromosomes was created using
MG2C (http://mg2c.iask.in/mg2c_v2.1/) based on the
chromosomal locations of S. tonkinensis NAC family
genes. Covariance analysis was conducted using MCS-
canX with the following parameters: MATCH_SCORE
= 50, MATCH_SIZE = 5, GAP_PENALTY = -1, OVER-
LAP_WINDOW = 5, E_VALUE = 1e-05, and MAX
GAPS = 25. This analysis aimed to detect segmental and
tandem duplications in the data. The non-synonymous
substitution rate (Ka) and synonymous substitution rate
(Ks) were evaluated using KaKs_Calculator (version 2.0),
with the Ka/Ks ratio representing the rate of nonsynony-
mous to synonymous substitutions between protein-cod-
ing genes.
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Expression of the StNAC genes in different tissues

Total RNA was extracted from the S. tonkinensis tis-
sue using TRIzol®° Reagent according the manufac-
turer’s instructions. The S. fonkinensis RNA-seq
transcriptome librariy was prepared following Illumina®
Stranded mRNA Prep, Ligation (San Diego, CA) using
1 pg of total RNA. After quantified by Qubit 4.0, the
sequencing library was performed on NovaSeq X Plus
platform (PE150) using NovaSeq Reagent Kit. Expres-
sion patterns of StNAC genes in root, stem, leaf, and seed
were investigated by the Majorbio Cloud Platform (http
s://cloud.majorbio.com/page/tools/) with retrieving tra
nscriptomic data from previous studies (unpublished),
which used these gene IDs as queries. Transcript abun-
dance was reported as fragments per kilobase of exon
model per million mapped reads (FPKM). To cluster
genes with similar expression profiles, hierarchical clus-
tering was performed on log2 (FPKM + 1) RNA-seq data
using Cluster version 3.0, and the results were visualized
with Java TreeView.

Correlation analysis of the StNAC genes

To further investigate the association of StNAC genes
with alkaloid and flavonoid constituents, the contents
of matrine, oxymatrine, genistin, genistein, and trifoli-
rhizin in different tissues were obtained from our team.
The contents of the five metabolites were detected by
high performance liquid chromatography (HPLC). Their
extraction and quantification methods were based on the
Pharmacopoeia of the People ‘s Republic of China (2020
edition) [23].The correlation between StNAC genes and
the levels of these compounds was analyzed using Spear-
man’s rank correlation in R version 3.6.2, with p<0.05
was considered statistically significant.

Expression analysis of StNAC genes by qRT-PCR

Tissues from roots, stems, leaves, and seeds of S. tonki-
nensis cultivated at the Guangxi Botanical Garden
of Medicinal Plants were collected, with each tissue
type sampled in triplicate. Samples were immediately
wrapped in foil and snap-frozen in liquid nitrogen,
then stored at -80 °C for RNA extraction. Total RNA
was extracted using the FastPure Universal Plant Total
RNA Isolation Kit (Vazyme, China). Reverse transcrip-
tion was performed with HiScript® III RT SuperMix for
qPCR (Vazyme, China), and real-time quantitative PCR
(RT-qPCR) was conducted using ChamQTM Universal
SYBR® qPCR Premix (Vazyme, China). Three biologi-
cal replicates were prepared for each sample. Amplifica-
tion specificity was confirmed by melting curve analysis,
and relative expression levels were calculated using the
2724C€T method. Duncan’s multiple range test (SPSS ver-
sion 17.0) was employed to assess significant differences
between samples. Primer design for specific SENAC genes
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primers were carried out using Primer version 5.0 (Table
S8).

Statistical analysis

Three biological replicates were included in the experi-
ments. Statistical significance was assessed using Stu-
dent’s t-test in R software, with a significance level set at
p<0.05.

