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Abstract

:

Grafting is a widely used technique, and graft compatibility between the rootstock and scion is a prerequisite for grafting. To date, the underlying reasons for the success of healing after heterografting remain largely unknown. Here, using Acanthopanax senticosus (A. senticosus) grafted onto more vigorously grown Acanthopanax sessiliflorus (A. sessiliflorus) rootstocks, and self-grafting A. senticosus as controls, anatomical analysis was used to conduct studies on the healing process of grafted plants and transcriptome analysis was also performed on the healing union at 16 days after grafting (DAGs). In total, 10,215 significantly differentially expressed genes were detected between the transcriptomes of heterografts and homografts at 16 DAGs. Go and KEGG analyses showed that a number of metabolic, physiological and hormonal responses are involved in the healing process of heterografted seedlings, including metabolic processes, cellular processes, responses to stimulus, plant hormone signal transduction, the plant–pathogen interaction, the MAPK signaling pathway of the plant, transcription factors and defense responses. This study advances our understanding of the molecular mechanism of the grafting healing process in heterografts and provides a useful reference for elucidating the molecular mechanism of the healing process in homografted and heterografted systems and the candidate genes for functional analysis.
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1. Introduction


Acanthopanax senticosus (Rupr. Maxim.) Harms (A. senticosus), also known as Eleutherococcus senticosus, is a traditional Chinese medicine and is widely used in the field of traditional Chinese medicine [1]. It has various effects, such as anti-stress, anti-tumor, hypoglycemic and anti-arrhythmic [2,3,4,5]. For a long time, people have been interested in the medicinal value of the root of A. senticosus, leading to the widespread use of the root and a gradual decrease in wild resources. A. senticosus is mainly based on sexual reproduction, which requires high conditions for pollination and has a low fruit set rate, which is not conducive to its reproduction. In recent years, in the continuous exploration of the medicinal parts of A. senticosus, it has been found that its leaves are rich in chemical components, such as flavonoids, organic acids, phenols, triterpenoid phenylpropanoids, polysaccharides and other compounds [6,7,8], and they have attracted the attention of more and more researchers because of their renewable ability. Grafting, an ancient agricultural practice, is widely used to maintain the quality of good seeds, encourage rapid breeding, adjust growth, improve resistance, increase yield and improve quality [9,10,11,12,13]. At present, grafting is mostly focused on fruits, forest trees, vegetables and other cash crops and can greatly improve their productivity, disease resistance, etc. Acantopanax sessiliflorus (A. sessiliflorus) is traditionally used both as an herbal medicine and as a food ingredient, and has stronger growth potential and more vigorous plant growth than A. senticosus. A. senticosus was grafted onto the more vigorous A. sessiliflorus to improve the leaf yield and quality of A. senticosus, making it an alternative resource to the roots of A. senticosus. Grafting union healing is the key to the survival of grafted seedlings, which is an important problem faced when attempting to successfully achieve grafting-improved traits [14]. Grafting different families, genera and species can cause grafting failure due to differences in the anatomical structure, growth characteristics and genetic characteristics of the scion and rootstock, which may cause the grafting union to fail to heal and vascular bundles fail to connect [15,16]. In order to improve the success rate of grafting healing, it is crucial to study the process. In the past decade or so, reports on plant grafting have mostly focused on physiological processes and histological characteristics [17,18,19,20]. Tissue section observation and scanning electron microscopy (SEM) techniques are the best methods to observe the structural changes that occur early in the grafting process and between rootstocks and scions, which can increase the understanding of grafting healing [21,22]. Early studies on graft morphology have shown that the reconnection of vascular bundles between rootstocks and scions is an important feature of graft healing affinity [19]. In addition, grafting healing may involve a complex signaling system. Some researchers have reported that plant hormone signal transduction is related to grafting healing [23,24]. For example, auxin participates in the growth of plant vascular tissue by promoting cell division, elongation and development, and can be synthesized in plants [25]. Nanda and Melnyk [26] reviewed the important role of plant hormones in the reconnection of vascular bundles during grafting. These studies have revealed potential mechanisms for regulating plant grafting development and stress response. However, the molecular mechanisms involved in grafting are still not fully understood, especially between homografted and heterografted combinations. RNA-Seq is the most powerful tool available to compare transcriptomes at present and it can provide opportunities for the genome analysis and gene function research of model organisms and non-model organism [27,28]. Therefore, in order to successfully establish the grafting system of A. senticosus and A. sessiliflorus, and to clarify the changes in the grafting healing process of homografts and heterografts, the scions of A. senticosus were grafted onto the rootstock of A. sessiliflorus in this study, and the self-grafting of A. senticosus was used as the control to observe the graft survival rate, plant growth status, tissue changes in the healing process and the vascular bundle connectivity of the heterografted seedlings according to the time course of grafting healing. RNA-Seq analysis was also performed to determine the molecular mechanism of healing during the critical period in heterografted seedlings. This study provides a useful reference for revealing the tissue variation and molecular mechanism of the healing process in homografted and heterografted systems.




