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Abstract

:

As a large transcription factor family, NAC family proteins (NAM, ATAF1,2, and CUC2) play critical roles in plant growth, development, and response to stresses. Herein, the NAC gene family of Dendrobium catenatum was identified and analyzed by bioinformatics methods. Their expression patterns in different tissues and under drought stress were analyzed using RNA-seq data and the quantitative real-time reverse transcription-polymerase chain reaction (RT-qPCR) method. A total of 90 NAC genes were identified, encoding amino acids with numbers ranging from 88 to 1065, with protein molecular weight ranging from 10.34 to 119.24 kD, and isoelectric point ranging from 4.5 to 9.99. Phylogenetic analysis showed that the DcNAC proteins could be divided into 17 subgroups, and each subgroup had conserved motif composition and gene structure. Twenty types of cis-elements were identified in the DcNAC promoters. RNA-seq analysis showed that the expression of DcNAC genes had tissue specificity and displayed different expression patterns under drought stress. Co-expression network analysis of the DcNAC genes revealed nine hub genes, and their expression levels were then validated by RT-qPCR. The results showed that DcNAC6, DcNAC18, DcNAC29, DcNAC44, and DcNAC51 (mainly in roots) as well as DcNAC16 and DcNAC64 (mainly in leaves) were considered as the candidate genes for drought tolerance in D. catenatum. Taken together, this study identified candidate NAC genes with potential functions in response to drought stress, which is valuable for development of drought resistance in D. catenatum.
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1. Introduction


Abiotic stresses, including drought, temperature, salt, heavy metals, and nutrition, can affect plant growth and crop yield and quality [1]. Plants have developed a set of physiological and biochemical mechanisms to adapt to, resist, or eliminate the effects of stresses over a long period of time [2,3,4]. Among them, gene expression regulation is the most common way to respond to plant stress [5,6]. After sensing stress, plant cells transmit signals to the transcription factor (TF), which responds to stress through some signaling pathways. TFs bind to specific DNA sequences in the upstream promoter region of target genes, named cis-acting elements, through their DNA-binding domain (DBD), thus regulating the expression of target genes in different tissues or cells, or under different environmental conditions, and reducing plant damage [5,6,7]. TFs play critical roles in plant growth, development, and stress response; therefore, study of TFs has drawn increasingly more interest [8]. In recent decades, researchers have successively cloned substantial TFs from different plants to investigate their functions and elucidate the stress resistance mechanism of plants [8].



According to the specificity of DNA-binding regions, TFs can be divided into many different families, such as WRKY, MYB, NAC, bZIP, HB, and AP2/ERF [9,10]. NAC is a family of TFs unique to plants originally identified from three consensus sequences: NAM (no apical meristem) from Petunia hybrida, and ATAF1/2 and CUC2 (cup-shaped cotyledon) from Arabidopsis thaliana [11]. NAC transcription factor contains a highly conserved N-terminal domain and a diverse C-terminal domain. The N-terminal domain, also named as the NAC domain, generally contains approximately 150 amino acids [11,12,13]. The NAC domain is the binding domain of NAC TFs, which can be divided into five subdomains (A to E). Subdomains A, C, and D are highly conserved, and the subdomain A may be involved in the formation of functional dimers. Subdomains C and D contain nuclear localization signals, which might be related to DNA binding. A few NAC proteins have a negative regulatory domain (NRD) in subdomain D, which can inhibit transcriptional activity [14,15,16]. Subdomains B and E are varied and might have different functions [17]. Subdomain E may cooperate with subdomain D to interact with DNA [17,18,19].



NAC genes have been identified from a variety of plants, such as A. thaliana [17], soybean [20], pepper [21], longan [22], and sunflower [23]. Previous studies showed that NAC factors play critical roles in response to various abiotic stresses [24], physiological and developmental processes [25], and hormone signaling [17]. It has been revealed that Arabidopsis AtNAC019, AtNAC055, and AtNAC072 genes are induced by ABA, as well as drought and heat stress [26], and these genes can upregulate the expression of their target genes and then improve the drought tolerance of transgenic plants [27]. In contrast, the Arabidopsis nac016 mutant displayed drought resistance because AtNAC016 could inhibit the expression of the drought-related gene AREB [28]. Plants overexpressing rice (Oryza sativa) OsNAC2 displayed higher drought tolerance than that of wild-type plants, and further studies found the direct interaction of OsNAC2 with the OsNCED3 gene promoter [29]. Hu et al. [30] found the expression of OsSNAC1, a NAC transcription factor gene in rice, was induced by drought, low temperature, high salt, and abscisic acid. Silencing of CaNAC035 decreased pepper resistance to cold stress, and the silencing plants displayed increasing electrolyte leakage and malondialdehyde content when compared with wild-type pepper [31]. AtNAC103 could mitigate the endoplasmic reticulum (ER) stress in A. thaliana through interacting with bZIP60 [32]. Transgenic rice with overexpression of OsNAC066 displayed enhanced tolerance to oxidative and drought stresses by activating the expression of the drought response gene OsDREB2A [33]. OsNAC2 positively regulates drought tolerance and salt tolerance of rice through the ABA-mediated pathway [29]. Heterologous expression of soybean GmNAC11 and GmNAC20 resulted in salt and cold tolerance of transgenic A. thaliana [34].



D. catenatum, a perennial herb of the Orchid family, grows in subtropical and temperate regions and is often used as a health food in many Asian countries [35,36]. It has many important properties such as anti-tumor and anti-oxidation effects, among others [37,38]. As a lithophytic orchid [39], the wild D. catenatum plant mostly grows on the surface of tree bark or rocks [40] and frequently suffers from adversity such as periodic water shortage [41,42], resulting in the gradual depletion of wild D. catenatum resources [35]. Therefore, the study of resistance to drought stress in D. catenatum is needed. Data on D. catenatum genome sequences have been published and released [39], which was a breakthrough in the molecular biological research of D. catenatum. However, little is known about the NAC gene family up until now. In this study, the NAC gene family was identified on the basis of the D. catenatum genome, and the expression patterns of NAC genes under drought stress were studied. This study provides a basis for further study of NAC gene functions and improvement of drought resistance of D. catenatum.