Results

Characterization of the NAC transcription factors in S.
tonkinensis

A genome-wide search for the NAC gene family in S.
tonkinensis was conducted using HMMSearch and
BLASTP methods. After removing redundant sequences
and confirming the presence of conserved NAC or NAM
structural domains, a total of 85 putative NAC genes
were identified and designated as SINACI to SINAC85
(Fig. 1). All identified proteins contained the conserved
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NAM domain (PF02365), which supports the accuracy
of these predictions. The length of encoded proteins
ranged from 147 amino acids (StNAC15) to 662 amino
acids (StNAC7), with an average length of 355 amino
acids. The molecular weight (MW) of the StNAC pro-
teins varied from 17,379.62 Da (StNAC15) to 76,021.85
Da (StNACS), with a mean of 40,257.67 Da. The pre-
dicted isoelectric point (pI) of the StNAC proteins values
ranged from 4.7 (StNAC27) to 9.43 (StNAC63), averag-
ing 6.83, indicating a mix of acidic and basic residues.
The aliphatic index ranged from 44.98 to 79.51, reflecting
a high proportion of aliphatic chains and suggesting that
these proteins are fat-soluble. These variations in protein
characteristics imply diverse functional roles. Subcellular
localization predictions indicated that most StNAC pro-
teins were located in the nucleus, with others found in
the cytoplasm (10), chloroplasts (7), peroxisomes (4), and
a minimal numbers in the plasma membrane and mito-
chondria (1), suggesting specialized functions in various
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Fig. 1 Chromosomal location of the NAC family genes in S. tonkinensis. The vertical lines represent the chromosomes of S. tonkinensis. Chromosome
numbering was located at the top of the chromosome. The scale on the left stands for the length of the chromosome. Tandem duplicated genes are

highlighted in red
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subcellular compartments. However, it should be noted
that these predictions are computational in nature and
have not been experimentally validated (Table S1).

The 85 StNAC genes exhibited non-random chro-
mosomal distribution across nine chromosomes in S.
tonkinensis (Fig. 1 and Table S1). Notably, SINAC50 was
mapped to overlapping clusters within unassembled
genomic scaffolds. Chr3 displayed the highest gene den-
sity, containing 14 StNAC loci with relatively uniform
spacing in its mid-distal region, while there is only one
gene on Chr9. Chr2, 4, and 5 each accommodated 12
genes, and the remaining four chromosomes contained
5-9 genes with dispersed genomic arrangements. Fur-
thermore, 8 genes formed a cluster of 4 tandem dupli-
cates, highlighting tandem duplication as a significant
factor in the expansion of the NAC gene family in S.
tonkinensis (Table S1).

Multiple sequence comparison and phylogenetic analysis
of StNAC genes

To investigate the sequence characteristics of conserved
regions in StNAC proteins, multiple sequence alignments
of all NAC proteins were performed. Most StNAC pro-
teins’ N-termini feature five conserved domains, des-
ignated motifs A through E (Fig. S1). However, some
StNAC members lack one or more of these domains.
For instance, proteins in subgroups C1/2/3/4 (except
StNAC26/64) contain only motifs D and E. Several
StNAC proteins, such as StINAC31/79/11/17/58, exhibit
incomplete motif A, while SINAC26 and StNAC64 have
incomplete motif D. These variations in motif presence
suggest functional diversity among the SENAC gene fam-
ily members in S. tonkinensis.

To explore the evolutionary relationships among S.
tonkinensis NAC transcription factors, a phylogenetic
tree was established using the NAC protein sequences
from S. tonkinensis and A. thaliana. All members from
both species were categorized into 15 subgroups that
were designated as C1-15, respectively (Fig. 2). Homolo-
gous pairs, showing close phylogenetic relationships,
were identified and clustered together. This classification
into subgroups, based on evolutionary relationships to A.
thaliana, offered insights into the potential functions of
these StNAC genes [5]. The results indicated that SENAC
proteins were distributed across all 15 subgroups, sug-
gesting that S. tonkinensis did not experience significant
NAC gene loss. The number of SENAC genes in each sub-
group ranged from 2 to 10. The C11 subgroup had the
largest number of members, while the C2/5 subgroups
had only 2 StNAC genes each. The clustering of multiple
NAC proteins from the same species likely results from
segmental duplication events in their genomes [24].

Page 5 of 18

Structural analysis of the StNAC gene family

The conserved regions within the 85 SENAC genes were
delineated through multiple sequence comparisons
(Fig. S1 and Fig. 3). The analysis revealed a high degree
of conservation at the N-terminal, while the C-terminal
exhibited significant variability, consistent with previ-
ous findings. Five conserved domains were identified,
all located at the N-terminus, whereas no conserved
domains have been found in the vicinity of the C-termi-
nus. Examination of the conserved structural domains in
the 85 StNAC genes indicated that subdomains A, C, and
D were conserved, whereas subdomains B and E were
divergent. Detailed scrutiny showed that subdomains B
and E are not conserved in C12 sequences. The conserva-
tion of subdomains A, C, and D suggests their essential
role in the function of NAC gene family, while the vari-
ability in subdomains B and E may reflect unique features
of specific NAC genes.