2. Materials and Methods


2.1. Plant Material


One-year-old seedlings of A. senticosus and A. sessiliflorus were purchased from Zhengyang Nursery, Liaoning, China. All samples were identified by Prof. Jun Ai, College of Horticulture, Jilin Agricultural University, Changchun, China. The corresponding voucher specimens were stored in the State Local Joint Engineering Research Center of Ginseng Breeding and Application, China. The study was conducted at the agricultural base facility of Jilin Agricultural University, China. The one-year-old plants of A. senticosus and A. sessiliflorus were placed in a nutrient bowl with organic substrates (Vloam:Vsand:Vpeatmoss = 3:1:1). Field management was handled according to conventional cultivation techniques.




2.2. Grafting Method


The grafted seedlings in the experiment were divided into two groups: “A. senticosus/A. senticosus” (homografted seedlings) and “A. senticosus/A. sessiliflorus” (heterografted seedlings), and the homografted seedlings were used as the control. Semi-lignified softwood twigs with the same diameter were taken from the scions and rootstocks, and the splitting method was used for grafting. There were 60 plants grafted in each group, and three replications were performed. We tracked the complete growth of all groups of grafted plants. Grafted seedlings were planted in a greenhouse in the agricultural base facility of Jilin Agricultural University, China, at a temperature of 20 ± 1 °C and 80–90% relative humidity. All the plants were watered twice a week.




2.3. Microscopic Examination of Anatomical Structures


2.3.1. Scanning Electron Microscopy Examination


To detect plasmodesmata, the healed parts of plants at 4, 5 and 6 DAGs were selected for scanning electron microscopy (SEM). The fresh sample was fixed with 5% pentanal for 2 h and then rinsed 3 times with deionized water for 5 min each time. The samples in ethanol were dehydrated step by step (50%, 70%, 80%, 90% and 100%, every 10 min interval, 100% replacement three times). Finally, the dried sample was placed onto the stub, sprayed with gold, and SEM (MIRA3, TESCAN ORSAY HOLDING, a.s., Shanghai, China) was used to obtain SEM images.




2.3.2. Histological Sectioning Examination


For histological analysis, the graft union was collected every 4 days from 4–24 DAGs plants and placed in an FAA fixative for 48 h. Then, the samples were dehydrated in 50%, 70%, 85%, 95% and 100% ethanol for 90 min, and the ethanol in the samples was replaced with xylenes, followed by paraffin embedding. The samples were sectioned horizontally into 5 µm thick sections (RM2265, Leica, Hong Kong, China) and mounted on glass slides. For staining, the sections were dewaxed and stained in 1% Safranin O solution for 2 h and in 0.5% Fast Green solution for 5 min. The stained samples were rinsed with water and then briefly rinsed once with 95% ethanol. Then, the sections were imaged with a fluorescence microscope (DM6B, Leica Microsystems, Shanghai, China).




