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Abstract: Background: The NAC transcription factor family of genes is one of the largest
families of transcription factors in plants, playing important functions in plant growth and
development, response to adversity stress, disease resistance, and hormone signaling. In
this study, we identified the number of members of the Panax notoginseng NAC (PnNAC)
gene family and conducted a comprehensive analysis of their physicochemical characteris-
tics, chromosomal location, evolutionary features, and expression patterns both in different
parts of the plant at different growth stages and in response to infection by Alternaria panax.
Methods: The NAC gene family in P. notoginseng was identified using Hidden Markov
Model (HMMER) and National Center of Biotechnology Information Conserved Domain
Database (NCBI CDD), and their physicochemical properties were analyzed with Perl
scripts. Phylogenetic relationships were determined using Clustal Omega and FastTree,
and gene structures were visualized with an R script. Promoter regions were analyzed
with PlantCARE, motifs with MEME and ggmotif, and transcriptome data were processed
using Hical Indexing for Spliced Alignment of Transcripts (HISAT2) and HTseq. Results:
This study identified 98 PnNAC genes in P. notoginseng, analyzed their characteristics (pro-
tein lengths 104–882 aa, molecular weights 11.78–100.20 kDa, isoelectric points 4.12–9.75),
location (unevenly distributed on 12 chromosomes, no tandem repeats), evolution, and
expression patterns (distinct in different parts, growth stages, and after A. panax infec-
tion). Conclusions: PnNAC plays an important role in the growth and development of
P. notoginseng and in its response to A. panax. PnNAC could be a candidate gene for further
research on and functional analysis of P. notoginseng disease resistance.
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1. Introduction
P. notoginseng (Burk.) F.H. Chen, a valuable traditional Chinese medicinal herb be-

longing to the Araliaceae family, is primarily distributed in the Wenshan Prefecture of
Yunnan Province and the Baise region of Guangxi [1,2]. With a long history of medici-
nal use in China, P. notoginseng is commonly employed for hemostasis, pain relief, and
anti-swelling and can be formulated into various preparations, such as capsules, powders,
and injections [3–6]. However, during its growth, P. notoginseng is subjected to various
diseases and stresses [7–11], which significantly threaten its growth and result in substantial
economic losses.
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Numerous studies have indicated that NAC transcription factors are involved in
regulating plant growth and development, stress responses, disease resistance, and hor-
mone signaling [12,13]. NAC transcription factors act as “molecular switches” during
plant growth and development. Evans et al. [14] discovered through gene knockout tech-
niques that GhNAC20 in cotton positively regulates leaf senescence, and overexpression of
GhNAC20 can effectively delay leaf aging. During growth, plants frequently encounter en-
vironmental stresses such as drought, high temperatures, and low temperatures, and NAC
transcription factors play a crucial role in plant responses to these stresses. Mao et al. [15]
utilized transgenic technology to demonstrate that the wheat NAC transcription factor
TaNAC67 positively regulates wheat’s responses to drought, low temperature, and high
salinity stresses. In addition to abiotic stresses, plants also face numerous biotic stresses
from pathogens such as bacteria, fungi, viruses, and nematodes, and the NAC transcription
factor family has significant functions in plant responses to biotic stress. Chen et al. [16]
found that the NAC transcription factor HvNAC6 in barley is positively regulated by ABA,
thereby affecting barley’s resistance to powdery mildew. Throughout all growth stages,
plant hormones influence plant development, and NAC transcription factors can regulate
this process by modulating plant hormones such as ABA or GA. Shen et al. [17] cloned the
NAC transcription factor OsNAC2 from rice and found that overexpression of OsNAC2
reduces the resistance of rice plants to salt and drought stresses, resulting in decreased
yield under drought conditions. This was attributed to OsNAC2’s ability to directly bind
to the promoter of the protein kinase gene OsSAPK1, thereby inhibiting the expression
of the ABA signaling pathway-related gene LEA3. Therefore, it is likely that the NAC
transcription factor gene family in P. notoginseng also plays an essential role in its growth
and stress resistance.

Although the NAC gene family has been reported in various plants, including its
closely related species Panax ginseng [18], there has been no report on the distribution,
function, and structure of the NAC transcription factor gene family in P. notoginseng. Thus,
this study employs bioinformatic analysis to comprehensively examine the number of NAC
transcription factor gene family members, their physicochemical properties, chromosomal
localization, evolutionary relationships, and their response patterns at different growth
stages and during infection by the black spot disease pathogen. This research lays the foun-
dation for further investigations into the functions of the NAC gene family in P. notoginseng.