Motif 2 + 8, motif 4, motif 1, motif 5 + 3, and motif 6
correspond to subdomains A, B, C, D, and E of the con-
served domain in NAC transcription factor, respec-
tively (Fig. 3B and Fig. S2). Analysis indicated that most
conserved motifs were concentrated in the N-terminal
region of the NAC domain, underscoring their sig-
nificance in StNAC genes function. Frequent motifs,
including motifs 2/3/5/6/8, appeared across nearly all
subgroups from C1 to C14, which highlights their impor-
tance. Conversely, motifs 7/9/10/11/13/15, found only in
subgroups C3/9/10, suggested newly emerged structural
domains with potentially specialized functions. Overall,
motifs within the same subgroups generally shared simi-
lar compositions and arrangements, which may correlate
with the specific functions of these subgroups.

To elucidate the evolutionary dynamics of NAC genes
in S. tonkinensis, DNA sequences were compared, and
the exon-intron organization within the open read-
ing frames of StNAC genes was examined (Fig. 3C). The
number of introns in StNAC genes ranged from 1 to 7,
with 57 StNAC genes had 2 introns, which represented
the majority of the identified genes (67.06%). Conversely,
StNAC71, featuring 8 introns, constituted the smallest
proportion (1.18%) (Table S3). Members within the same
evolutionary branch generally exhibited a conserved
number of introns. For instance, all SENAC genes in sub-
groups C9/10/11/12/14/15 each contained 2 introns. In
contrast, subgroup C2 ranged from 1 to 4 introns, sub-
group C5 varied from 5 to 6 introns, and other subgroups
displayed a broader range from 1 to 7 introns (Fig. 3 and
Table S3). Overall, StNAC genes within the same branch
shared similar exon-intron structures and motif com-
positions. This structural and compositional variability
among branches suggested that the evolutionary diver-
gence and specialization of SEINAC genes likely occurred
early in the evolution of S. tonkinensis.
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Cis-elements analysis of StNAC genes

A 2000 bp genomic sequence upstream of the transcrip-
tion start sites (TSS) of StNAC genes was analyzed to
predict cis-acting elements. This analysis identified 3,010
cis-elements, averaging 35 elements per StNAC gene.
These elements were predominantly associated with phy-
tohormone responsiveness (1,006), stress response (740),
light responsiveness (926), and plant growth and develop-
ment (102) (Fig. 4 and Table S4). Furthermore, integrated

analysis of cis-regulatory elements and expression data
revealed that the promoter regions of StNACS58/61—
genes significantly negatively correlated with genistin
accumulation—harbor the MBSI cis-acting element, a
MYB-binding site implicated in flavonoid biosynthetic
regulation. This suggested that SINAC58/61 may act as
negative regulators of genistin biosynthesis. Additionally,
green tissue-specific promoters were found to predomi-
nantly contain multiple light-responsive elements (LREs),
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including G-box, GT1 motif (or GATA motif), AT-rich  which showed seed-specific expression, contained char-
elements, and Z-box, which are critical for transcrip- acteristic cis-regulatory motifs such as the GCN4 motif
tional regulation. In this study, SEINAC#4 (highly expressed  or RY motif, both associated with seed-specific promoter
in stems) contained 6 G-box motifs, while SEINAC61 har-  activity.

bored 6 GT1 motifs. Leaf-preferential SENAC genes, par-

ticularly SEINACI7, exhibited abundant LREs, with five

G-box and three GT1 motifs. Notably, SEINAC29/24/33,
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Fig. 4 Cis-elements analysis of NAC genes in S. tonkinensis. The color of the box from yellow to green signifies the number of cis-acting elements, and the
different colored modules on the left side denote the different classes of cis-acting elements

Prediction of amino acid transmembrane structure and
hydrophobicity analysis of StNAC genes

Prediction of the transmembrane structures for the 85
StNAC genes revealed that only SZNAC3 possessed a
transmembrane domain. This domain, which spanned
residues 583-599 in the amino acid sequence, was situ-
ated exclusively within the C-terminal region and com-
prised 17 amino acids. The remaining StNAC genes
lacked transmembrane structures (Fig. S3). The hydro-
philicity index ranged from - 1.127 to -0.337, with a
lower value indicating greater hydrophilicity. Notably,
StNACS1 exhibited the highest hydrophilicity among the
StNAC genes (Table S1).