2.3.3. Vascular Reconnection Analysis


Xylem and phloem connectivity was measured with acid fuchsin and 8-hydroxypyrene-1,3,6-trisulfonic acid, trisodium salt (HPTS) loading, respectively. Grafted seedlings were taken at 24 DAGs and the roots were immersed in 0.1% (m/v) acidic perilla solution. Six hours later, the staining of xylem, true leaf veins and ground new leaf veins were observed [29]. They were observed and photographed with a microscope (S9D, Leica Microsystems, China). Referring to the HPTS staining method [30,31], the above-ground leaves of grafted seedlings were immersed in 1 mmol/L HPTS solution and incubated for 12 h at room temperature in the dark before obtaining freehand sections. Fluorescence signals were observed and photographed with a fluorescence microscope (DM6B, Leica Microsystems, Shanghai, China). For each loading site of grafted seedlings (scion, rootstock and healing union, respectively), three experiments with 11–15 individual grafts were conducted.





2.4. RNA Extraction, cDNA Library Construction and Illumina Sequencing


The total RNA of homografted and heterografted unions was extracted using the mirVanaTM miRNA isolation kit (Ambion-1561, Thermo Fisher Scientific, Shanghai, China) and plant RNA kit according to the manufacturer’s instructions. RNA integrity was assessed using an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). Equal amounts of RNA from three biological replicates of each sample were used for cDNA library preparation.



The specific steps of transcriptome library construction and sequencing are as follows: According to the manufacturer’s instructions, the cDNA library was constructed using the A kit through a series of operations such as mRNA enrichment, fragment homogenization, synthesis of first-strand cDNA and second-strand cDNA, purification and end repair of double-strand DNA, adding A tails and connecting sequencing connectors, fragment size selection and PCR amplification. After the constructed library passed the quality inspection, the prepared libraries were sequenced in the sequencing platform (HiSeqTM 2500).




2.5. De Novo Transcriptome Assembly and Functional Annotation


Transcriptome sequencing and analysis were performed by OE Biotechnology Co., LTD. (Shanghai, China). Trimmomatic was used to process the raw data (raw read) [32] and the aptamers and low-quality sequences were removed to obtain high-quality clean reads. The clean reads were spliced with the Trinity software (version: 2.4) paired-end splicing method to obtain the transcript sequence [33]. The longest transcript sequence was selected as the unigene according to sequence similarity and length. Unigene sequences were compared to the NCBI non-redundant (NR), clusters of orthologous groups of proteins (COG/KOG) and Swissprot databases by using Blastx [34], and the threshold E-value was set to 10−5. The proteins with the highest sequence similarity to the unigene were used for functional annotation. Based on the results of Swissprot, the Swissprot ID was mapped to the GO term to obtain the GO annotation of the unigene. Finally, the unigene was compared to the KEGG database to obtain the pathway annotation information [35].




2.6. Screening and Enrichment of DEGs


The FPKM and read count values of unigenes were analyzed using bowtie2 and eXpress software [36,37,38,39]. Differentially expressed genes (DEGs) were analyzed by DESeq, and the screening criteria were false discovery rate (FDR) < 0.01 and fold change ≥ 2. The GO and KEGG enrichment analysis of the differential gene was performed. At the same time, unsupervised hierarchical clustering was carried out to explore the expression pattern of DEGs among different samples.




2.7. Quantitative Real-Time PCR Analysis


After extracting the total RNA, cDNA was synthesized using FastQuant cDNA Synthesis Kit (Tiangen, Beijing, China) according to the manufacturer’s instructions. Primer 5.0 software (PREMIER Biosoft International, CA, USA) was used to design specific primers (Supplementary Table S1). The GeneAmp® PCR System 9700 (Applied Biosystems, Waltham, MA, USA) and a LightCycler® 480 II Real-time PCR Instrument (Roche, Basel, Switzerland) were used for qRT-PCR. The amplification conditions were 94 °C for 30 s, followed by 45 cycles of 94 °C for 5 s and 60 °C for 30 s. Each sample was analyzed in triplicate. Finally, the passed 2−ΔΔCt method was used to calculate the relative expression level of unigenes [40]. The GAPDH gene was used as a reference gene.