2. Materials and Methods
2.1. Identification of the NAC Gene Family Members in P. notoginseng

The whole genome sequence, protein sequences, and annotation files of P. notoginseng
were provided by Yang et al. [19]. The HMM file for the NAC transcription factor family
(PF02365) was downloaded from Pfam (http://pfam.xfam.org/family/ accessed on 3
March 2025) [20]. The HMMER3 software [21] was utilized to align the protein sequences
of P. notoginseng against the HMM file, with a threshold of 1 × 10−5 for screening the
alignment results. Corresponding gene protein sequences were extracted, and sequences
located outside chromosomes 1 to 12 were removed. After eliminating duplicates, the
sequences were submitted to the NCBI CDD website (https://www.ncbi.nlm.nih.gov/cdd/
accessed on 3 March 2025) for protein structure prediction. Genes containing the NAC
conserved domain were identified as members of the P. notoginseng NAC gene family.
The gene identifiers were renamed according to their order on the chromosomes and
their positions.

http://pfam.xfam.org/family/
https://www.ncbi.nlm.nih.gov/cdd/
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2.2. Prediction and Analysis of the Physicochemical Properties of P. notoginseng NAC Proteins

Using laboratory-developed Perl scripts, the length, molecular weight, and isoelectric
point of the identified NAC gene family members in P. notoginseng were analyzed.

2.3. Phylogenetic Analysis of the P. notoginseng NAC Gene Family

To verify the phylogenetic relationships of the NAC gene family in P. notoginseng, pro-
tein sequences were subjected to multiple sequence alignments using Clustal Omega
v1.2.2 [22]. Subsequently, a phylogenetic tree was constructed using the FastTree 2
software [23] with default parameters. The phylogenetic tree was visualized using the
R package ggtree [24].

2.4. Gene Structure Analysis of the P. notoginseng NAC Gene Family

Annotation information for the NAC gene family members was extracted from the
GFF3 annotation file of the P. notoginseng genome. The gene structure was visualized using
a laboratory-developed R script.

2.5. Promoter Analysis of the P. notoginseng NAC Gene Family

Promoter regions (upstream 1500 bp) of the NAC gene family members were extracted
from the whole genome sequence of P. notoginseng. The types, quantities, and functions of
cis-acting elements were analyzed using the PlantCARE database (https://bioinformatics.
psb.ugent.be/webtools/plantcare/html/ accessed on 3 March 2025) [25].

2.6. Motif Analysis of the P. notoginseng NAC Gene Family

Motif analysis of the P. notoginseng NAC gene family was conducted using the
MEME software (https://meme-suite.org/meme/ accessed on 3 March 2025) [26] with
the parameters: -nostatus -time 18,000 -maxsize 6,000,000 -mod anr -nmotifs 10 -minw
6 -maxw 100. Motifs were extracted and visualized using the R package ggmotif v.0.2.1
(https://cran.r-project.org/web/packages/ggmotif/index.html accessed on 3 March 2025).

2.7. Transcriptome Data Processing

Raw data for the expression analysis of the P. notoginseng NAC gene family were
downloaded from the NCBI SRA database. The HISAT2 software v2.2.1 [27] was used to
construct an index for the P. notoginseng genome, and then the transcriptome data were
aligned to the reference genome. The aligned SAM format files were sorted into BAM files,
and the HTseq software v2.0.3 [28] was utilized to extract the Counts values for each gene.
Finally, a laboratory-developed R script was employed to convert the Counts values into
FPKM values.

3. Results and Analysis
3.1. Identification of the P. notoginseng NAC Gene Family

Based on the results from HMMER, a total of 98 NAC gene family members were
identified in P. notoginseng. They were named PnNAC1 to PnNAC98 according to their
relative positions on the chromosomes. These 98 genes were unevenly distributed across
12 chromosomes (Figure 1). Specifically, there are 16 NAC gene family members on chro-
mosome 1, while only one member is found on chromosome 11. Most of these NAC gene
family members are located at the ends of the chromosomes. The protein lengths of the
98 NAC gene family members range from 104 to 882 amino acids, with molecular weights
varying from 11.78 to 100.20 kDa. Among them, PnNAC91 has the longest protein length at
882 amino acids and a molecular weight of 100.20 kDa; PnNAC44 and PnNAC88 have the
shortest protein lengths, both at 104 amino acids, with molecular weights of 11.78 kDa and

https://bioinformatics.psb.ugent.be/webtools/plantcare/html/
https://bioinformatics.psb.ugent.be/webtools/plantcare/html/
https://meme-suite.org/meme/
https://cran.r-project.org/web/packages/ggmotif/index.html