Secondary and tertiary structure analysis

The secondary structure of StNAC proteins was ana-
lyzed using the SOPMA online program, revealing
that the StNAC gene family predominantly consisted of
a-helices, extended strands, -turns, and random coils.
Random coils were most prevalent, ranging from 43.35%
(StNAC64) to 72.05% (StNAC48). The proportion of
a-helices varied between 11.40% (StNAC56) and 29.95%
(StNACS). Extended strands were present at 8.18%
(StNAC69) to 28.32% (StNACS80), while 5-turns ranged
from 1.32% (StNAC16) to 9.68% (StNAC19). Among the
85 StNAC members, 18 exhibited a structure ratio of

random coil > extended strand > «-helix > S-turn, includ-
ing StNAC6/10/11/15/19. The remaining 67 members
had a structure ratio of random coil > a-helix > extended
strand > B-turn, indicating that side-chain interactions
significantly influenced StNAC proteins (Fig. S4 and
Table S5).

The tertiary structure of the StNAC proteins was pre-
dicted using Swiss-model, and the family was categorized
into six groups (A-F). Group E contained 45 members,
group D had 14, and group A included 8 members, while
groups B/C/F each had 6 members. Overall, SEINAC gene
family members predominantly displayed random coils,
with other structural elements distributed throughout,
aligned with secondary structure predictions (Fig. S5).

Analysis of gene duplication in StNAC genes

Gene duplication plays a key role in the evolutionary pro-
cesses of organisms, providing a foundation for physiolog-
ical and morphological variations in plants [25] The study
demonstrated that both segmental duplication/whole
genome duplication (SD/WGD) and tandem duplication
(TD) play crucial roles in gene expansion and functional
differentiation across multiple gene families [26].
explore tandem duplications within the NAC gene family
of S. tonkinensis, sequence comparisons were employed
to identify such duplications (Fig. 5). Analysis revealed
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Fig.5 Collinearity analysis of the NAC gene family in S. tonkinensis. Gray lines indicate all homozygous blocks in the genome. Segmental repeats of NAC
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that 8 SEINAC genes (9.41%, forming 4 gene pairs) under-
went TD events, while 45 genes (52.94%, comprising 32
gene pairs) experienced SD events, indicating SD as the
primary driver for SENAC family expansion. Subsequent
investigation of expression patterns in various S. tonki-
nensis tissues showed that among 32 segmentally dupli-
cated gene pairs, four pairs (StENAC23/28, StINAC24/33,
StNAC11/28, and StNACS56/6) exhibited similar expres-
sion profiles in roots, stems, leaves, and seeds, suggest-
ing post-duplication functional redundancy. Notably, two

tandemly duplicated pairs (StNAC7/8 and StNAC46/47)
displayed divergent expression patterns, with StNAC46
showing peak expression in leaves versus SINAC47’s
preferential expression in roots, potentially indicative of
neofunctionalization. The remaining tandem pairs main-
tained comparable expression profiles, possibly implying
subfunctionalization. These observations collectively sug-
gest that successive duplication events in StNAC genes
may facilitate functional specialization through redun-
dancy, neofunctionalization, and subfunctionalization.
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Furthermore, all duplicated gene pairs exhibited Ka/Ks
ratios < 1, demonstrating strong purifying selection pres-
sure acting on SEINAC genes (Table S6).

Co-linearity analysis of NAC genes between genomes

To elucidate the evolutionary relationships of NAC gene
families across different species, a comparative isobaric
map was constructed for S. tonkinensis and A. thaliana
(Fig. 6 and Table S7). This analysis revealed 79 homolo-
gous NAC gene pairs between the two species. Addition-
ally, 20 StNAC genes were identified as being associated
with at least two homologous gene pairs, indicating their
potential significance in the evolution of the NAC gene
family.

Expression of StNAC genes in different tissues

Expression profiles of StNAC genes across four differ-
ent tissues were analyzed using publicly available RNA-
seq data (Fig. 7). Results indicated that 78 SEINAC genes
were highly expressed in at least one tissue. The highest
expression levels were observed in stems (49 genes), fol-
lowed by roots, leaves, and seeds, suggesting their poten-
tial role as key regulators in root development. It was also
noted that SEINAC29 and StNAC33 exhibited significantly
high expression in seeds, which correlated with the pres-
ence of a single RY element in their promoter regions.
StNAC35/30/65/25 showed the highest expression in
roots, highlighting their involvement in root develop-
ment. Additionally, six genes (StNAC8/50/59/18/41/3)
were prominently expressed in stems and leaves, while
seven genes (SINAC5/34/27/72/51/68/67/28) were nota-
bly expressed in both roots and stems. These tissue-
specific StNAC genes present promising candidates for
further functional studies to elucidate their regulatory
roles.

