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Abstract

:

Soil salinity affects approximately 20% of the world’s arable land, presenting a significant challenge for studying the mechanisms by which plants adapt to saline environments. Cyclocarya paliurus, an invaluable research model due to its ecological and medicinal significance, is primarily concentrated in central and southern China. Nevertheless, Cyclocarya paliurus faces challenges from environmental factors such as soil salinization, which adversely impacts its growth, subsequently affecting the yield and quality of its bioactive compounds. The NAC gene family, a critical group of plant-specific transcription factors, plays pivotal roles in responding to abiotic stresses. However, there has not yet been any studies on NAC genes under salt stress in Cyclocarya paliurus. In this study, we identified 132 NAC genes within the Cyclocarya paliurus genome. Our analysis of the conserved structures and gene organization revealed a high degree of conservation in the proteins of the CpNAC gene family. Cis-element analysis unveiled the participation of these genes in a variety of biological processes, including light responses, phytohormone responses, cell cycle responses, and abiotic stress responses. Under salt stress conditions, the expression of 35 CpNAC genes changed significantly, indicating a response to salt treatment. Furthermore, we provided additional evidence for the identification of the NAC gene family and revealed their potential positive regulatory role in signal transduction by conducting a transcriptional activation activity analysis of CpNAC132(D) and CpNAC040, which are homologous to Arabidopsis thaliana NAC062/91 and NAC103, respectively. This research not only advances our comprehension of the salt stress adaptation in Cyclocarya paliurus but also provides robust support for future investigations into plant responses to environmental stress and the cultivation of salt-tolerant crops.
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1. Introduction


With ongoing global climate change and increasing human activities, soil salinization has become an increasingly serious challenge facing global agriculture [1]. This environmental change poses a significant threat not only to agricultural production but also to global food security. In this context, exploring the growth mechanisms of plants in saline stress environments and studying how to improve plant adaptation to this adversity has become an important research direction in the fields of plant biology and agricultural science [2,3,4]. Saline stress, characterized by soil salinity levels exceeding the plant’s tolerance limit, has severely detrimental effects on plant growth and development. It is estimated that approximately 20% of the world’s arable land is affected by soil salinization, highlighting the seriousness of this issue. Cyclocarya paliurus, also known as the sweet tea tree, or the immortal tea tree, is a deciduous tree native to China. It belongs to the Juglandaceae family and is primarily found in central and southern China, including the Guizhou, Hubei, and Hunan provinces [5]. Cyclocarya paliurus has garnered attention due to its rich bioactive compounds such as its flavonoids, polysaccharides, and triterpenes, which are traditionally used in Chinese medicine to treat various ailments [6]. Additionally, Cyclocarya paliurus holds significant value in various fields, including ecology, agriculture, energy, and fundamental science [7]. Therefore, studying the response of Cyclocarya paliurus to saline stress not only aids in addressing salinity issues and promoting sustainable agriculture and ecological restoration but also deepens our understanding of the molecular mechanisms of plant responses to adversity.



Transcription factors (TFs) are key regulatory elements in many physiological and biological processes within cells and organisms. They coordinate the control of various signaling pathways, including the regulation of both biotic and abiotic stress pathways, by upregulating or downregulating the expression of target genes. This has profound implications for crop improvement and protein evolution [8]. In the study of plant responses to salt stress, TFs play a pivotal role in helping plants adapt to saline environments by modulating the plants’ physiological and molecular responses. For instance, in Arabidopsis thaliana, the bZIP family transcription factors, AtbZIP24 and AtbZIP53, enhance salt tolerance by regulating osmotic pressure and ion balance [9,10]. In Cyclocarya paliurus, the transcription factors CpWRKY19 and CpWRKY26 alleviate the negative effects of salt stress. Within the Oryza sativa MYB family, OsMYB2 and OsMYB4 play a positive role in maintaining the ion balance and antioxidant defense within cells, thereby enhancing salt tolerance [11,12]. In Glycine max, GmSALT3 and GmSALT1 primarily influence the genes involved in ion balance, osmotic balance regulation, and antioxidant defense to improve salt stress tolerance [13].



The NAC family is a crucial group of transcription factors specific to plants, with its members playing key roles in multiple physiological processes, including secondary growth regulation, the response to abiotic stress, the development of meristems, and hormone signal transduction [14,15,16]. For example, the SND1 gene plays a significant role in cellulose synthesis and secondary cell wall formation. In the context of abiotic stress responses, genes such as GmNAC81 and ZmNAC074 are involved in regulating endoplasmic reticulum (ER) stress-related genes, promoting cell survival, and participating in the ER stress response [17,18]. NbNAC089, on the other hand, regulates the ER stress pathway by mediating programmed cell death (PCD), contributing to plant responses to abiotic stress [19]. In terms of hormone signal transduction, genes like ANAC019, ANAC055, and ANAC072 (RD26) participate in regulating the jasmonic acid-mediated stress responses in Cyclocarya paliurus [20,21,22]. The regulation of these hormone signaling pathways has far-reaching effects on plants’ growth and environmental adaptation.