2.8. Statistical Analysis


The data represent the average value and its standard deviation of at least three repeated samples. SPSS 26.0 (IBM, Armonk, NY, USA) was used to perform one-way ANOVA on the data through Duncan’s multiple range tests.





3. Results


3.1. Survival Rate of Homografted and Heterografted Seedlings


From the continuous observation for 28 DAGs, it was found that the mortality of homografted and heterografted seedlings was not obvious at the beginning of grafting, but gradually increased with time. The survival rate of homografted and heterografted seedlings was maintained at above 90% for eight DAGs. However, as the healing process of grafting continues, there are constantly grafted seedlings that die, resulting in a declining survival rate of grafted seedlings. At 16 DAGs, the survival rate of homografted and heterografted seedlings and the mortality rate of heterografted seedlings gradually increased. At 24 DAGs, the survival rate of homografted seedlings was 82% and that of heterografted seedlings was 70%. There was a significant difference between the two treatments (Figure 1). Therefore, the graft healing process was completed at 24 DAGs, and the time point for the completion of graft healing has been tentatively determined. According to the statistical observation, the survival rate of homografted seedlings is higher than that of heterografted seedlings.




3.2. Morphological Observation of Homografted and Heterografted Seedlings


The observation of the external morphology of homografted and heterografted seedlings showed that the grafted union of rootstock and scion secreted a small amount of mucus at four DAGs, which caused the rootstock and scion to initially bond together. At eight DAGs, the tightness of the grafted union of the seedlings increased, the adhesion between root and stocks increased and the callus began to form in large quantities. At 12 DAGs, the grafted union was enlarged, filled with yellow callus and more tightly connected and new shoots begin to sprout at the scion. At 16 DAGs, it was observed that the nascent epidermis at the grafted union resulted in a better fit of rootstock and scion and gradual bud growth. With time, the color of the nascent epidermis of the grafted union changed from light brown to dark brown, the tightness of the rootstock and scion increased and the callus basically disappeared. At 24 DAGs, the color of the epidermis of the grafted union changed to dark brown, the healing process was basically completed, the rootstock and scion were closely connected together and the leaves were developing and growing (Figure 2). Overall, the development of heterografted seedlings was slower than that of homografted seedlings.




3.3. Microscopic Observation of Homografted and Heterografted Seedlings


3.3.1. Scanning Electron Microscope Observation


The healing process of homografted and heterografted seedlings was observed by scanning electron microscopy at four, five, and six DAGs during the early stages of graft healing (Figure 3). At four DAGs of homografted seedlings, plasmodesmata and several horizontal bridges appeared (Figure 3, panel A4); at five DAGs, the adjacent tissues at the grafted union produced a large amount of callus for rootstock and scion connection (Figure 3, panel A5); and at six DAG, with the development of the grafted union, cell division and differentiation of the callus took place, gradually achieving complete connection of tissues between rootstocks and scion (Figure 3, panel A6). In contrast, at four DAGs of heterografted seedlings, a small amount of plasmodesmata was produced between rootstocks and scion (Figure 3, panel B4); at five DAGs, the first horizontal bridge was formed, constituting the first contact between rootstocks and scion (Figure 3, panel B5); and at six DAGs, the adjacent tissues at the grafted union showed the proliferation of callus (Figure 3, panel B6). From the observations of scanning electron microscopy, the first to be produced in the early stages of grafting are plasmodesmata for cell-to-cell material transport.