2. Materials and Methods


2.1. Identification of DcNAC Genes in D. catenatum


The genome information (annotation file, CDS sequence file, and protein sequence file) of D. catenatum was obtained from the GenBank database (PRJNA262478) [39]. The Hidden Markov Model profile (PF02365) of the NAM domain [43] was obtained from the Pfam database (http://pfam.xfam.org/ (accessed on 16 September 2021)) and used to identify the putative NAC protein of D. catenatum with a cut-off E-value of 0.01 [44] through a Biolinux bioinformatics system. The candidate DcNAC proteins were then submitted to Pfam, CDD (https://www.ncbi.nlm.nih.gov/cdd/ (accessed on 16 September 2021)), and SMART (http://smart.embl.de/smart/batch.pl (accessed on 16 September 2021)) databases for verification, and only the proteins containing the NAC domain were retained. After removal of the incomplete and redundant sequences, the DcNAC proteins were finally confirmed. The physical and chemical parameters including gene locations, molecular weight (MW), and isoelectric point (pI) of DcNACs were determined using ExPASy (Expasy 3.0; http://web.expasy.org/protparam/ (accessed on 30 September 2021)). The amount of transmembrane was determined using TMHMM software (TMHMM-2.0, http://www.cds.dtu.dk/services/TMHMM (accessed on 30 September 2021)). The subcellular localization was determined using PSORT software (PSORT II, https://www.genscript.com/psort.html (accessed on 30 September 2021)).




2.2. Phylogenetic Analysis of DcNAC Proteins


The putative A. thaliana and rice (O. sativa) NAC members were identified as described previously [17,23,43]. The sequences of NAC proteins from D. catenatum, A. thaliana, and O. sativa were then aligned with clustalw2.0, and the phylogenetic tree was constructed by the maximum likelihood method using MEGA-X with default parameters and a bootstrap test of 1000 times. Then, the phylogenetic tree was modified with the EvolView online tool (https://evolgenius.info/evolview-v2 (accessed on 8 October 2021)).




2.3. Analyses of Conserved Motif Distribution, Gene Structure, and Promoter Cis-Elements


The conserved motifs of NAC proteins were predicted using Multiple Em for Motif Elicitation program (http://meme-suite.org/ (accessed on 20 October 2021)) with the following settings: number of repetitions = any, maximum number of motifs = 10, and the optimum motif width = 6~50 amino acid residues [45]. The gene structure information of DcNAC genes was extracted from the D. catenatum annotation file using the TBtools software [46]. Furthermore, 2000 bp upstream sequences of the start codon (ATG) of the DcNAC genes were extracted as the promoters using TBtools and were used to search for the cis-acting elements using PlantCARE (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/ (accessed on 26 October 2021)).




2.4. Analysis of Spatial Expression Profiles Using RNA-Seq Data


The spatial expression profiles of DcNAC genes were analyzed using RNA-seq data obtained from the SRA website (https://www.ncbi.nlm.nih.gov/sra (accessed on 12 April 2022)) in different tissues including leaf, root, white root, root tip, stem, lip, flower bud, sepal, pollinium, and column (SRP091756). A heatmap was constructed using TBtools. The reference genome index of D. catenatum [39] was established using kallisto tools [47], from which expression data were then quantified. Transcripts Per Million (TPM) expression values of DcNAC genes were log2-transformed.




2.5. Plant Materials and Drought Treatment


Three-month-old D. catenatum seedlings were subjected to drought treatment. The seedlings were grown on 1/2 MS medium (Sigma-Aldrich, St. Louis, MO, USA) under a 12 h/25 °C day and 12 h/22 °C night regime with a relative humidity of 70% in a growth chamber, and then irrigated with 1/2 MS medium supplemented with 20% PEG8000 (Solarbio, Beijing, China) to simulate drought treatment [48]. The roots and leaves of five seedlings were randomly selected and then collected at different time points (0, 3, 6, 9, 12, 24, and 48 h) after treatments, then frozen with liquid nitrogen immediately and stored at −80 °C for RNA extraction [48]. Three replicate biological experiments were conducted.




2.6. Analysis of Gene Expression under Drought Treatment


As described in a previous study, the D. catenatum leaf samples were collected when the volumetric water content of the matrix declined to ≈30–35%, ≈10–15%, and ≈0%, and then they were used for RNA isolation and sequencing [42]. The RNA-seq data were downloaded (SRP132541) and analyzed. A heat map was constructed using TBtools, indicative of the expression profiles of the DcNAC genes. The differential genes were clustered on the basis of the T1 and T2 values, where T1 was equal to the TPM (transcripts per kilobase million) of 10–15% volumetric water content divided by the TPM of 30–35% water content, and T2 was equal to the TPM of 0% volumetric water content divided by the TPM of 30–35% water content.



Total RNA was extracted, and the expression levels of selected NAC genes under drought treatment were measured by quantitative real-time reverse transcription-polymerase chain reaction (RT-qPCR) using an Applied Biosystems QuantStudio 3 and 5 system (ThermoFisher Scientific, Waltham, MA, USA) [31]. The relative expression levels of DcNAC genes were calculated using the 2−ΔΔCT method, and the housekeeping gene Actin was used as an internal control [31]. All data were calculated using the expression levels under different stresses divided by that under normal condition at the same time points and are presented as the means ± standard error (SE) of three replicates; moreover, the differences were analyzed using Student’s t-test [48]. Asterisks (* or **) indicate significant differences at p < 0.05 or p < 0.01 levels, respectively. Three replicate biological experiments were conducted. The primers used are listed in Table S1.




2.7. Co-Expression Network and Protein–Protein Interaction Network Analysis of DcNAC Proteins


Co-expression relationships of the DcNAC genes were analyzed using Origin (version 2022b) [49] on the basis of the TPM values from the RNA-seq data, and their co-expression networks were generated using Cytoscape (version 3.9.1) [50] on the basis of the correlation coefficients. STRING software (version 11.5, https://string-db.org/ (accessed on 28 August 2022)) was utilized to analyze the interactions between NAC proteins and other proteins [51]. A ‘single protein by sequence’ method was applied, and ‘Arabidopsis thaliana’ was selected as the organism for analysis. The BLASTP method was applied for NAC amino acid sequence search in the STRING software database, and the most similar Arabidopsis NAC proteins found were used for the establishment of the protein interaction network chart.