Salt stress is a detrimental environmental factor known to impede plant growth and development significantly [23]. To circumvent the deleterious effects of such stress, plants have evolved complex regulatory mechanisms that include the modulation of gene expression [3,24,25]. Notably, the impact of salt stress on the NAC gene family in Cyclocarya paliurus, a species of considerable ecological significance, remains underexplored. Therefore, addressing this knowledge gap, this study conducted a comprehensive genome-wide identification and expression analysis of the NAC family members in Cyclocarya paliurus. By analyzing the expression patterns of these genes under salt stress conditions, we aim to uncover the functions of NAC genes in Cyclocarya paliurus and their roles in salt stress responses. The results of this study will provide new insights into the regulatory mechanisms of NAC genes under salt stress, lay the foundation for further functional studies of NAC genes, and offer important theoretical support for promoting the genetic improvement of Cyclocarya paliurus in terms of its growth, development, and stress resistance.




2. Materials and Methods


2.1. Gene Identification


In this study, the plant material we utilized was Cyclocarya paliurus (Figure S1), and we used a systematic approach to identify and validate the NAC genes in the Cyclocarya paliurus genome. First, we obtained genomic data on Cyclocarya paliurus from the website of the Chinese National Center for Genome Data (CNCB) (https://ngdc.cncb.ac.cn, accessed on 5 September 2023). Subsequently, we successfully performed a preliminary identification of NAC genes using a Hidden Markov Model (HMM), while core NAC sequence identification was provided by the Pfam protein family database. The Hidden Markov Model (HMM) we used was based on the NAC structural domain PF02365, obtained from the Pfam database. Specifically, we used the hmmscan command from the HMMER toolkit, which is a widely used sequence database search tool for identifying the protein structural domains in sequences [26].



In the process of selecting candidate NAC genes, we used several key metrics and threshold criteria. Initially, we ensured the accuracy and reliability of the search results by setting a threshold of less than 1 × 10−5 for the E-value (expected value), a statistical measure that assesses the likelihood of finding a match by chance in a database search. This stringent E-value threshold was chosen to minimize the false-positive rate and to ensure that only highly related sequences were considered NAC candidate genes. In addition, we manually checked and validated the sequences to eliminate any potential false positives. For all sequences screened by E-value thresholding, we further checked their sequence homology and structural domain identity to confirm their NAC gene identity. We validated the annotations using RNA sequencing (RNA-seq) data, organized and classified these gene models, and experimentally validated some of them using polymerase chain reaction (PCR) amplification and sequencing techniques to finally confirm a set of reliable NAC gene models.



Additionally, this study collected additional information regarding the identified NAC proteins, including their sequence length, molecular weight, isoelectric point, and predicted subcellular localization. The physicochemical properties of CpNAC proteins were calculated using the ProtParam tool in ExPASy [27]. Furthermore, protein subcellular localization prediction was conducted using CELLO v.2.5 [28]. The collection of these data not only provided us with a deeper understanding of the basic characteristics of NAC proteins but also laid a solid foundation for subsequent functional studies.




2.2. Element and Gene Structure Analysis of CpNAC Genes


In this study, we utilized the MEME web tool (https://meme-suite.org/meme/tools/meme, accessed on 17 September 2023) to predict the conserved motifs of the Cyclocarya paliurus NAC protein family (CpNAC) [29]. MEME is an efficient bioinformatics tool designed specifically for identifying and analyzing recurring conserved patterns within protein sequences, which is crucial for understanding the functional and structural characteristics of proteins.



Furthermore, we employed TBtools software (version 1.098) to generate structural diagrams of CpNAC genes, including the distribution of their exons and introns [30]. TBtools is a powerful bioinformatics software that provides an intuitive representation of gene’s structural composition, including the arrangement of their exons and introns, facilitating a deeper understanding of gene organization.



TBtools software was also used to display results related to the phylogenetic tree and conserved motifs and gene structure analyses of CpNAC genes. Constructing the phylogenetic tree aids in uncovering the evolutionary relationships between members of the CpNAC gene family, while the analysis of gene structure and conserved motifs further contributes to our understanding of the functions and evolutionary history of these genes. By integrating these analytical results into our work, we can gain a more comprehensive understanding of the characteristics of the CpNAC gene family and their significance in the biology of Cyclocarya paliurus.




2.3. Systematic Evolutionary Analysis of CpNAC Genes


In this study, to explore the phylogenetic relationships within the NAC gene family in Cyclocarya paliurus, we initially performed sequence alignment using ClustalX software (version 2.0). This step aimed to precisely compare and analyze the sequence similarities and differences between different NAC genes. Through this alignment, we could gain a better understanding of the relationships between these genes during the evolutionary process.



Subsequently, we utilized MEGA 7.0 software to construct a phylogenetic tree based on the Maximum Likelihood (ML) method. Maximum Likelihood is a powerful statistical approach used to estimate the evolutionary history of species or genes. Through this method, we could generate a phylogenetic tree that reflects the evolutionary relationships between members of the NAC gene family.