3.3.2. Paraffin Section Observation


The tissue structure formation was observed by fluorescence microscopy throughout the developmental stages of the graft healing process (Figure 4). At four DAGs, coalescence occurred because the protoplasm of dead and damaged thin-walled cells at the wound where the rootstock and scion met was broken, thus producing a thin isolation layer at the union where the rootstock and scion touched, and the rootstock and scion initially adhered through the isolation layer (Figure 4, panel A4,B4). At eight DAGs, the cells at the wound where the rootstock and scion were in contact showed strong activity, and the thin-walled cells of the cortex, xylem and bast of the rootstock and scion divided vigorously and dedifferentiated to produce large amounts of callus, prompting the isolation layer to thicken and the gap between the rootstock and scion to be filled, forming a callus bridge (Figure 4, panel A8,B8). At 12 DAGs, thin-walled cells at the vascular cambium of rootstock and scion continued to differentiate into the new vascular cambium, which crossed the callus bridge to reconnect the vascular cambium of rootstock and restore the vascular cambium ring (Figure 4, panel A12), whereas the differentiation process of the vascular cambium of heterografted seedlings was slower than that of homografted seedlings (Figure 4, panel B12). At 16 DAGs, as the newly attached vascular cambium continued to differentiate, new xylem began to differentiate inward and the new bast outward (Figure 4, panel A16,B16). The connection of vascular tissues is a crucial step for the survival of grafting. At 20 DAGs, the rootstock and scion xylem ducts and bast sieve tubes of homografted seedlings were connected and vascular tissues were re-established and penetrated as a whole (Figure 4, panel A20), while heterografted seedlings were still in the vascular tissue differentiation stage (Figure 4, panel B20). At 24 DAGs, the vascular tissues of homografted seedlings were heavily formed (Figure 4, panel A24), while those of heterografted seedlings were just reconnected (Figure 4, panel B24). Although the cell development process of the heterografted seedlings was slightly later than that of the homografted seedlings, they possessed complete cellular tissue changes, indicating that the heterografted seedlings were able to complete the process of graft healing and the grafting of A. senticosus and A. sessiliflorus was feasible. Combined with the survival rate, it was found that the mortality rate of heterografted seedlings gradually increased at 16 DAGs compared with homografted seedlings, suggesting that vascular tissue formation and differentiation are crucial for grafting success. At 24 DAGs, the vascular tissue of both homografted and heterografted seedlings was re-established, and the survival rate of grafted seedlings was basically unchanged, which marked the end of the grafting healing process and meant that the grafted seedlings were alive.





3.4. Vascular Tissue Connectivity of Homografted and Heterografted Seedlings


To test the connectivity of the vascular tissues of grafted seedlings, connectivity tests were conducted on the xylem and bast of grafted seedlings. Xylem attachment in homografted and heterografted seedlings was examined at 24 DAGs. After 6 h, it was found that the xylem of the rootstock, graft union, scion and leaf transport tissue of different grafted seedlings turned red (Figure 5), indicating that the acidic magenta solution was transported from the rootstock to scion with transpiration, and the xylem of homografted and heterografted seedlings had been connected.



At 24 DAGs, the bast connectivity of homografted and heterografted seedlings was examined. The results showed that HPTS could be transported from the scion leaves to the rootstock via the coplasm after 12 h (Figure 6), demonstrating that the bast of grafted seedlings of different combinations were connected at 24 DAGs.




3.5. RNA Sequence Data Analysis and Functional Annotation


The transcriptome was sequenced using the Illumina HiSeq™ 2500 (Illumina, San Diego, CA, USA) high-throughput sequencing platform on the grafted unions of homograft and heterograft at 16 DAGs. After processing, 39.47 Gb of clean reads was obtained. The average clean bases of each sample were 6.6 Gb, Q30 was more than 92.95% (sequencing error rate < 0.1%) and the GC content was more than 43.55% (Supplementary Table S2). A total of 39,489 unigenes were obtained, with an average length of 1017.86 bp and an N50 length of 1389 bp, indicating that the construction quality of the sequencing library was good, and the sequencing data were accurate and reliable. The diamond software was used to compare the assembled the unigene to NR, eggNOG, SwissProt, GO, KOG and KEGG databases, and the HMMER software was used to compare Pfam databases for the functional analysis of unigenes. The functional annotations gave 28,834 (73.02%), 27,028 (68.44%), 21,523 (54.50%), 19,033 (48.20%), 16,090 (40.75%) and 6527 (16.53%) unigenes, respectively, compared to the NR, eggNOG, SwissProt, GO, KOG and KEGG databases (Supplementary Table S3).