3. Results


3.1. Identification and Characterization of NAC Genes in D. catenatum


A search of NAC proteins in D. catenatum protein files was performed with the NAM domain model (PF02365) as a query, and 90 NAC sequences were obtained. These sequences were then verified by Pfam, SMART, and CDD databases. The 90 genes were named DcNAC1 to DcNAC90 according to their relationships with A. thaliana and O. sativa NAC proteins. The longest DcNAC gene (DcNAC39) with a molecular weight of 119.24 kDa encodes 1065 amino acids. The shortest NAC gene (DcNAC41) with a molecular weight of 10.34 kDa encodes only 88 amino acids. The theoretical isoelectric points are between 4.50 (DcNAC65) and 9.99 (DcNAC38). Among these proteins, DcNAC21, DcNAC44, DcNAC46, DcNAC58, DcNAC63, DcNAC66, and DcNAC74 have a transmembrane domain, and the rest lack transmembrane domains. The subcellular localization prediction showed that most DcNAC proteins are located in the nucleus, and a small part in the mitochondria, cytoplasm, and endoplasmic reticulum (Table 1).




3.2. Phylogenetic Analysis and Classification of DcNAC Proteins


Generally, similar functions were accomplished by the genes that had a coadaptation association and relationship [22]. Phylogenetic analysis is a good way to analyze the functions of gene families in numerous biological and functional studies. To explore the evolution of D. catenatum NAC proteins, an unrooted phylogenetic tree of D. catenatum NAC, A. thaliana NAC (AtNAC), and O. sativa NAC (OsNAC) proteins was constructed using the ML method (Figure 1). These NAC proteins were classified into two large groups: Group I and II. On the basis of the similarities in AtNAC and OsNAC structures, each group could be divided into several subgroups. Group I was divided into 13 subgroups, and group II was divided into 4 subgroups. DcNAC proteins were as diverse as AtNAC and OsNAC proteins, and unequal distribution of DcNACs was observed in all subgroups. NAM and NAP were the largest subgroups with 15 members (17%); followed by the subgroup ONAC022 with 11 members (12%); subgroup OsNAC7 with 10 members (11%); subgroup ONAC033 with 8 members (9%); subgroups NAC1, ANAC011, TIP, and OsNAC3 with 5 members (6%); subgroups NAC2 and ANAC063 with three members (3%); and subgroups TERN, ATAF, SENU5, ONAC001, and ANAC001 who all contained only 1 member (1%). Conversely, no DcNAC proteins belonged to the subgroup AtNAC3, the same as the OsNAC gene family. The distribution rule in each subgroup was similar to that in A. thaliana and rice (Figure S1).




3.3. Conserved Motif and Gene Structures of DcNAC


The putative motifs of the DcNAC proteins were predicted by MEME analysis, and a total of 15 different motifs were detected (Figure 2b and Figure S2), indicating the diversification of the DcNAC proteins in evolution. Results showed that the NAC members in the same subgroup or with close relationships had similar motif compositions, for instance, subgroups NAM, NAC1, OsNAC7, ANAC011, NAC2, TIP, ONAC022, OsNAC3, and ATAF all contained motif 1 to motif 6, suggesting that these NAC proteins have conservation in evolution, which might have similar functions. Interestingly, motif 10 was only found in subgroup OsNAC7, suggesting this motif might have special functions. The NAC protein contained a transcriptional activation region (TAR) in the C-terminus and a NAC domain in the N-terminus, which consisted of subdomains A to E (Figure 3a). The highly conserved NAC domain was formed from the full sequences of motifs 3, 4, 1, 2, and 5 (Figure 3b). These five motifs were detected in the majority of the DcNAC proteins (Figure 2b).



To investigate the diversity in structures of DcNAC genes, the exon–intron information of each DcNAC gene was analyzed (Figure 2c). Results showed that all the DcNAC genes contained introns, among which DcNAC64 had the largest number of introns (7 introns). Generally, the intron number and exon length displayed similar characteristics in the same subgroups. The members in subgroups NAM, NAC1, OsNAC7, ANC063, and NAC2 contained two or three introns, while the members in subgroups TIP, ONAC022, ONAC033, and ANAC011 had variable amounts of introns.




3.4. Cis-Element Analysis of the Promoter Regions of DcNAC Genes


The 2000 bp upstream sequence of the start codon (ATG) of the DcNAC gene was extracted using TBtools software (v1.095) and utilized as a promoter sequence. The cis-acting elements of the NAC gene promoters were analyzed using PlantCARE (Figure 4, Table S2). The abiotic stress response elements including low temperature response elements (LTR), drought inducibility (MBS), defense and stress responsiveness (TC-rich repeats), and wound-responsive element (WUN-motif) were found in 38, 42, 36, and 2 DcNAC gene promoters, respectively. The hormone response elements including MeJA responsiveness element (CGTCA-motif/TGACG-motif), abscisic acid (ABA) response element (ABRE), salicylic acid (SA) response element (TCA-element), gibberellin-responsive element (P-box/TATC-box/gare-motif), and auxin (IAA) response element (TGA-element) were found in 76, 69, 42, 26, and 26 DcNAC gene promoters, respectively. These results suggest that the expression of most genes might be related to hormone signal transduction. In addition, many growth- and development-related cis-acting elements were detected in the promoters. The circadian control element (circadian) was detected in 17 DcNAC promoters, the meristem expression element (CAT-box) was detected in 30 DcNAC promoters, the palisade mesophyll cell differentiation related element (HD-Zip 1) was detected in 11 DcNAC promoters, the flavonoid biosynthetic gene regulation (MBSI)-related MYB-binding site was detected in 2 DcNAC promoters, the seed-specific regulation element (RY-element) was detected in 7 DcNAC promoters, the cell cycle regulation element (MSA-like) was detected in 8 DcNAC promoters, and the endosperm expression element (GCN4_motif) was detected in 21 DcNAC promoters.




3.5. Tissue-Specific Expression Profiling of DcNAC Genes Using RNA-Seq


The expression profiles of the DcNAC genes in different tissues were explored by analyzing the RNA sequence transcriptome data (SRP091756) (Table S3). The expression of the 90 DcNAC genes was investigated on the basis of the transcripts per million (TPM) values from 10 tissue samples (root, white root, stem, leaf, root tip, lip, flower bud, sepal, pollinium, and column). The TPM value heat map (Figure 5) showed that the DcNAC genes exhibited varying expression patterns, indicative of the variable functions of different DcNAC genes. For example, DcNAC19, DcNAC16, DcNAC1, DcNAC53, and DcNAC56 displayed high expression levels in roots; DcNAC61 and DcNAC77 displayed high expression levels in stems; DcNAC64, DcNAC76, DcNAC21, and DcNAC48 exhibited high expression in lips; DcNAC20, DcNAC49, DcNAC79, and DcNAC6 exhibited high expression in sepals; DcNAC69, DcNAC37, and DcNAC38 exhibited high expression in pollinia; DcNAC28 and DcNAC83 exhibited high expression in flower buds; DcNAC10 and DcNAC23 exhibited high expression in leaves; and DcNAC29 and DcNAC63 exhibited high expression in columns (Figure 5, Table S3). These results indicate that the expression of DcNAC gene is tissue specific and that different genes may be involved in the regulation of the growth and development of different tissues.