Finally, we classified the genes based on their similarity to homologous genes in Arabidopsis thaliana. Arabidopsis thaliana, as a model plant, has extensively studied genomic information, providing a valuable reference point for comparing and classifying the NAC genes in Cyclocarya paliurus. Through this homology-based classification approach, we could gain a deeper understanding of the functional and evolutionary characteristics of the NAC gene family in Cyclocarya paliurus.




2.4. Analysis of cis-Acting Elements in CpNAC Genes


To gain a deeper understanding of the regulatory mechanisms of CpNAC genes, this study employed the PlantCARE online analysis platform (https://bioinformatics.psb.ugent.be/webtools/plantcare/html/, accessed on 29 September 2023). Through this tool, we conducted a detailed analysis of the promoter regions of CpNAC genes, aiming to identify critical data related to cis-regulatory elements. This step is crucial because cis-regulatory elements play a central role in gene expression regulation, and the analysis’ results will provide us with a deeper insight into the regulatory network of CpNAC genes.




2.5. Chromosome Distribution, Gene Duplication, and Collinearity Analysis of CpNAC Genes


In this study, we utilized various bioinformatics tools to analyze the CpNAC genes in Cyclocarya paliurus. Firstly, using the Circos tool, we successfully mapped these genes to specific chromosomes of Cyclocarya paliurus [31]. This step is crucial for understanding the distribution pattern of genes across chromosomes and their potential genetic regulatory mechanisms. Subsequently, we employed MCScanX software (version 2.0) with its default parameter settings to detect gene duplication events [32]. This analysis helps reveal the evolutionary history of the expansion of the CpNAC gene family. Finally, we utilized dual synteny plotter of TBtools (https://github.com/CJ-Chen/Tbtools, accessed on 8 October 2023) to generate synteny analysis plots [33]. These plots provide an intuitive representation of the relationships between homologous NAC genes, offering us important insights into their evolutionary relationships.




2.6. Expression Profiling and Validation Analysis under Salt Stress


In this study, we utilized the Transcript per Kilobase Million (TPM) metric to quantify transcript abundance. This metric standardizes the mapped read counts for each gene, allowing us to compare gene expression levels across different treatment conditions. Using this approach, we extracted expression profiles from the transcriptome sequencing data of Cyclocarya paliurus under two different treatment conditions, including a control group (CK) and a 0.4% NaCl (68.4 mM) salt stress treatment group [34,35].



To visualize the gene expression patterns of Cyclocarya paliurus under salt stress conditions, we generated a heatmap using TBtools software (version 1.098) (https://github.com/CJ-Chen/TBtools, accessed on 21 October 2023). This graphical representation allows for a clear comparison of gene expression differences between normal and salt stress conditions, providing valuable insights into the mechanisms underlying the response of Cyclocarya paliurus to salt stress.



Furthermore, we conducted gene expression counting, utilizing the count values to validate whether genes exhibit expression changes under salt stress conditions and to assess the genes’ relevance to the salt stress response.




2.7. Histochemical Staining


In this study, we prepare an X-Gal staining solution by dissolving X-Gal powder in dimethylformamide (DMF) to make a stock solution (typically 20 mg/mL). Dilute the stock solution with Z buffer to achieve a final concentration of 1 mg/mL X-Gal containing 1 μm β-mercaptoethanol and 1% Triton X-100. Subject yeast cells to repeated freeze–thaw cycles using liquid nitrogen to facilitate X-Gal entry. Subsequently, incubate the permeabilized yeast cells with the X-Gal staining solution at 37 °C for a suitable duration (usually 1–24 h) to allow β-galactosidase-mediated hydrolysis of X-Gal and the formation of a blue precipitate. Following the incubation period, wash the yeast cells with buffer to remove excess X-Gal solution.




2.8. Transcriptional Activation Activity Assay in Yeast


In this study, we focused on two genes, CpNAC132 and CpNAC040, which possess typical NAC transcription factor structures. To assess the transcriptional activation ability of NAC family members, we selected CpNAC132 and CpNAC040 as our subjects of study. Specifically, we constructed a variant of NAC132(D) lacking its transmembrane domain (with an amino acid range of 1–461) and a full-length CpNAC040 (with an amino acid range of 1–434), each cloned into the pGBKT7 vector containing the GAL4 system DNA-binding domain (DNA-BD). Subsequently, these constructs were transplanted into the Y187 yeast strain for functional analysis. As an experimental control, we also transformed the empty pGBKT7 vector.



In the transcriptional activation assay setup, we designed specific primers for the amplification of CpNAC132 and CpNAC040 segments. The amplification of CpNAC132 used the following forward primer sequence: 5′-CGGAATTCATGGCTATCTCGTTGGATTC-3′, and the following reverse primer sequence: 3′-GAAGATCTGTGAAGGAAGATCCTAGCTC-5′. For CpNAC040, the corresponding forward primer sequence was 5′-CGGAATTCATGGGAAAACATCGCGG-3′, and the reverse primer sequence was 3′-CGGGATCCTGGAGTCTGGGAAAAGC-5′.