Correlation analysis of the StNAC genes

To better characterize the upstream regulatory NAC
genes involved in alkaloid and flavonoid biosynthesis,
correlation analysis was performed using RNA-Seq data
and metabolite content. Significant correlations were
observed between NAC gene expression and the contents
of matrine, oxymatrine, genistin, genistein, and trifolirhi-
zin (Fig. 8). Specifically, SINAC77 and StNACS81, which

AtChr1 AtChr2

AtChr3
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exhibited strong associations with matrine content, were
highly expressed. Three genes significantly correlated
with oxymatrine were specifically highly expressed in the
seeds of S. tomnkinensis, including StINAC24, StNAC33,
and SINACS83. Additionally, the significant expression of
StNAC32, StNAC46, and SENAC79 was strongly corre-
lated with genistein concentration.

Expression analysis of the StNAC genes by qRT-PCR

The expression of StNAC genes involved in alkaloid
and flavonoid biosynthesis was analyzed by examining
their expression in four different tissues (Fig. 9). Most
genes linked to oxymatrine content, including SENAC83,
StNAC24, and StNAC33, exhibited high expression spe-
cifically in the seeds of S. tonkinensis, and aligned with
the RNA-seq data. Equally, the gene StNAC32, which
showed a strong correlation with genistein concentration,
were notably expressed in stem and leave. Conversely,
genes linked to matrine content, including S¢eNAC77 and
StNACS81, exhibited high expression specifically in the
stem and seed. Yet, the trend of StNAC81 expression lev-
els in root and leave was not consistent with the RNA-
seq results. SINAC79 and StNAC46 were remarkably
expressed in stem and seed, respectively, which also did
not agree with the RNA-seq results. Potential reasons for
these discrepancies may include sample preparation vari-
ability, sequencing depth limitations, and experimental
deviations.

Discussion

The NAC gene family represents one of the most exten-
sive groups of plant transcription factors, playing vital
roles in various processes including plant nutrition, sec-
ondary metabolite synthesis, responses to biotic and
abiotic stresses, and hormone signaling pathways [24,
27-29]. This research aims to characterize and thor-
oughly analyze the NAC gene in S. tonkinensis. The
results of the analyzed physicochemical properties dem-
onstrate that SENAC genes varied in amino acid sequence
length, molecular weight, and isoelectric point. That
reflected the flexibility and functional diversity of SENAC
genes. The subcellular localization of proteins provides
essential insights into their functional mechanisms. In
this study, computational tools were employed to predict

AtChr4 AtChr5

StChr1 StChr2 StChr3

StChr4

[ ]
StChrb StChré StChr7 StChr8 StChr9

Fig. 6 Collinearity analysis of the NAC gene family between S. tonkinensis (StChr1-StChr9) and A. thaliana (AtChr1-AtChr5). Gray lines indicate co-lined
blocks within the S. tonkinensis and A. thaliana genomes, and red lines highlight co-lined NAC gene pairs between the S. tonkinensis and A. thaliana
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the localization of StNAC proteins. Notably, these predic-
tions are inherently limited by their inability to account
for dynamic cellular processes, protein interactions,
or post-translational modifications that may influence
localization [30-32]. To conclusively determine StNAC
protein localization, experimental validation through
methods such as GFP fusion assays or immunohisto-
chemical microscopy remains indispensable, as demon-
strated in analogous studies of plant transcription factors
[33]. Such approaches will strengthen the foundation for
investigating StNAC functions and interaction networks.
The number of NAC transcription factor genes varies
significantly across species. 85 SEINAC genes were identi-
fied in the S. tonkinensis genome, a number comparable
to Ammopiptanthus mongolicus (86), Dendrobium nobile
(85), and Salvia miltiorrhiza (84) [24, 34, 35]. It is specu-
lated that they may share some degree of similarity in the
regulation of gene expression. Meanwhile, phylogenetic
analysis of S. tonkinensis and A. thaliana categorized 85
StNAC genes into 15 subgroups (C1-C15) following the
A. thaliana NAC protein classification framework. This
subgroup organization aligns with the evolutionary pat-
terns observed in A. mongolicus (15 subgroups) [24], but
diverges from classifications reported in S. miltiorrhiza (9
subgroups) [35]. These interspecies discrepancies in sub-
group numbers likely reflect a conservation and differ-
entiation characteristics of NAC genes among different
species. A total of 79 homologous gene pairs were iden-
tified between S. tonkinensis and A. thaliana, indicating

a strong resemblance and close evolutionary relationship
between these gene pairs. Despite this similarity, SEINAC
genes displayed considerable variability in physicochemi-
cal properties and uneven chromosome distribution,
consistent with observations in A. mongolicus, D. nobile
and S. miltiorrhiza (24, 34, 35].