3.6. Expression of DcNACs under Drought Stress Analyzed by RNA-Seq


A hierarchical clustering heatmap was generated to visualize the expression patterns of the DcNAC genes through the RNA sequence transcriptome data (SRP132541) (Table S4) under drought stress. These genes were divided into six clusters on the basis of their TPM values (Figure 6). The T1 and T2 values in the six clusters displayed four types of rules. In cluster 1 and cluster 5, the total expression levels of 18 DcNACs decreased with progressive drought stress, and the T1 and T2 values were less than one. Sixteen DcNACs were placed into cluster 2, showing higher expression under 0% than 10–15% treatment. The T2 values were greater than T1 values, and T1 values in seven members were less than one. In clusters 3 and 6, the T1 values were more than one, while the T2 values were less than one, suggesting that these 22 DcNACs may play roles in response to moderate drought stress (10–15%). The T1 and T2 values were greater than one in almost all DcNACs in cluster 4, suggesting that these TFs may regulate the expression of drought-responsive genes in D. catenatum. Taken together, the 52 DcNAC genes in clusters 2, 3, 4, and 6 may positively regulate the drought tolerance of D. catenatum and were selected for further study.




3.7. Comprehensive Analysis of Drought-Related DcNAC Genes


Correlation analysis was performed using Origin for the selected 52 DcNAC genes to explore their possible relationships (Figure 7a). The results showed that 310 pairs of genes displayed positive correlations, and 40 pairs of genes displayed negative correlations. A co-expression network was then constructed using Cytoscape on the basis of Pearson correlation coefficients. Nine hub genes (DcNAC6, DcNAC16, DcNAC18, DcNAC29, DcNAC42, DcNAC44, DcNAC51, DcNAC64, and DcNAC73) were identified, among which the DcNAC29 was most dominant in the network due to the high connectivity with other genes (Figure 7b).



To further examine the functions of the nine hub genes, a full network map of the nine DcNAC proteins in D. catenatum and related genes in Arabidopsis was constructed using STRING software (version 11.5) to predict their physical and functional interactions (Figure 8). We predicted a total of 48 proteins in the network. The sequence and annotation information for each protein is shown in Tables S5 and S6. As shown in Figure 8, Arabidopsis NAC102 (homolog of DcNAC6) was connected to ABF3 (abscisic-acid-responsive-elements-binding factor 3), ABF4, ATAF1 (Arabidopsis NAC-domain-containing protein), ERF-1 (ethylene-responsive-element-binding factor 1), and NAC083. NAM (homolog of DcNAC16) has associations with CIPK14 (CBL-interacting serine/threonine-protein kinase 14), ERF8, HAI1 (highly ABA-induced 1), NAC032, WRKY45, and WRKY75. NAC025 (homolog of DcNAC18) has associations with LTP12 (lipid-transfer protein 12), WRKY40, WRKY45, and WRKY75. ATAF2 (homolog of DcNAC29) was connected to DRIP1 (DREB2A-interacting protein). NAC083 (homolog of DcNAC44 and DcNAC64) was connected to BPM1 (BTB/POZ and MATH-domain-containing protein 1), BPM2, KNAT7 (KNOTTED-like homeobox of Arabidopsis thaliana 7), LBD15 (LOB-domain-containing protein 15), MYB46, NAC102, and RD26. NAC1 (homolog of DcNAC51) was connected to HSFC1 (heat stress transcription factor C-1).




3.8. Expression Profiles of the Nine Hub DcNAC Genes under Drought Stress Using RT-qPCR


To further explore their response to drought stress, the expression levels of the nine hub DcNAC genes under 20% PEG8000 were analyzed using RT-qPCR. As shown in Figure 9, these genes were upregulated by drought stress to varying degrees. In roots, the DcNAC6, DcNAC18, DcNAC29, DcNAC44, and DcNAC51 genes were highly induced, and all reached the peak after 6 h treatment, among which DcNAC18 exhibited the highest expression level (25-fold increase). Conversely, in leaves, only DcNAC16 and DcNAC64 showed increase patterns. DcNAC16 was highly expressed in leaves, with a 40-fold increase after treatment for 48 h. The expression of DcNAC64 increased by 13-fold compared with 0 h and exhibited the highest level after treatment for 9 h.





4. Discussion


Transcription factors can be divided into different families according to their specific DNA-binding domains [52]. TFs regulate gene expression and mediate or control many biological processes in cells including cell cycle, metabolism, and physiological balance [53]. In addition, TFs, as major sources of biodiversity and changes, are involved in plant defense and stress responses [54,55,56]. In higher plants, a large number of TFs are induced under stresses and can help plants to enhance stress resistance [4,57].