A reporter gene (e.g., LacZ) is placed under the control of a promoter region that is responsive to a related transcription factor. When a transcription factor binds to a recognized sequence in the promoter, it activates the transcription of the reporter gene, resulting in a measurable product (e.g., the β-galactosidase activity of LacZ) [36]. We cultured transformed yeast strains on histidine-deficient media and observed yeast growth only when the CpNAC protein activated the expression of the His gene. X-Gal serves as a substrate for the β-galactosidase enzyme, which produces a blue-colored product in the presence of the enzyme, so that we can directly assess the transcriptional activation activity of the CpNAC protein.




2.9. Statistical Analysis


In this study, we performed statistical analysis using SPSS software (version 22). In the SPSS software, a one-way ANOVA test revealed a significant difference between the groups. Subsequently, we employed Tukey’s Honestly Significant Difference (HSD) post hoc test for multiple comparisons to further analyze the significant differences between the groups.





3. Results


3.1. Identification and Physicochemical Characteristics of CpNAC Genes


In this study, we conducted a comprehensive identification of the NAC gene family within the Cyclocarya paliurus genome. A total of 132 CpNAC genes were identified, and they were named CpNAC1 to CpNAC132 based on their positions on the chromosomes (Figure S2). These genes encoded proteins of varying lengths, ranging from 160 amino acids to 547 amino acids, with an average length of approximately 342 amino acids. For instance, CpNAC009 encoded the shortest protein, which had only 160 amino acids, while CpNAC121 encoded the longest protein, consisting of 547 amino acids.



Further analysis revealed that the open reading frame (ORF) lengths of CpNAC genes varied between 483 bp (CpNAC009) and 1644 bp (CpNAC121). Consequently, the predicted molecular weights of these proteins ranged from 18,316.99 Da (CpNAC009) to 61,526.79 Da (CpNAC121). Additionally, the predicted isoelectric points (pI) of the CpNAC proteins ranged from 4.54 (CpNAC052) to 9.43 (CpNAC053).



In the subcellular localization prediction analysis, we found that, except for the protein encoded by CpNAC111, which was predicted to localize to the cell membrane, the localization of the other 131 CpNAC proteins varied. Two were predicted to localize in the vacuoles, three in the cytoplasm, and eight on plastids, while the majority (118) were predicted to localize within the cell nucleus (Table S1). These detailed physicochemical characteristics and localization data provide a solid foundation for further investigating the functions and mechanisms of the CpNAC gene family in Cyclocarya paliurus.




3.2. Motif and Structural Analyses of CpNAC Genes


To study the interrelationships among the 132 CpNAC genes in Cyclocarya paliurus, we utilized the Maximum Likelihood (ML) method to construct a phylogenetic tree, aiming to reveal the evolutionary connections between these genes. Additionally, we conducted a detailed investigation of the conserved protein motif structures and gene structures (exons–introns) of the CpNAC genes (Figure 1). We identified a total of 10 conserved protein motifs in the CpNAC gene family and obtained motif lengths ranging from 15 to 50 amino acids (Figure S3). The analysis of the conserved protein motifs indicated that the 132 CpNAC proteins contain at least three conserved motifs, with motifs 1, 2, 3, 4, 5, and 6 appearing most frequently. For instance, the CpNAC097 protein contains up to nine motifs, while the CpNAC037 protein only has four (Figure 1B). The gene structure analysis revealed a similarity in the number of exons–introns within genes of the same clade, with the number of introns in CpNAC genes varying between two and six, with each gene containing at least two introns. Notably, the CpNAC097 gene has the most introns, amounting to six (Figure 1C). Integrating the results of the phylogenetic relationships and conserved motifs and gene structure analyses, we discovered a high level of conservation in the proteins of the CpNAC gene family [37,38]. This finding suggests that genes within the same group may have similar functions. However, further research is needed to more accurately determine the specific functions of these genes.




3.3. Systematic Evolutionary Analysis of CpNAC Genes


To study the differences in the NAC family between Cyclocarya paliurus (CpNAC) and Arabidopsis thaliana (AtNAC), we constructed a rooted Maximum Likelihood (ML) phylogenetic tree to reveal the similarities and inherent diversity between the NAC gene sequences of Cyclocarya paliurus and Arabidopsis thaliana (Figure 2). The results of the phylogenetic tree revealed the similarities in the NAC gene sequences between Cyclocarya paliurus and Arabidopsis thaliana, while also showcasing the diversity of CpNAC genes and proteins. This discovery not only deepens our understanding of the evolutionary relationships of the NAC gene family in different plant species but also provides a new perspective and direction for the further exploration of plant gene functions. Through this phylogenetic analysis, we are able to more comprehensively understand the interrelationships among these NAC genes, as well as their position and role in the evolutionary history of plant gene families.