The NAC domain governs DNA-binding activity at the
N-terminus and plays pivotal roles in plant-pathogen
interactions, stress adaptation, and critical physiological
processes [36]. Structural studies reveal that the highly
conserved subdomains C and D harbor nuclear localiza-
tion signals and mediate promoter-specific DNA binding,
forming the core functional module for transcriptional
regulation [5, 37]. This implies that conserved motifs
within these subdomains (e.g., motif 1, motif 5, and motif
3) may facilitate recognition of shared cis-regulatory ele-
ments. In contrast, subdomains B and E exhibit lower
sequence conservation, contributing to functional diver-
sification of NAC transcription factors [38]. Subdomain
E, in particular, has been implicated in developmen-
tal stage modulation and tissue specificity [5]. Notably,
motif 6 within subdomain E of StNAC46 may play essen-
tial roles in growth regulation. Subdomain A facilitates
protein dimerization, with both homo- and heterodi-
merization documented across species [4, 39, 40]. For
instance, heterodimer formation between ONAC127 and
ONAC129 in rice is critical for seed development, as evi-
denced by nuclear colocalization via bimolecular fluores-
cence complementation [41]. Similarly, the A subdomain
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of TsNAC1 from Thellungiella salsuginea interacts with
the zinc-finger domain of TsHD1 to enhance thermo-
tolerance, demonstrating evolutionary conservation of
dimerization mechanisms [42]. These observations sug-
gest that motifs 2 and 8, associated with subdomain A,
mediate functional dimerization among StNAC proteins
or with interacting partners. The C-terminal transcrip-
tional regulatory domain (TRD) displays remarkable
sequence divergence across species, driving a trans-acti-
vation region [38, 43]. Most StNAC genes possesed two
introns and three exons, with members within the same
phylogenetic branch exhibiting similar exon numbers.
This structural similarity aligns with NAC genes in Oat
and Eucommia ulmoides [44, 45], suggesting that the
genetic composition of the NAC gene family in S. tonki-
nensis mirrors that of previously studied species.

Gene duplication acts as a pivotal mechanism in plant
evolution, generating genetic diversity that serves as raw
material for functional innovation [26]. This process can
occur through multiple mechanisms, including WGD,
TD, and SD, each contributing distinctively to gene fam-
ily expansion [26]. In S. tonkinensis, the prevalence of SD
over TD as the primary driver of StNAC family expan-
sion (45 genes vs. 8 genes; Table S6) aligns with obser-
vations in other plant gene families, where segmental
duplication events often provide raw material for evolu-
tionary novelty [24, 44, 46]. The retention of duplicated
StNAC genes under strong purifying selection (Ka/Ks <
1) suggests selective constraints to preserve ancestral
functions, while their divergent expression profiles (e.g.,
StNAC46/47 in leaves vs. roots) exemplify evolution-
ary trajectories to escape redundancy. Following dupli-
cation, genes may undergo distinct evolutionary fates,
one copy retains the original function, while the other
accumulates mutations leading to neofunctionalization
or partitions ancestral roles through subfunctionaliza-
tion [47]. For instance, in Populus euphratica, duplicated
laccase genes (LACs) exhibit functional redundancy in
post-translational modifications but diverge in stress-
responsive roles under salinity [48]. Similarly, in Populus,
for tandem duplication clusters containing three genes
(PNACO020/022, PNAC033/035, PNACI141/143), the
expression patterns of two membersare nearly identical,
while the third member exhibits significant diversifica-
tion, which may indicate neofunctionalization [49]. In S.
tonkinensis, the coexistence of redundant (StNAC23/28)
and divergent (SEINACS58/18) gene pairs within the same
family aligns with the “birth-and-death” model of gene
family evolution [50]. Genes after tandem duplication
usually behave in a genealogically specific manner com-
pared to segmentation and whole genome duplication
[51]. This can be confirmed in the phylogenetic results
of the tandem duplication genes in this study, where
StNAC7/8, SINAC44/45, SINAC46/47, and SINAC67/68
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are located in the same set of sub-branches, respectively.
The results were the same for genes with segmental
duplications.