3.6. GO Enrichment Analysis of DEGs


The expression of unigenes was screened by the FPKM method (fold change > 2 or <0.5, Q value ≤ 0.05), and 10,215 differentially expressed genes (DEGs) were obtained, among which 5504 were upregulated, accounting for 53.88% of the total DEGs; 4471 were downregulated, accounting for 43.77% of the total number of DEGs (Supplementary Figure S1). For the functional classification of DEGs, GO enrichment analysis was conducted. A total of 10,215 unigenes have been annotated in the GO database, which can be classified into three major categories of biological process (BP), cellular component (CC) and molecular function (MF), and further subdivided into 64 functional groups. The BP items were divided into 23 functional groups, among which “cellular processes”, “metabolic processes”, “response to stimuli” and “bioregical regulation” were significantly enriched. The CC items were divided into 20 functional groups, among which “organelles”, “membranes”, “macromolecular complexes” and “extracellular regions” were significantly enriched. The MF were divided into 21 functional groups, among which “catalytic activity”, “protein binding” and “transport activity” were significantly enhanced. Most of the identified DEGs are responsible for essential processes related to bioregulation and metabolism (Figure 7).




3.7. KEGG Enrichment Analysis of DEGs


By comparison with the KEGG database, DEGs were enriched in a total of 122 KEGG pathways, which are divided into four major categories: metabolism, genetic information processing, environmental information processing and cellular processes. The main KEGG pathways enriched by DEGs were protein processing in endoplasmic reticulum, plant hormone signal transduction, endocytosis, glycolysis/gluconeogenesis, plant–pathogen interaction, starch and sucrose metabolism and MAPK signaling pathway—plant (Figure 8).




3.8. Analysis of DEGs in MAPK Signaling Pathway


The upregulated DEGs in this study were mainly genes associated with the MAPK signaling pathway. The transcriptome results showed that the gene WRKY33, associated with pathogen infection, was significantly upregulated, causing flg22 to bind to the LRR receptor-like serine/threonine protein kinase FLS2, inducing phosphorylation of the associated mitogen-activated protein kinases MKK4/5 and MPK1/2, followed by the further activation of upregulation of downstream-associated protein PR1 expression, causing plant cells to produce a specific set of physiological and biochemical responses that began to generate defense mechanisms. Meanwhile, the expression of many genes related to multiple hormone regulation was upregulated in the MAPK signaling pathway, with significant changes in the signaling pathways related to ethylene, jasmonic acid and abscisic acid. Among them, the most significant changes in abscisic-acid-related signaling pathways were observed, with the kinase signaling pathway MPK3/MPK6 cascade reaction promoting abscisic acid biosynthesis through PYR/PYL, PP2C and SnPK2 upregulation. In addition, grafting wounds induced the upregulation of CaM4 and MPK8 expression, thereby inhibiting ROS production (Supplementary Table S4).




3.9. Analysis of DEGs in Plant Hormone Signaling Pathways


Among the phytohormone signaling pathways, those related to growth hormone, cytokinin, abscisic acid, oleurosterol, jasmonic acid and salicylic acid were all significantly altered (Figure 9a,b). The transcript levels of most of the genes encoding growth hormone were significantly altered. For example, the AUX1 family gene TRINITY_DN30497_c2_g1_i1 and the TIR1 family gene TRINITY_DN22536_c1_g1_i1 were upregulated, which led to the upregulation of the GH3 family genes TRINITY_DN16509_c0_g1_i1, TRINITY_DN32008_c0_g1_i1 and TRINITY_DN8599_c0_g1_i1. The most important role of cytokinin is to promote cell division, and the expression of CRE1, AHP and A-ARR genes associated with cytokinin signaling is upregulated. In addition, the PP2C gene related to abscisic acid signaling, the TCH4 gene related to brassinosteroid signaling and the JAZ gene related to jasmonic acid signaling were all upregulated in expression. We also identified one upregulated gene, TGA, and one downregulated gene, PR-1, in the salicylic acid signaling pathway (Supplementary Table S5).