3.4. Analysis of cis-Elements in CpNAC Genes


The regulation of gene expression is primarily achieved through cis-acting elements, and understanding how these elements are regulated by cellular signaling pathways is crucial for revealing the functions of these genes in different organisms and developmental processes [39]. Cis-acting elements include promoters, enhancers, silencers, insulators, etc., and they play an important role in regulating gene expression, cell differentiation, and tissue specialization [40,41,42]. They are also key subjects of study in genetics and molecular biology. We utilized the PlantCARE database to identify promoter regions. Specifically, we defined the putative promoter region as the 2000 base pairs upstream of the coding sequence (CDS) of the CpNAC genes and conducted an analysis of four major classes of commonly occurring cis-acting elements: light-responsive elements, plant hormone response elements, cell cycle-related elements, and abiotic stress response elements (Figure 3A). Within the CpNAC gene family, most cis-acting elements were found to overlap, except for eight unique cis-acting elements that do not overlap (Table S2). This overlap of cis-acting elements suggests potential co-regulation among these genes, indicating their involvement in similar biological processes or responses to stress. Conversely, the presence of unique, non-overlapping cis-acting elements in certain CpNAC family genes implies that these genes may have distinct functions or be responsive to specific environmental stimuli, distinct from those affecting other members of the family. The number of light-responsive elements is the greatest, followed by plant hormone response elements and cell cycle response elements, while the number of abiotic stress response elements is relatively smaller (Figure 3B). Of the light-responsive cis-elements, we identified various types, including Box 4, G-box, TCT-motif, GT1-motif, GATA-motif, and more. Box 4 is the most abundant light-responsive cis-element, while Pc-CMA2a is the least (Figure 3C). In terms of plant hormone response elements, there are ABRE, CGTCA-motif, TGACG-motif, etc., among which ABRE is the most abundant, while SARE is the least (Figure 3D). Cell cycle-related cis-elements include Box 4, O2-site, CAT-box, etc., with Box 4 being the most abundant and NON-box the least (Figure 3E). In terms of abiotic stress response elements, there are ARE, LTR, MBS, etc., among which ARE is the most abundant and WUN-motif the least (Figure 3F). These findings suggest that the CpNAC gene family plays a significant role in light responses, plant hormone signaling, cell cycle regulation, and responses to abiotic stress. Therefore, the transcriptional diversity of the CpNAC genes in different cis-regulatory elements indicates the need for further functional studies to reveal their specific mechanisms in plants’ growth, development, and stress responses.
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Figure 2. Phylogenetic relationships, conserved protein structures and gene structures of the NAC genes of C. paliurus and A. thaliana. (A) Rooted Maximum likelihood (ML) phylogenetic tree based on NAC protein sequence comparison between C. paliurus (CpNAC) and A. thaliana (AtNAC). (B) Structural formulae of the NAC proteins of C. paliurus and A. thaliana. (C) Exon structures of C. paliurus and A. thaliana’s NAC structural genes. Gray boxes indicate exons and green boxes highlight NAC structural domains. 
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3.5. Chromosome Localization and Collinearity Analysis of CpNAC Genes


In this study, we conducted a systematic analysis of the distribution of the CpNAC gene family across chromosomes based on a detailed annotation of the Cyclocarya paliurus genome’s DNA sequences. The results indicate that these 132 CpNAC genes are unevenly distributed across the 15 chromosomes of Cyclocarya paliurus (Figure S2). Specifically, chromosome 12 has the highest number of CpNAC genes, a total of 16. Following closely are chromosomes 1 and 9, which possess 14 and 13 CpNAC genes, respectively. Chromosome 10 contains 12 CpNAC genes, while chromosomes 2, 3, and 6 each have 10 CpNAC genes. Chromosomes 4 and 5 have nine CpNAC genes each, while chromosome 16 has seven CpNAC genes. Chromosome 15 has six CpNAC genes, and chromosomes 7 and 8 each have five CpNAC genes. Chromosome 11 contains four CpNAC genes, while chromosome 13 has the fewest CpNAC genes, with only two. This distribution pattern provides crucial information for a deeper understanding of the function and regulatory mechanisms of the CpNAC gene family, laying the foundation for investigating the roles of CpNAC genes in the growth, development, and stress responses of Cyclocarya paliurus.



Furthermore, gene duplication analysis revealed the presence of 27 pairs of homologous genes among the 132 CpNAC genes (Figure 4). These homologous gene pairs are located on different chromosomes, indicating that they are formed through segmental duplication rather than tandem duplication. It is noteworthy that there is one gene duplication pair on chromosome 7, while no duplication pairs were found on chromosomes 2, 3, 13, and 14. These findings suggest that CpNAC genes have undergone segmental duplication events during their long evolutionary history, which has significant implications for the diversity and evolutionary history of the gene family, playing a crucial role in the adaptive evolution of the species.



Finally, we conducted a comprehensive comparative analysis of the NAC genes in Cyclocarya paliurus and Arabidopsis thaliana. In both species, a total of 52 pairs of NAC genes were identified. Covariance analysis indicates a high covariance between the NAC genes of Cyclocarya paliurus and Arabidopsis thaliana, suggesting a conservation of these genes between the two species (Figure 5). Despite the presence of some duplicated or missing segments in the NAC genes, these results imply that the NAC gene families in Cyclocarya paliurus and Arabidopsis thaliana may have originated from a common ancestor, although further research is needed to confirm this hypothesis.