Although the functions of NAC genes have been well studied in A. thaliana and some model crops [58,59,60,61], little is known about their functions in D. catenatum. The number of NAC genes varies in different plants. In this study, we identified 90 NAC genes in the D. catenatum genome, more than those (75 OsNAC genes) in rice [17], while fewer than those in A. thaliana (105 AtNAC genes) [17], Helianthus annuus (150 HaNAC genes) [23], and Panicum miliaceum (180 PmNAC genes) [62]. Remarkably, plant genes with the same functions were clustered in the same subgroups [23]. Phylogenetic analysis showed that the NAC proteins from D. catenatum, A. thaliana, and rice were divided into 17 different subgroups (Figure 1). Subgroup NAP has 15 DcNAC genes, with the highest number present in this group. These genes are orthologous with Arabidopsis AtNAC018, AtNAC025, and AtNAC56, playing a key role in leaf senescence [58]. Subgroup NAM contains 15 DcNAC genes, the same as the NAP subgroup, orthologous with AtNAC054 and AtNAC059, which are involved in organ development, programmed cell death, and secondary wall formation [63,64,65], as well as biotic and abiotic stresses [66]. Subgroup TIP has five DcNAC genes, orthologous with AtNAC060 and AtNAC091, which are involved in ABA signaling and stress response [67,68,69]. The subgroup ANAC011 has five DcNAC genes that are orthologous with Arabidopsis genes such as AtNAC071 and AtNAC096, which are responsible for tissue reunion, dehydration, and osmotic stress [70,71]. Subgroup NAC2 has three DcNAC genes that are orthologous with Arabidopsis genes such as AtNAC016 that is involved in chlorophyll breakdown [28]. The subgroup ANAC001 has only one DcNAC gene, orthologous with AtNAC003 and AtNAC069 in Arabidopsis, and these genes are responsible for DNA damage response, as well as salt and osmotic stress tolerance [72,73]. The ATAF subgroup is related to drought tolerance in rice [74] and related to salt stress response and lateral root development in Arabidopsis [75,76], having one DcNAC orthologous gene. Although phylogenetic analysis provides vital information for function understanding of candidate genes, this alone cannot clearly describe their functions. To this end, we investigated other evidence to support the reliability of subgroup classification, such as gene structure and motifs. Most of the DcNAC genes had more than two introns, and the members in the same subgroups had similar gene structures (Figure 2c). Previous studies showed that NAC genes from the same subgroups often have similar functions [77,78,79]. According to previous studies, introns are inserted or excised from the NAC coding region in a subfamily-specific manner and are retained in the genome during evolution [80]. NAC transcription factors have highly conserved N-terminal, containing NAC domains (≈150 residues), and a highly diversified C-terminal [81]. In this study, the N-terminus of DcNAC proteins except the members of subgroups ONAC003, SEUN5, and ANAC063 all contained motifs 1, 2, 3, 4, 5, and 6. In contrast, the C-terminus of DcNAC proteins in subgroup OsNAC7 contained motif 10; the C-terminus of DcNAC9, DcNAC48, and DcNAC90 in subgroup NAM contained motif 15; and the C-terminus of DcNAC1, DcNAC16, DcNAC27, DcNAC53, DcNAC56, and DcNAC70 in subgroup NAP contained motif 12.



NAC transcription factors have critical functions in plant growth, development, and resistance to stresses [82,83]. The grape VvNAC17 can enhance salt, cold, and drought tolerance of transgenic Arabidopsis [84]. Tobacco with overexpression of the Lilium pumilum LpNAC13 gene displayed decreased drought tolerance and increased salt tolerance [85]. The soybean GmNAC109 can enhance the lateral root formation of transgenic Arabiodpsis [86]. The functions of cis-elements in the promoters indicate possible responses to these genes [87]. In this study, the promoter analysis showed that there were multiple cis-elements that were correlated with various developmental and stress response factors in the upstream sequences of DcNAC genes (Figure 4). ABRE plays a critical role in leaf senescence, stomatal closure, seed dormancy, and plant response to abiotic and biotic stresses [54]. Liao et al. [88] found that GmbZIP46, GmbZIP62, and GmbZIP78 could bind to the ABRE element and respond to salt stress, and the transgenic plants exhibited stronger salt tolerance than the wild-type plants. Studies have shown that LTR elements in the strawberry FaG6PDH-CY gene promoter region can promote the expression of downstream target genes under cold stress [89]. Under salt stress, the apple MdNAC47 directly bound to the ethylene responsive element, activated its transcription, and then increased the expression of ethylene-responsive genes, thus enhancing plant salt tolerance [90]. Plant hormones such as ABA, SA, and JA can regulate stress response, root growth, and plant development [59]. Tomato SlNAC35 can regulate the expression of auxin response factors ARF1, ARF2, and ARF8 in the auxin signaling pathway through an ABA-dependent pathway to promote root growth and improve plant drought and salt tolerance [91]. Rice plants overexpressing the SNAC2 (stress-responsive NAC2) gene induced by ABA exhibited cold and salt tolerance and ABA sensitivity [92]. It is well known that ABA plays important roles in plant adaptation to environmental stresses such as drought, cold, or high salinity [93]. In addition, ABA also regulates many developmental processes, including seed germination, seed maturation and dormancy, vegetative development, and plant senescence [93,94,95]. ABA-responsive element (ABRE) binding factors play central roles by binding to the promoter of many ABA-responsive genes [96]. In this study, many hormone-related elements such as ABRE were detected in the promoter regions, suggesting that these genes may function via regulation of ABA.



D. catenatum is an economic plant and often grows on the surface of tree bark or rocks. Drought stress is a major factor influencing its growth and development. The above analyses revealed that DcNACs could function in drought response. Therefore, exploring the expression levels of the DcNAC genes under drought stress is necessary. The expression of the DcNAC gene was analyzed using RNA-seq data, and the results showed that the DcNAC genes were divided into six clusters on the basis of their expression levels under different drought treatments. Four clusters containing 52 DcNAC genes (58%) were upregulated under different drought treatments, suggesting that most DcNAC genes are involved in drought tolerance. Meanwhile, correlation analysis showed that most upregulated genes were positively correlated (Figure 7a), illustrating that these genes may act synergistically in drought tolerance. Furthermore, nine hub genes with high connection to other genes were screened through co-expression network analysis (Figure 7b). The results indicate that these nine hub genes may play a dominant role in drought tolerance. Meanwhile, Pearson correlation analysis showed that 23 DcNAC genes were highly correlated with DcNAC29, with the largest number, followed by DcNAC64, with 14 related genes. Therefore, DcNAC29 may be the core gene of drought stress regulation. RT-qPCR analysis further showed that the expression levels of DcNAC6/18/29/44/51 were increased in roots, and DcNAC16 and DcNAC64 were highly induced in leaves.



Previous studies showed that the ABA and MAPK signaling pathways play critical roles in drought tolerance [94,97]. The expression of about 30% total genes was altered when exposed to drought [98], and most of these genes are involved in ABA signaling. ABA-responsive element (ABRE)-binding factors (ABFs) function by binding to the cis-element in the promoter of many ABA-responsive genes [96]. PYL-PP2C-SnRK2 is the core component of ABA signaling [99,100,101], and PYL-PP2C can activate MAPK to respond to drought stress [102]. The network predicted that NAM (homolog of DcNAC16) interacted with HAI1, a member of the PP2C family, and AtNAC102 (homolog of DcNAC6) interacted with ABF3 and ABF4. These results indicate that NAM and AtNAC102 may regulate drought tolerance through affecting MAPK and ABA pathways. RD26, which belongs to the NAC member, can specifically bind to the CACG core sequence to activate the expression of many drought-responsive genes [27]. AtNAC083 (homolog of DcNAC44 and DcNAC64) could interact with RD26, suggesting that it might function in response to drought tolerance. The dehydration-responsive-element-binding 2 proteins (DREB2s) can interact with RD29A and function in drought response [103]. The protein–protein interaction network showed that ATAF2 (homolog of DcNAC29) could interact with DRIP1, which is a DREB2A-interacting protein. Thus, DcNAC29 may also be important for drought tolerance. Consequently, the corresponding homologous genes DcNAC6, DcNAC16, DcNAC29, DcNAC44, and DcNAC64 may be involved in ABA and MAPK signaling pathways under drought stress. Conversely, the DcNAC18 and DcNAC51 genes may function in other pathways in response to drought stress and need to be investigated in the future.