Genes within the same subgroup often exhibit simi-
lar biological activities and functions [24, 44]. The 85
StNAC genes were classified into 15 subgroups, each
characterized by analogous gene structures and motif
arrangements. The functional roles of NAC genes in S.
tonkinensis can be inferred from their A. thaliana homo-
logs, providing a basis for further functional studies.
Members within the same evolutionary branch tend to
have highly specific protein sequences and similar func-
tions. NAC and MYB transcription factors constitute a
transcriptional regulatory network for secondary wall
biosynthesis in ducts and fibers, in which ANAC043,
ANACO066, and ANACO12 act as master switches in this
regulatory network as these factors co-regulate second-
ary cell wall biosynthesis in stem fibers [52—54]. Con-
sequently, StNACI12/76/14 from the C12 subgroup are
likely involved in secondary wall synthesis in S. tonkinen-
sis roots. The NAC triad AtNAC017, AtNAC082 (C8),
and AtNAC090 (C6) negatively regulate leaf senescence
by modulating salicylic acid levels and reactive oxygen
species [55]. Similarly, StNAC58/18/2/3/27/37 from
the C6 and C8 subgroups may possess analogous func-
tions. Furthermore, ANACO019 (AT1G52890), ANACO055
(AT3G15500), and ANAC072 (AT4G27410) from the
C10 subgroup are induced by drought, high salinity, and
abscisic acid (ABA) [56]. Thus, it is hypothesized that
StNAC25/35/29/21/75/34 within the same subgroup are
likely drought- and salt-responsive genes, playing a piv-
otal role in the survival of S. tonkinensis under adverse
environmental conditions.

Cis-elements in gene promoters are crucial for regu-
lating gene expression by serving as binding sites for
transcription factors [57]. Analysis of 2000 bp promoter
regions identified 3,010 cis-elements (average 35 per
gene), predominantly linked to light responsiveness
(30.76%), phytohormone signaling (33.43%), stress adap-
tation (24.58%), and developmental processes (3.39%)
(Fig. 4). Light-responsive elements (G-box, GT1, Z-box)
were relatively abundant, suggesting light quality/quan-
tity may dynamically regulate SENAC expression. For
instance, SENAC4 (stem-specific) and StNAC17 (leaf-
preferential) harbored six G-box and three GT1 motifs,
respectively, aligning with their tissue-specific expres-
sion [58]. Phytohormone-related elements included
ABA, GA, MeJA, and auxin response motifs, consistent
with NAC-mediated hormonal regulation reported in
Scutellaria baicalensis Georgi, Haloxylon ammoden-
dron, and cotton [59-61]. Notably, SINAC58/61, nega-
tively correlated with genistin accumulation, contained
MBSI motifs-MYB-binding sites implicated in flavo-
noid repression-supporting their role as regulators of
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secondary metabolism [62]. Tissue-specific promot-
ers further revealed functional specialization: SENAC29
(seed-expressed) carried RY motifs associated with seed
development, while StNAC50/59 (stem/leaf-expressed)
featured G-box/GT1 elements driving green tissue
expression [63]. Additionally, several cis-acting elements
related to abiotic stress responses [64], such as LTR,
MBS, GATA-motif, TGACG-motif, CGTCA-motif, and
ARE, were identified in the SEINAC promoters. These
findings suggest that SENAC genes likely play a role in
the biotic stress resistance mechanisms of S. tonkinen-
sis. These findings collectively highlight how StNAC cis-
element diversity underpins their roles in environmental
adaptation and organ-specific regulation.

The material basis of the pharmacological efficacy of S.
tonkinensis is mainly alkaloids and flavonoids. NAC tran-
scription factors play important regulatory roles in the
biosynthesis of plant alkaloids and flavonoids [7, 65-67].
In order to investigate the effect of SENAC gene on alka-
loid and flavonoid biosynthesis, a correlation analysis
expression heatmap was constructed, including matrine,
oxymatrine, genistin, genistein, and trifolirhizin. We
found significant correlations between 8 StNAC genes
and these metabolites. Specific compounds correspond to
related these genes with some similarity in gene structure
and promoters, such as StNAC24/33/83, with the same
conserved motifs and number of introns. Promoter anal-
ysis showed that they all contain cis-acting elements in
response to JA and ABA, signifying that the expression of
these SEINAC genes may be induced by both ABA and JA.
To determine whether the eight SENAC genes identified
in our study similarly promote alkaloid and flavonoid bio-
synthesis or contribute to tissue specificity in S. tonkinen-
sis, we verified their expression levels. Interestingly, the
flavonoid-related genes StNAC32/46/81,all of them were
highly expressed in the aboveground parts of S. tonkinen-
sis, namely, SEINAC32 was efficiently expressed in leaves,
StNAC46 was significantly expressed in tissues other
than roots, and StNAC79 was expressed at significantly
higher levels in stems and leaves than in roots and seeds.
Comparatively, the tissue expression specificity of genes
related to alkaloid synthesis was more restricted, with the
oxymatrine-related genes StNAC24/33/83, all of which
were strongly expressed in the seeds, and the matrine-
related genes StNAC77/81, which were prominently
expressed in the stems and leaves. Besides, the results
for the three genes StNAC46, StNAC79, and StNACS81
were contradicted between RNA-seq and qPCR. The dis-
crepancies in StNAC46, StNAC79, and SENACS81 expres-
sion levels between RNA-seq and qPCR likely stem from
methodological divergence and biological variability.
RNA-seq captures genome-wide transcript abundance,
while qPCR quantifies localized expression of specific
isoforms, leading to inherent sensitivity differences [68,
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69]. Technical factors such as RNA extraction protocols
(e.g., column-based vs. TRIzol), RNA integrity (RIN), and
degradation effects may bias RNA-seq toward truncated
transcripts but minimally impact qPCR targeting short
amplicons [70, 71]. Biological variability—including tis-
sue sampling precision (bulk vs. cell-specific), temporal
fluctuations (e.g., diurnal rhythms), or delayed post-har-
vest processing—could further amplify discrepancies,
particularly for transiently expressed genes [72, 73]. Nor-
malization approaches also contribute: RNA-seq relies
on global methods (e.g., FPKM) to adjust for sequencing
depth, whereas qPCR depends on reference genes (e.g.,
Actin) whose instability under experimental conditions
may skew results [68, 69, 74—77]. To enhance consistency,
appropriate standardized methods can be used, technical
replications can be performed, and experimental setups
can be carefully considered.