3.6. Salt Stress Induces a Response from the NAC Genes in Cyclocarya paliurus


In this study, we characterized the response of the CpNAC gene family to salt stress, offering novel insights into their potential regulatory roles under this adverse condition. We methodically assessed the expression patterns of CpNAC genes under salt stress by comparing transcriptomic data from control and salt-stressed samples. In this process, the expression of only 93 out of the 132 CpNAC genes were detected (Figure 6). Further investigation showed that 15 out of the 93 CpNAC genes were significant upregulated by salt stress (log2 fold change > 1, p < 0.05), and they were CpNAC033, CpNAC056, CpNAC011, CpNAC091, CpNAC004, CpNAC012, CpNAC094, CpNAC125, CpNAC110, CpNAC041, CpNAC102, CpNAC050, CpNAC087, CpNAC071, and CpNAC111 (Table S3); 20 out of 93 CpNAC genes were significant downregulated by salt stress (log2 fold change < −1, p < 0.05), and they were CpNAC015, CpNAC052, CpNAC129, CpNAC077, CpNAC120, CpNAC108, CpNAC103, CpNAC055, CpNAC002, CpNAC048, CpNAC119, CpNAC040, CpNAC044, CpNAC089, CpNAC079, CpNAC039, CpNAC130, CpNAC028, CpNAC032, and CpNAC080 (Table S3). Additionally, we found that, under salt stress conditions, approximately 14% of genes in the entire genome exhibited significant expression changes (log2 fold change > 1 or <−1, p < 0.05) compared to the control group (Table S4). Specifically, about 16% of the genes in the NAC gene family were significantly upregulated under salt stress conditions, while the proportion of upregulated genes among all other genes was only 5% (log2 fold change > 1, p < 0.05). Similarly, approximately 22% of the genes in the NAC gene family were significantly downregulated, compared to only 8% of genes being downregulated among all other genes (log2 fold change < −1, p < 0.05). These results indicate that, under salt stress conditions, a significant portion of the genome is affected, with notably higher responsiveness in the NAC gene family compared to the rest of the plant’s genes. The upregulation and downregulation of NAC family members’ expression under salt stress suggest that these genes play a crucial role in the plant’s response to salt stress, potentially contributing to enhanced salt tolerance or adaptation.



To verify these observations, we conducted gene expression counting to analyze the expression patterns of 10 randomly selected NAC genes, which were CpNAC004, CpNAC012, CpNAC041, CpNAC050, CpNAC087, CpNAC091, CpNAC094, CpNAC102, CpNAC110, and CpNAC125. Among these, CpNAC004, CpNAC012, CpNAC091, and CpNAC094 were identified to have significantly higher expressions under salt stress conditions. The trend of upregulation observed in these genes aligns with their overall transcriptomic profile (Figure 7). This observation underlines the inducible nature of NAC gene expression in response to salt stress, suggesting systematic upregulation as an adaptive strategy. Collectively, these results provide a foundational understanding of the dynamic response of the CpNAC gene family to salt stress in Cyclocarya paliurus. This study not only enhances our comprehension of the molecular mechanisms employed by Cyclocarya paliurus in salt stress adaptation but also sets the stage for the future functional characterization of these genes, potentially contributing to the development of stress-resilient plant varieties.




3.7. The Transcriptional Activation Activity Analysis of CpNAC132 (D) and CpNAC040


The NAC gene family includes both membrane-bound proteins and nuclear proteins. Currently, most reported NAC family genes possess transcriptional activation activity [43,44,45], such as nuclear proteins (NAC027, NAC039, NAC040) and membrane-bound proteins with their transmembrane domain removed (NAC009, NAC062, NAC132). In our preliminary analysis, there were 118 nuclear proteins and 14 membrane proteins. Among them, CpNAC040 is a homologue of AtNAC103, which has been shown to have transcriptional activation activity, and CpNAC132 is a homologue of AtNAC062/091, which has transcriptional activation activity after the removal of its transmembrane domain. CpNAC132 is a full-length protein with a transmembrane domain (TMD) located after its NAC domain, between amino acids 461 and 488, while CpNAC040 is a truncated protein lacking a transmembrane domain. (Figure 8A). To verify the transcriptional activation activity of a membrane protein (CpNAC132) and a nuclear protein (CpNAC040), we conducted transcriptional activation assays in yeast cells. The experimental results showed that, in the absence of TRP medium, both the control group and the experimental group of yeast colonies were able to grow. However, in the absence of TRP-His medium, the growth of yeast colonies in the control group was inhibited, while the growth of yeast colonies in the experimental group was not inhibited (Figure 8B). This result confirmed the transcriptional activation activity of CpNAC132(D) and CpNAC040 proteins, providing insights into their potential functions in gene regulation. In our transcriptional activation assay, yeast cells containing CpNAC132 and CpNAC040 turned blue in the presence of X-Gal, confirming their ability to activate the LacZ reporter gene. This color reaction evidence is consistent with our molecular research results, confirming the role of CpNAC132 and CpNAC040 as transcriptional activation factors. In summary, our transcriptional activation activity experiments directly validate whether the CpNAC132(D) and CpNAC040 proteins possess the ability to activate gene expression, a critical step in understanding the intracellular mechanisms of these proteins. This provides direction for future research into their specific roles in plants’ development and responses to environmental stress.