Genes 2025, 16, 320 4 of 12

11.97 kDa, respectively. Of the 98 NAC gene family members, 42 genes have an isoelectric
point greater than 7, while 56 genes have an isoelectric point less than 7. The range of
isoelectric points is from 4.12 to 9.75 (Table 1).
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Table 1. Physicochemical properties of the NAC gene family of P. notoginseng.

Max Median Mean Max

Length (AA) 104.00 344.00 357.00 882.00
Molecular weight (kDa) 11.78 38.73 40.70 100.20

IS 4.12 6.52 6.54 9.75

3.2. Phylogenetic Analysis of the P. notoginseng NAC Gene Family

To better understand the phylogenetic relationships of the NAC gene family in
P. notoginseng, the full-length protein sequences of the 98 NAC gene family members were
aligned using the Clustal Omega software. A phylogenetic tree was constructed using
FastTree (Figure 2), and the tree was visualized with the NAC domain sequences of each
gene using ggtree. The NAC gene family in P. notoginseng is distributed across multiple
subfamilies. Interestingly, there is a notable chromosomal preference observed within the
NAC gene family, as members located on the same chromosome tend to exhibit higher
similarity. For instance, PnNAC49, which belongs to the NAC gene family on chromosome 5,
is more closely related to members of the NAC gene family on chromosome 4, with similar
cases observed for PnNAC77, PnNAC88, and others. The 16 NAC gene family members
on chromosome 1 are distributed across four different branches, with PnNAC1 forming
a distinct branch, suggesting that PnNAC may have undergone a unique domestication
process during evolution.

Most NAC gene family members possess complete NAC domains; however, some
genes exhibit varying degrees of large fragment deletions. Specifically, nine NAC gene fam-
ily members—PnNAC44, PnNAC25, PnNAC65, PnNAC54, PnNAC23, PnNAC88, PnNAC90,
PnNAC95, and PnNAC14—show certain fragment deletions at their N-termini, while
PnNAC66, PnNAC69, and PnNAC77 display large fragment deletions at their C-termini.
These results indicate that the NAC gene family in P. notoginseng is diverse and exhibits
chromosomal preference during evolution, and that some NAC genes have undergone
significant fragment deletions throughout their evolutionary history.
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3.3. Gene Structure Analysis of the P. notoginseng NAC Gene Family

The structural analysis of the NAC gene family in P. notoginseng revealed that most
members contain introns, with only a few genes lacking introns (Figure 3). Genes such as
PnNAC90, PnNAC95, PnNAC97, PnNAC98, and PnNAC38 do not have any introns. Among
them, PnNAC10, which has the longest length, contains two introns, with the first intron
measuring 2.38 kb.
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3.4. Motif Analysis of the P. notoginseng NAC Gene Family

Motif analysis of the 98 members of the NAC gene family in P. notoginseng was con-
ducted using the MEME software (Figure 4). A total of 10 distinct motifs were identified
among the 98 NAC gene family members. The distribution of these 10 motifs is largely
consistent across the NAC genes, with Motif 3 present in 95 of the NAC gene family genes.
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Notably, PnNAC42, PnNAC43, and PnNAC92 each contain two instances of Motif 3. The
position of Motif 1 is relatively fixed in most genes. Apart from Motif 10, the other motifs
appear multiple times in certain genes. For instance, Motif 2 occurs twice in PnNAC58, and
Motif 8 appears twice in PnNAC90 (Figure 5).
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3.5. Analysis of Cis-Acting Elements in the Promoters of the P. notoginseng NAC Gene Family

To further investigate the functions of the NAC gene family in P. notoginseng, sequences
1500 bp upstream of the translation start sites of the NAC genes were extracted for cis-acting
element analysis. A total of 107 cis-acting elements were identified, which are associated
with light response, auxin response, gibberellin response, and methyl jasmonate response.
Given that P. notoginseng is a shade-loving plant, the analysis focused on cis-acting elements
related to light response, auxin response, and gibberellin response (Figure 6).
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Among the identified elements, the light response-related cis-acting elements include
Sp1, GT1-motif, 3-AF1 binding site, and AAAC-motif, which are distributed across 61
members of the NAC gene family. The gibberellin response-related cis-acting elements
include P-box and GARE-motif, found in 33 NAC gene family members. The auxin-related
cis-acting element is the TGA-element, present in 31 NAC gene family members. These
results suggest that the NAC gene family in P. notoginseng may play a significant role in
regulating the plant’s responses to light and hormonal stress.