5. Conclusions


In this study, 90 NAC genes were identified in the D. catenatum genome. The DcNAC family can be divided into 17 subgroups on the basis of their relationships with Arabidopsis and rice NAC proteins. Conserved motifs and gene structures showed similar features in each subgroup. All the DcNAC genes can be divided into six clusters according to their expression levels using the drought transcriptome data. Seven DcNAC genes (DcNAC6, DcNAC16, DcNAC18, DcNAC29, DcNAC44, DcNAC51, and DcNAC64) were screened and could be used as potential candidate genes for drought tolerance in D. catenatum. In general, the genome-wide analysis of the NAC gene family was first investigated in D. catenatum, and the expression patterns of DcNAC genes under drought stress were studied. The candidate DcNAC genes will provide foundation for the molecular breeding in terms of drought tolerance of D. catenatum.
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Figure 1. Phylogenetic analyses of NAC proteins from D. catenatum, Arabidopsis, and rice. A phylogenetic tree of NAC proteins was constructed using MEGA-X software (version 10.0.5). The NAC domains were classified into two large groups: Groups I and II. Group I was divided into 13 subgroups (TERN, ONAC022, SENU5, NAP, AtNAC3, ATAF, OsNAC3, NAC2, ANAC011, TIP, OsNAC7, NAC1, and NAM). Group II was divided into 4 subgroups (ANAC001, ONAC003, ONAC001, and ANAC063). The 17 subgroups are indicated with different colors. The red pentacles represent A. thaliana NACs (AtNACs), the green boxes represent D. catenatum NACs (DcNACs), and the blue triangles represent O. sativa NACs (OsNACs). 
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Figure 2. Motifs, structures, and phylogenetic relationships of DcNAC family members. (a) A phylogenetic tree of 90 DcNAC proteins was constructed using the maximum likelihood method. The different subgroups are indicated with different background colors and letters. (b) Conserved motifs of DcNAC proteins. Different motifs are represented by different colored boxes. (c) Exon/intron structures of DcNAC genes with UTR(s), exon(s), and intron(s) are indicated with yellow and green boxes, and black lines, respectively. The phylogenetic tree, conserved motifs, and gene structures were predicted with TBtools. 
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Figure 3. NAC domain and TAR in D. catenatum NAC family protein. (a) The predicted domains in the N-terminus and C-terminus. The NAC domain consists of subdomains A to E. The TAR (transcriptional activation region) is the C-terminal activation domain. (b) Alignment of the NAC domain from the MEME results for the DcNACs. The motifs 3, 4, 1, 2, and 5 form the putative DcNAC NAC domain. 
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Figure 4. The number of DcNAC promoters containing various cis-acting elements. Different colors represent different cis-element types. The numbers above the columns represent the number of promoters. 
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Figure 5. Hierarchical clustering of expression profiles of DcNAC gene expression profiles across different D. catenatum tissues. Data were normalized relative to each gene’s mean expression value across all tissues and log2-transformed. TPM (transcripts per million) values were used to create heat maps showing the expression of DcNAC genes in different tissues, ranging from low expression (green) to high expression (red). 
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Figure 6. The expression patterns of DcNAC genes evaluated by RNA-seq. The left heatmap shows the expression of DcNAC genes under different volumetric water contents of base material. Data were normalized relative to each gene’s mean expression value across all treatments and log2-transformed. TPM (transcripts per million) values were used to create a heat map showing the expression of DcNAC genes. The expression level ranged from low expression (green) to high expression (red). The right heatmap showed the TPM ratios, with high ratios in red and low ratios in cyan. T1 was equal to the TPM of 10–15% divided by the TPM of 30–35%, and T2 was equal to the TPM of 0% divided by the TPM of 30–35%. The amounts of 30–35%/10–15%/0% represent the fact that the volumetric water content of the base material declined to ≈30–35%, ≈10–15%, and ≈0%, respectively. 
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Figure 7. Comprehensive analysis of drought-related DcNAC genes. (a) Correlation analysis of upregulated DcNAC genes. Red indicates a positive correlation, and blue indicates a negative correlation. The circle size indicates the absolute value of the correlation coefficient. (b) Co-expression network analysis. The red line represents a positive correlation. The size represents the degree calculated by the Cytoscape. 






Figure 7. Comprehensive analysis of drought-related DcNAC genes. (a) Correlation analysis of upregulated DcNAC genes. Red indicates a positive correlation, and blue indicates a negative correlation. The circle size indicates the absolute value of the correlation coefficient. (b) Co-expression network analysis. The red line represents a positive correlation. The size represents the degree calculated by the Cytoscape.



[image: Agronomy 12 02753 g007]







[image: Agronomy 12 02753 g008 550] 





Figure 8. Interaction networks of the selected DcNACs in D. catenatum and related genes in Arabidopsis. The colored, white, empty, and filled nodes represent the first shell of interactors, the second shell of interactors, proteins with unknown 3D structure, and proteins with known or predicted 3D structure, respectively. The light blue and purple lines indicate known interactions. The green, red, and blue lines indicate predicated interactions. The cyan, black, and yellow lines represent protein homology, co-expression, and text mining, respectively. 
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Figure 9. Real-time quantitative PCR analyses of the nine hub DcNAC genes under drought stress in roots and leaves. The mean expression value was calculated from three replicates. Vertical bars indicate the standard deviation. Values of 0, 3, 6, 9, 12, 24, and 48 indicate hours after treatment. Mean values and standard deviations were calculated according to the data. The unstressed level (0 h) was used as a control. Asterisks (* or **) indicate a significant difference at p < 0.05 or p < 0.01, respectively. 
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Table 1. Physicochemical properties of D. catenatum NAC proteins.
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	Gene Name
	Gene ID
	Locus
	Length
	MW(KD)
	pI
	No.of Transmembrane
	Subcellular Localization





	DcNAC1
	LOC110104261
	NW_021319405.1:944588..946253
	318
	36.00
	5.59
	-
	Nuclear