4. Discussion


For a long time, traditional Chinese medicine has widely employed Cyclocarya paliurus, a plant renowned for its therapeutic effects, in the treatment of various diseases. Cyclocarya paliurus contains numerous bioactive compounds, such as flavonoids, polysaccharides, triterpenoid acids, and essential trace elements for the human body. These compounds give Cyclocarya paliurus a wide range of physiological and biological activities, making it an important resource in the field of herbal medicine. Cyclocarya paliurus is commonly used in the treatment of conditions such as hyperlipidemia and coronary heart disease due to its unique medicinal properties. Studies have shown that Cyclocarya paliurus leaves can effectively reduce cholesterol levels and lipid levels, which is beneficial for cardiovascular health [46]. Furthermore, Cyclocarya paliurus leaves also have the ability to lower blood glucose levels, providing a potential natural therapy for controlling high blood sugar in diabetic patients [47]. Further research has revealed that the polysaccharide components in Cyclocarya paliurus possess antioxidant properties, which can alleviate oxidative stress in the liver and kidneys [48]. Since oxidative stress can potentially damage cells and tissues and lead to various diseases, the protective role of Cyclocarya paliurus polysaccharides is particularly important. These research findings highlight the potential health benefits of Cyclocarya paliurus as an herbal remedy in various areas, but a deeper understanding of its specific therapeutic and health-promoting functions requires further research.



Despite the significant medicinal value of Cyclocarya paliurus, it still faces challenges posed by environmental stressors. Among them, salt stress has a detrimental effect on the growth of Cyclocarya paliurus, subsequently affecting the yield and quality of its bioactive compounds. Salt stress has been shown to affect multiple stages of the plant cell cycle, particularly the G1/S and G2/M transitions [49]. Under salt stress conditions, plant cells often exhibit cell cycle delay, primarily because cells require more time to repair the DNA damage caused by salt stress and to replenish the energy and resources needed to enter the next cell cycle phase. Additionally, salt stress can induce an excessive production of reactive oxygen species (ROS) within plant cells, including superoxide anions (O2−), hydrogen peroxide (H2O2), and hydroxyl radicals (OH−). While ROS may participate in signal transduction processes at low concentrations, excessive ROS production can cause structural cellular damage, lipid peroxidation, and DNA damage, thereby affecting plant growth and development [50]. However, plants have evolved a series of protective mechanisms to cope with external threats, and the NAC gene family, in particular, plays a crucial role in them. Therefore, knowledge of the NAC gene family is essential for the conservation and maximization of the medicinal properties of this valuable medicinal plant.



The NAC gene family is a large transcription factor group widely present in all plant species. This study focuses on an in-depth investigation of the NAC gene family in Cyclocarya paliurus. In the genome of Cyclocarya paliurus, we identified 132 NAC genes, and they were named based on their chromosome positions, and labeled as CpNAC1 to CpNAC132. Through the analysis of the conserved motifs in these CpNAC proteins, we found that these NAC proteins contain at least three conserved motifs, indicating significant conservation in their protein structures. This finding is consistent with previous research on the NAC genes in other plant species. Notably, most of the conserved motifs are located at the N-terminus of CpNAC proteins, which is considered an essential component of NAC proteins [51]. This result aligns with previous findings in studies on potato, emphasizing the importance of the N-terminal region in NAC proteins [52]. Additionally, we observed variations in the number of introns among genes in the CpNAC gene family, which ranged from 2 to 6 introns. These differences also showed similarities with genes within the same phylogenetic lineage, further indicating that the genetic composition of the NAC genes in Cyclocarya paliurus is similar to that of other plant species reported previously [53].



The analysis of the NAC cis-regulatory elements in Cyclocarya paliurus revealed the presence of various responsive elements, including Box 4, ABRE, O2-site, ARE, and other cis-elements. This suggests that the NAC genes in Cyclocarya paliurus may play important roles in light responses, plant hormone signaling, cell cycle regulation, and responses to abiotic stress. For example, the ABRE cis-regulatory element has been shown to regulate the expression of dehydration and salt-responsive genes in both Cyclocarya paliurus and Arabidopsis thaliana [54]. Furthermore, we conducted a repeat analysis of the CpNAC genes and found 27 pairs of CpNAC genes with segmental duplications, but no tandem duplicated gene pairs were identified. This suggests a close relationship between the NAC genes in Arabidopsis thaliana and Cyclocarya paliurus, with the possibility that they share a common ancestor and have retained their respective functions. We also delved into the regulatory mechanisms of the NAC genes in Cyclocarya paliurus in response to salt stress. Our research results indicate that the regulation of NAC genes can enhance the salt tolerance of Cyclocarya paliurus and may improve the quality of its secondary products. Therefore, in-depth studies on NAC genes are crucial for addressing the challenges of cultivating Cyclocarya paliurus, a valuable resource, under unfavorable conditions.