3.10. Transcription Factor Analysis


Transcription factor analysis was performed on the DEGs in homografted and heterografted unions. The results showed that 227 DEGs were identified, belonging to 65 transcription factor families, most of which belonged to AP2/ERF-ERF (17), MYB (17), bHLH (14), MYB-related (13), NAC (13), C2H2 (12), bZIP (12), GRAS (11), GARP-G2-like (10) and WRKY (10) (Supplementary Table S6).



3.11. qRT-PCR Validation of DEGs


To verify the accuracy and reproducibility of the RNA-seq data, we selected eight DEGs for qRT-PCR analysis. The validation results were consistent with the trend of RNA-seq sequencing results, indicating that the transcriptome analysis results were true and reliable (Figure 10).






4. Discussion


The graft healing process between different species undergoes several developmental stages. There are three main stages in the success of the graft healing process, which is a complex process. In the first stage, the scion and rootstock are in close contact with each other, forming a callus that allows them to adhere to each other. In the second stage, cells continue to differentiate and a continuous vascular cambium is formed between the scion and rootstock. In the third stage, the vascular tissue is re-established between the scion and rootstock [22,41,42,43]. However, most of the previous studies did not observe in detail the first stage of grafting, i.e., before the formation of healing tissue. In this study, the healing process in the first stage after grafting was analyzed by SEM. It was found that plasmodesmata were produced before the formation of the callus, thus constituting the first connection between the scion and rootstock and providing a channel for intercellular material transport and information transfer. This agrees with the findings of Pina et al. [44]. In addition, vascular tissue reconstruction is also considered an important indicator of grafting success [19,45], but the time of reconstruction is more dependent on the environment and plant species. Yang et al. [46] showed that the healing process was completed when the vascular tissues of the scion and rootstock were joined at five DAGs, as shown by an anatomical study on the formation of the healing union in watermelon and bottle cucurbits grafting. Observations of the grafted healing union of cucumber and pumpkin showed that the vascular tissue between the scion and rootstock had started to connect at 6 DAGs, and more vascular tissue connections could be observed at 9 DAGs, indicating that the healing process of cucumber and pumpkin took 6–9 days [47]. Studies on the healing process of tomato grafting showed that vascular bridges connecting rootstock and scion appeared 11 DAGs, but the full formation of vascular bundles on grafted tomato rootstock generally took 7–14 days depending on plant growth conditions [21]. In contrast, woody plants, such as grape [48] and American pecan [49], require approximately ten days for vascular tissue formation after grafting. In this study, we observed the healing process of homografted and heterografted seedlings of A. senticosus at different times and found that the healing process was the same in both, but there were temporal differences in the developmental stages. The xylem and bast of the homografted and heterografted seedlings were connected at 24 DAGs, indicating that the healing process of homografted and heterografted seedlings was completed at 24 DAGs. The greater healing time than herbaceous plants may be because woody plants do not have the same regeneration capacity as herbaceous plants.



By observing the anatomical changes in the graft healing process at six time points and combining the survival rates of homografted and heterografted seedlings, we found that the healing process of homografted and heterografted seedlings was similar, but the survival rate of heterografted seedlings was significantly lower at 20 DAGs, indicating that the vascular tissue differentiation stage (vascular cambium stage) is a critical stage for the survival of heterografted seedlings. Therefore, we selected homografted and heterografted grafted unions for RNA sequencing at 16 DAGs to detect their differences in transcript levels. GO and KEGG analyses showed that a number of metabolic, physiological and hormonal responses are involved in the healing process of heterografted seedlings, including metabolic processes, cellular processes, responses to stimulus, plant hormone signal transduction, plant–pathogen interaction, MAPK signaling pathway—plant, transcription factors and defense responses. This finding suggested that the transcript levels of a large number of genes related to cell rearrangement, cell division and metabolic patterns were all altered in heterografted seedlings.