3.6. Expression Pattern Analysis of the P. notoginseng NAC Gene Family

RNA-Seq analysis was conducted to investigate the expression patterns of the 98
members of the NAC gene family in P. notoginseng across different tissues, growth stages,
and under stress from the black spot disease (Figure 7). Overall, the expression of NAC
genes in P. notoginseng exhibits tissue specificity, with the highest expression levels found
in the stems, leaves, and flowers, while a cluster of genes in the roots also shows notable
expression specificity. The expression patterns of the 98 NAC gene family members vary at
different time points, with the highest expression observed during the 1/3-year period.
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Figure 7. Expression patterns of the P. notoginseng NAC gene family members at different sites, stages,
and in response to A. panax stress.

These results indicate that the expression of the NAC gene family in P. notoginseng
displays significant spatiotemporal specificity, suggesting that these genes play crucial
roles throughout the plant’s growth process. Following infection by the pathogen causing
black spot disease, the expression of NAC gene family members in P. notoginseng undergoes
significant changes, highlighting the important role of these genes in the plant’s response
to pathogenic invasion.

4. Discussion
NAC transcription factors are one of the largest gene families in plants, playing

important roles in regulating plant growth and development, responding to environmental
(biotic) stresses, and hormone signal transduction [12,29,30]. Studies have shown that
the number of NAC transcription factors varies across different species. Ooka et al. [31]
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identified 105 and 75 NAC transcription factor genes in Arabidopsis and rice, respectively;
Chen et al. [32] identified 114 NAC transcription factor genes in birch; Diao et al. [33]
found 104 NAC transcription factor genes in pepper; Singh et al. [34] identified 110 NAC
transcription factor genes in potato; and Liu et al. [18] found 89 NAC transcription factor
genes in the closely related species ginseng. However, the structural characteristics and
functions of the NAC transcription factor gene family in P. notoginseng remain unclear.
Therefore, this study comprehensively analyzed the physicochemical properties, structural
characteristics, and response patterns of the NAC transcription factor gene family in
P. notoginseng under infection by black spot disease at different growth stages.

A total of 98 PnNAC family members with conserved NAC transcription factor do-
mains were identified, which are similar to the number of NAC transcription factor genes
in ginseng but lower than that in most other plants where NAC transcription factor gene
family identification has been completed. This indicates that NAC transcription factor gene
families are widely present in plants and that plant evolution may influence the distribution
of these gene families. No tandem repeats were found among the members of the NAC
transcription factor gene family, which is consistent with Liu et al. [18], who also did not
observe tandem repeats among the NAC transcription factor members in ginseng. The
absence of tandem repeats may be a potential reason for the significantly lower number of
NAC genes in P. notoginseng and ginseng compared to other plants.

Cis-acting elements in the promoter regions of genes influence plant growth, devel-
opment, and stress responses. The promoter regions of the NAC transcription factor gene
family in P. notoginseng are rich in cis-acting elements related to hormone responses and
light responses. As P. notoginseng is a shade-loving plant [35,36], its response to light
is closely related to its growth, development, and stress responses. The light response-
related cis-acting elements in the promoter regions of the NAC gene family members
may play important roles in the plant’s responses to varying light conditions, warranting
further investigation.

In summary, this study utilized transcriptomic data to find that the expression patterns
of the NAC transcription factor gene family exhibit distinct characteristics at different
growth stages and in various tissues of P. notoginseng. Following infection by the black spot
disease pathogen (A. panax Whetzel), the expression of PnNAC genes showed significant
changes. These results indicate that PnNAC plays an important role in the growth and
development of P. notoginseng as well as in its response to biotic stresses. Due to the growth
characteristics of P. notoginseng, this study did not use qPCR to validate the expression
of relevant PnNAC genes. Future research should employ qPCR to further validate these
expression patterns and delve deeper into the functional studies of PnNAC.
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