Generally speaking, specific compounds correspond to
related these genes with some similarity in gene struc-
ture and promoters. Overexpression of ANAC078 in A.
thaliana significantly upregulated the transcript levels
of flavonoid biosynthesis genes, such as AtPAPI, AtCHS,
AtCHI, and AtF3H [78]. StNAC32/46/79 identified in this
study exhibited sequence identities of 47.4%, 41.6%, and
44.4% with ANACO7S, respectively, based on full-length
coding sequence alignment. Notably, these identities are
higher than those previously reported for MdNAC42
[79]. This suggests that StNAC32/46/79 may be novel
members of the NAC gene involved in the regulation of
flavonoid synthesis. However, research on the regulation
of NAC genes in alkaloid biosynthesis is very limited.
Fortunately, functional predictions of SINAC genes can
be strengthened through targeted experimental valida-
tion. To identify interacting proteins, yeast two-hybrid
screening or co-immunoprecipitation (Co-IP) assays
could be applied, as demonstrated in studies of Haloxylon
ammodendron HaNAC1 and OsNACO016 in rice, which
revealed interactions with stress-responsive kinases
and transcription factors [80, 81]. Overexpression or
CRISPR-Cas9-mediated knockdown of StNAC genes in
S. tonkinensis hairy root cultures or heterologous systems
like Nicotiana benthamiana could directly assess their
roles in genistin biosynthesis. For example, transient
overexpression of AANAC20 (linked to early-bolting) fol-
lowed by comparative transcriptomics would clarify its
regulatory impact on lignin and coumarin pathways [82].
Phenotypic consequences of SENAC manipulation could
be evaluated under abiotic stress (e.g., drought, salin-
ity) using established protocols for NAC gene functional
analysis in model plants [83, 84]. Additionally, promoter-
GUS fusions or tissue-specific RNA-seq in transgenic
lines may uncover developmental roles, as shown for
VND?7 in xylem differentiation [85]. In the future, we will
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implement these approaches to address S. tonkinensis-
specific biosynthetic networks.

Conclusions

In this study, 85 SENAC genes were systematically identi-
fied within the S. tonkinensis genome, displaying uneven
distribution across nine chromosomes. Phylogenetic
analysis classified these SENAC genes into 15 distinct sub-
groups. Comprehensive analyses of gene structure, motif
organization, chromosomal localization, duplication
events, evolutionary relationships, cis-acting elements,
and tissue-specific expression patterns were performed.
Notably, eight SENAC genes exhibited significant expres-
sion profiles in secondary metabolic pathways linked
to alkaloids (matrine and oxymatrine) and flavonoids,
implying their potential regulatory roles in the biosyn-
thesis of these bioactive compounds in S. fonkinensis.
The consistently high expression of five SINAC genes
(SINAC24, SEINAC32, StNAC33, StNAC77, and SEINAC83)
in relevant tissues may support their involvement in
modulating these pathways. Future research should focus
on a detailed functional characterization of StNAC genes
to elucidate their molecular mechanisms in alkaloid and
flavonoid biosynthesis in S. tonkinensis. These findings
provides novel insights for advancing the understanding
of SEINAC gene functions in secondary metabolism.
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