	DcNAC2
	LOC110105825
	NW_021318852.1:8900458..8901600
	222
	25.03
	8.69
	-
	Nuclear, Mitochondrial



	DcNAC3
	LOC110105421
	NW_021319664.1:601710..606065
	387
	43.86
	8.38
	-
	Nuclear



	DcNAC4
	LOC110095412
	NW_021319664.1:601710..606065
	269
	30.90
	7.25
	-
	Nuclear



	DcNAC5
	LOC110116424
	NW_021319483.1:4428910..4432555
	313
	36.69
	6.49
	-
	Nuclear



	DcNAC6
	LOC110098761
	NW_021319202.1:1232820..1234194
	274
	31.28
	5.42
	-
	Mitochondrial, Cytoplasmic



	DcNAC7
	LOC110109664
	NW_021319373.1:1292252..1306026
	430
	48.34
	5.36
	-
	Nuclear



	DcNAC8
	LOC110114298
	NW_021319478.1:223003..227638
	398
	45.26
	6.68
	-
	Nuclear



	DcNAC9
	LOC110106797
	NW_021320118.1:443972..446023
	369
	41.45
	5.96
	-
	Nuclear



	DcNAC10
	LOC110104614
	NW_021319853.1:571176..573917
	341
	39.44
	6.68
	-
	Nuclear



	DcNAC11
	LOC110107694
	NW_021319484.1:2340621..2343718
	300
	33.78
	5.61
	-
	Nuclear



	DcNAC12
	LOC110116691
	NW_021319255.1:789964..792321
	357
	39.80
	6.43
	-
	Cytoplasmic



	DcNAC13
	LOC110107876
	NW_021319309.1:5212803..5214395
	262
	30.18
	5.32
	-
	Nuclear, Mitochondrial



	DcNAC14
	LOC110108485
	NW_021318618.1:1341771..1350421
	250
	28.56
	8.58
	-
	Nuclear



	DcNAC15
	LOC110105195
	NW_021319341.1:1740160..1753523
	327
	37.21
	6.73
	-
	Mitochondrial, Cytoplasmic



	DcNAC16
	LOC110112974
	NW_021320019.1:6917562..6918718
	247
	28.25
	7.66
	-
	Mitochondrial, Cytoplasmic



	DcNAC17
	LOC110098358
	NW_021318618.1:140601..165868
	676
	76.21
	6.81
	-
	Nuclear



	DcNAC18
	LOC110104359
	NW_021319405.1:898780..900362
	316
	35.49
	6.80
	-
	Nuclear



	DcNAC19
	LOC110114553
	NW_021318619.1:1786474..1789318
	398
	45.00
	6.55
	-
	Nuclear



	DcNAC20
	LOC110107078
	NW_021345752.1:73081..76452
	273
	31.91
	6.07
	-
	Cytoplasmic



	DcNAC21
	LOC110103331
	NW_021318728.1:755755..762108
	635
	70.39
	4.68
	1
	Nuclear, Cytoplasmic



	DcNAC22
	LOC110111768
	NW_021318693.1:2812812..2814409
	308
	35.24
	6.04
	-
	Nuclear



	DcNAC23
	LOC110110716
	NW_021319682.1:11969540..11971158
	313
	35.85
	7.80
	-
	Nuclear



	DcNAC24
	LOC110115981
	NW_021319056.1:515803..524871
	231
	26.84
	6.66
	-
	Cytoplasmic



	DcNAC25
	LOC110110725
	NW_021319746.1:1017210..1019037
	333
	37.75
	7.65
	-
	Nuclear



	DcNAC26
	LOC110107219
	NW_021318474.1:52459..54233
	326
	36.90
	8.48
	-
	Nuclear



	DcNAC27
	LOC110095790
	NW_021318852.1:8686697..8688365
	338
	36.98
	8.62
	-
	Nuclear



	DcNAC28
	LOC110115485
	NW_021319945.1:1292983..1294555
	269
	31.45
	5.16
	-
	Cytoplasmic



	DcNAC29
	LOC110092932
	NW_021319682.1:12055658..12057289
	300
	34.21
	5.37
	-
	Nuclear



	DcNAC30
	LOC110097953
	NW_021319408.1:90079..91220
	198
	22.50
	5.80
	-
	Cytoplasmic



	DcNAC31
	LOC110107849
	NW_021319309.1:5177244..5178952
	336
	38.09
	6.15
	-
	Nuclear, Cytoplasmic



	DcNAC32
	LOC110114255
	NW_021318952.1:407937..411747
	566
	64.69
	5.74
	-
	Nuclear



	DcNAC33
	LOC110105798
	NW_021320118.1:62855..65065
	330
	37.90
	6.80
	-
	Nuclear



	DcNAC34
	LOC110104809
	NW_021318693.1:5734624..5738435
	275
	31.70
	6.32
	-
	Nuclear



	DcNAC35
	LOC110102585
	NW_021319099.1:1124888..1129100
	392
	44.26
	5.45
	-
	Nuclear



	DcNAC36
	LOC110094938
	NW_021318963.1:481017..483962
	302
	34.48
	5.73
	-
	Cytoplasmic



	DcNAC37
	LOC114580353
	NW_021318576.1:1853942..1854694
	285
	32.93
	6.18
	-
	Nuclear



	DcNAC38
	LOC110101656
	NW_021350263.1:1773..2430
	168
	19.47
	9.99
	-
	Nuclear



	DcNAC39
	LOC110102005
	NW_021319610.1:706265..744789
	1065
	119.24
	5.35
	-
	Nuclear



	DcNAC40
	LOC110106875
	NW_021320142.1:1232496..1239440
	324
	36.46
	8.76
	-
	Nuclear



	DcNAC41
	LOC114578614
	NW_021412344.1:5..417
	88
	10.34
	6.56
	-
	Nuclear, Mitochondrial



	DcNAC42
	LOC110115000
	NW_021319004.1:3740985..3742795
	320
	36.49
	6.68
	-
	Nuclear



	DcNAC43
	LOC110092814
	NW_021319127.1:4426569..4431555
	308
	35.87
	6.49
	-
	Nuclear



	DcNAC44
	LOC110107435
	NW_021319315.1:7525933..7551014
	192
	21.73
	9.53
	1
	Mitochondrial, Cytoplasmic



	DcNAC45
	LOC110101851
	NW_021319178.1:14978035..14983656
	293
	32.75
	8.37
	-
	Nuclear