Under salt stress treatment conditions, we observed varying levels of expression in the CpNAC genes. Specifically, after eliminating the genes with an undetectable expression, a comparison between the control group and the experimental group revealed changes in the expression of 35 genes. Moreover, the expression patterns of 10 randomly selected NAC genes analyzed in our gene expression counting were consistent with the transcriptome data. These findings suggest that these CpNAC genes play a significant role in the plant’s response to salt stress. Through further validation using yeast experiments, it was observed that yeast cells containing CpNAC132 (D) and CpNAC040 proteins exhibited a blue reaction in the presence of X-Gal, confirming their ability to activate the LacZ reporter gene. This color reaction result is consistent with our molecular research findings and confirms the roles of the CpNAC132 (D) and CpNAC040 proteins as transcriptional activation factors, providing experimental support for a deeper understanding of their functions.



These findings provide important guidance for further research on the genetic improvement of Cyclocarya paliurus, especially in enhancing its environmental resistance and agronomic traits. Additionally, investigating protein–protein interactions helps us to gain a deeper understanding of the molecular mechanisms underlying the physiological and biochemical processes of plants during their growth, development, and responses to environmental stress. This provides new clues and entry points for future research, which may further elucidate the crucial roles of the NAC proteins in plants. This not only contributes to a deeper understanding of plant biology but also offers additional solutions for agricultural and ecosystem management.




5. Conclusions


In this study, based on published Cyclocarya paliurus genome data, we successfully identified 132 CpNAC genes. Through a detailed analysis of each gene, we revealed the high structural conservation of the CpNAC gene family, which are involved in various biological processes including light responses, phytohormone responses, cell cycle regulation, and abiotic stress responses. Additionally, an NAC gene co-linearity analysis with the model plant Arabidopsis thaliana suggests that they may have originated from a common ancestor. Under salt stress conditions, the changes in the expression of 35 CpNAC genes highlight their significant role in Cyclocarya paliurus’s adaptation to salt stress environments. Furthermore, analysis of the transcriptional activation activity of the CpNAC132(D) and CpNAC040 proteins in yeast cells confirms the existence of a positive regulatory role of the CpNAC gene as a transcription factor in signal transduction. Overall, this study not only enhances our understanding of Cyclocarya paliurus’s adaptation to salt stress but also provides strong support for future research into plant responses to environmental stress and the development of salt-tolerant crops. These findings are significant for a deeper understanding of the role of plant gene families in environmental adaptability and for their future application in agricultural biotechnology.
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Figure 1. Phylogenetic relationships, structure of conserved protein motifs, and gene structure of the C. paliurus NAC genes. (A) Phylogenetic tree was constructed from the full-length sequence of a C. paliurus NAC protein. (B) Structural formulae that constitute the C. paliurus NAC protein. Numbers indicate the stage of the corresponding intron. (C) Exon and intron structures of C. paliurus’ NAC structural genes. Green boxes indicate exons and black lines indicate introns. Yellow boxes highlight NAC structural domains. Numbers indicate the stage of the corresponding intron. 
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Figure 3. Cis-regulatory elements in the promoter region of a CpNAC gene. Various cis-elements in the CpNAC gene are depicted in the figure, with different colors indicating different cis-elements. (A) The cis-element in the 132 CpNAC genes are represented as bar graphs; (B) the proportion of each type of cis-element in the CpNAC gene is represented as a pie chart; (C) light response cis-regulatory elements; (D) plant hormone cis-regulatory elements; (E) cell cycle cis-regulatory elements; and (F) abiotic stress cis-regulatory elements. 
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Figure 4. Schematic diagram of the chromosomal distribution and interchromosomal relationships of the C. paliurus NAC genes. Gray lines indicate all homologous blocks in the C. paliurus genome and red lines indicate duplicated NAC gene pairs. 
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Figure 5. Synteny analysis of NAC genes between C. paliurus and A. thaliana. Gray lines in the background indicate co-localized blocks in the genomes of C. paliurus and A. thaliana, while red lines highlight homologous NAC gene pairs. Species names prefixed with “Cp” and “At” indicate Cyclocarya paliurus and Arabidopsis thaliana, respectively. 
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Figure 6. Clustering expression analysis of the CpNAC genes under salt stress treatments. CK (control) and 0.4% NaCl (68.4 mM) represent two different treatments. The transcript abundance levels were normalized and hierarchically clustered using log2(FPKM + 1) comparisons between genes from different treatments, with expression values presented on a color scale. Gene expression differences are quantified as log2 fold changes with the statistical significance set at p < 0.05. “Up” indicates a log2 fold change > 1 (upregulation in salt treatment relative to control); “Down” indicates a log2 fold change < −1 (downregulation in salt treatment relative to control). 
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Figure 7. Expression profiles of 10 candidate CpNAC genes under salt stress treatments, presented as error bar graphs. Significant differences identified using Duncan’s test (p < 0.05), conducted using SPSS v.22 after an analysis of variance, are indicated with asterisks. “**” indicates p < 0.01, “***” indicates p < 0.001. 
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Figure 8. Transcriptional activation assay of CpNAC132(D) and CpNAC040. (A) Full-length unspliced CpNAC132(P), CpNAC040(P), and truncated CpNAC132(D); scale bar represents 50 μm. (B) Analysis employed to determine the transcriptional activation activity of CpNAC132(D) and CpNAC040 in yeast cells, utilizing a series of yeast cell dilutions in the assessment. 
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