	DcNAC46
	LOC110100943
	NW_021319134.1:403956..410187
	624
	68.83
	4.84
	1
	Nuclear, Cytoplasmic



	DcNAC47
	LOC110094901
	NW_021319875.1:435195..438112
	313
	36.62
	6.21
	-
	Nuclear



	DcNAC48
	LOC110108674
	NW_021318516.1:1875800..1877760
	315
	35.64
	8.60
	-
	Nuclear



	DcNAC49
	LOC110092756
	NW_021319682.1:12023901..12025518
	331
	37.66
	8.92
	-
	Nuclear



	DcNAC50
	LOC110103097
	NW_021318927.1:550233..558831
	384
	43.03
	7.04
	-
	Mitochondrial



	DcNAC51
	LOC110104882
	NW_021319718.1:578668..596732
	314
	35.40
	8.16
	-
	Nuclear, Mitochondrial



	DcNAC52
	LOC110098556
	NW_021586606.1:401626..402992
	321
	36.57
	6.06
	-
	Nuclear



	DcNAC53
	LOC110112625
	NW_021318921.1:882187..884939
	420
	48.34
	8.92
	-
	Cytoplasmic



	DcNAC54
	LOC110107887
	NW_021319309.1:4726707..4728783
	313
	36.04
	6.55
	-
	Nuclear



	DcNAC55
	LOC110107355
	NW_021318535.1:1389..2468
	274
	30.68
	8.20
	-
	Nuclear



	DcNAC56
	LOC110112624
	NW_021318921.1:866825..871675
	386
	43.57
	5.45
	-
	Nuclear



	DcNAC57
	LOC110100421
	NW_021356156.1:29165..31208
	377
	41.97
	6.60
	-
	Nuclear



	DcNAC58
	LOC110116407
	NW_021319956.1:483041..525326
	601
	67.20
	5.77
	1
	Nuclear



	DcNAC59
	LOC110102675
	NW_021318663.1:278514..281625
	241
	27.23
	9.16
	-
	Nuclear, Cytoplasmic



	DcNAC60
	LOC110114310
	NW_021319478.1:59280..60370
	221
	25.27
	9.07
	-
	Nuclear



	DcNAC61
	LOC110101259
	NW_021319682.1:5659051..5662051
	331
	37.09
	6.27
	-
	Cytoplasmic



	DcNAC62
	LOC110108396
	NW_021319952.1:264477..266434
	311
	35.99
	5.54
	-
	Nuclear



	DcNAC63
	LOC110097330
	NW_021319772.1:190444..194675
	437
	50.03
	6.15
	1
	Nuclear



	DcNAC64
	LOC110100119
	NW_021319284.1:705412..706624
	219
	25.00
	9.17
	-
	Nuclear



	DcNAC65
	LOC110099898
	NW_021319550.1:257520..270338
	539
	60.66
	4.50
	-
	Nuclear



	DcNAC66
	LOC110097190
	NW_021319315.1:4053808..4062584
	602
	67.38
	4.78
	1
	Nuclear, Cytoplasmic



	DcNAC67
	LOC110114311
	NW_021319478.1:78155..78973
	236
	26.54
	6.25
	-
	Endoplasmic reticulum Mitochondrial



	DcNAC68
	LOC110114265
	NW_021318952.1:398944..402450
	236
	27.24
	4.94
	-
	Nuclear



	DcNAC69
	LOC110105590
	NW_021319523.1:2753877..2761806
	386
	43.35
	4.73
	-
	Nuclear



	DcNAC70
	LOC110104365
	NW_021319405.1:957135..958903
	319
	36.16
	5.63
	-
	Cytoplasmic



	DcNAC71
	LOC110095285
	NW_021318596.1:516144..520405
	264
	30.49
	5.94
	-
	Nuclear



	DcNAC72
	LOC110104495
	NW_021318542.1:456982..470372
	337
	39.31
	5.45
	-
	Nuclear



	DcNAC73
	LOC110092252
	NW_021319862.1:754733..760299
	424
	47.33
	6.63
	-
	Nuclear



	DcNAC74
	LOC110100951
	NW_021319134.1:429429..433522
	619
	68.61
	4.86
	1
	Nuclear, Cytoplasmic



	DcNAC75
	LOC110110098
	NW_021473832.1:229827..232159
	331
	37.78
	5.78
	-
	Nuclear



	DcNAC76
	LOC110104101
	NW_021319154.1:640611..642422
	326
	37.44
	8.80
	-
	Nuclear



	DcNAC77
	LOC110104023
	NW_021319309.1:351852..353642
	297
	34.27
	9.02
	-
	Nuclear



	DcNAC78
	LOC110098637
	NW_021319551.1:1686647..1688517
	302
	33.68
	8.83
	-
	Nuclear



	DcNAC79
	LOC110111459
	NW_021319876.1:468565..469773
	246
	28.25
	6.01
	-
	Nuclear, Mitochondrial



	DcNAC80
	LOC110099650
	NW_021318496.1:315052..343857
	379
	42.02
	4.90
	-
	Nuclear



	DcNAC81
	LOC110112020
	NW_021319961.1:27508..28792
	156
	18.00
	9.76
	-
	Nuclear, Mitochondrial



	DcNAC82
	LOC110104089
	NW_021319154.1:989262..991072
	352
	40.80
	5.09
	-
	Nuclear, Cytoplasmic



	DcNAC83
	LOC110110797
	NW_021441140.1:128927..144598
	667
	76.33
	6.46
	-
	Nuclear



	DcNAC84
	LOC110092208
	NW_021319083.1:5535325..5536353
	205
	23.18
	8.74
	-
	Nuclear



	DcNAC85
	LOC110116607
	NW_021404996.1:183594..186750
	284
	32.23
	6.90
	-
	Nuclear, Cytoplasmic



	DcNAC86
	LOC114579126
	NW_021318625.1:16861..17817
	172
	19.31
	5.53
	-
	Nuclear



	DcNAC87
	LOC110107637
	NW_021319168.1:1236367..1241143
	286
	33.75
	7.63
	-
	Nuclear



	DcNAC88
	LOC110111207
	NW_021516239.1:66394..67565
	195
	22.13
	4.97
	-
	Cytoplasmic



	DcNAC89
	LOC110107480
	NW_021319567.1:739642..741736
	299
	34.42
	5.23
	-
	Nuclear



	DcNAC90
	LOC110111452
	NW_021319876.1:524351..525738
	345
	39.42
	6.32
	-
	Nuclear
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