The MAPK cascade is a ubiquitous signal transduction module in eukaryotes. The MAPK signaling pathway in plants plays an important role in a wide range of activities, including hormonal and developmental signaling and responses to biotic and abiotic challenges, such as pathogenic infections, trauma, hypothermia and reactive oxygen species [50]. Kinases of the MAPK pathway are triggered when plants are exposed to a variety of stress stimuli, including trauma, temperature, drought, salinity, high osmotic pressure, ozone and reactive oxygen species, linking extracellular stimuli to a broad range of cellular responses [51]. In the current study, the expression of these kinase genes of the MAPK pathway associated with pathogen infection, phytohormones and wounding increased rapidly in heterografted seedlings, suggesting that these kinases are closely associated with tolerance to oxidative stress, with mechanical damage caused by grafting, and with the healing process of heterografted seedlings. It also indicated that more genes and transcription factors associated with defense responses were produced in heterografted seedlings in response to heterografting. The present data have demonstrated the involvement of oxidative stress in the regulation of graft healing and suggest that antioxidant defense systems are activated in heterografted seedlings. Furthermore, given that both the MAPK signaling pathway and the phytohormone signaling pathway are involved in resistance responses in many crops, we speculate that these changes may be related to the ability of heterografted seedlings to recover from wounding [52,53,54]. This also explains how heterografted seedlings are able to maintain normal metabolism and growth.



Plant hormone signal transduction is associated with graft healing, for example growth hormone and cytokinin which are necessary for tissue regeneration during vegetative graft healing [55]. RNA-Seq data from this study showed changes in the expression levels of genes associated with auxin, cytokinine, abscisic acid, brassinosteroid and jasmonic and salicylic acid signaling, which play key roles in heterografted seedlings. Auxin, in particular, has a crucial role in heterografted seedlings compared to homografted seedlings because it promotes vascular growth, xylem and phloem production and the healing of the graft union [55,56,57,58]. Studies have shown that auxin is important for the formation of the vascular system and the differentiation of the xylem and phloem [59,60,61]. Melnyk CW et al. [55] found that rootstock is not passive in graft formation, it is able to induce the connection with the scion by using different pathways, reflecting the importance of auxin in vascular reconstruction. The expression of the AUX1 family gene (TRINITY_DN30497_c2_g1_i1) and GH3 protein family genes (TRINITY_DN16509_c0_g1_i1, TRINITY_DN32008_c0_g1_i1 and TRINITY_DN8599_c0_g1_i1) was upregulated in heterografted seedlings compared to homografted seedlings, inducing plant growth response and promoting vascular development and xylem and phloem formation by regulating transcript levels of the auxin signal pathway. Cytokinins have been reported to contribute to the formation of healing tissue [62]. The upregulated expression of CRE1 genes (TRINITY_DN16988_c1_g1_i1, TRINITY_DN22133_c0_g1_i5, TRINITY_DN29587_c0_g3_i1, TRINITY_DN30286_c1_g2_i2 and TRINITY_DN30286_c1_g3_i1) and the A-ARR gene (TRINITY_DN27306_c0_g1_i6) was associated with cytokinin signaling, indicating that CRE1 and A-ARR can promote cell division and activate and induce healing tissue formation during healing in heterografted seedlings. Abscisic acid is an important hormone that plays a role in abiotic stress signals. Studies have shown that genes associated with abscisic acid may play a role in the adaptation to graft-induced stresses such as water deficit [63]. Ren et al. [64] also found that CmRNF5 may regulate the graft healing process through the abscisic acid signaling pathway. PP2C are genes related to abscisic acid signaling, and in our study, their expression was upregulated in heterografted seedlings. Other hormones, such as brassinosteroid as an emerging steroid hormone with high physiological activity, play important roles in plant growth and development, including stem and leaf growth, the differentiation of vascular tissues and the defense against environmental stresses. The expression of the gene encoding TCH4 is upregulated in the brassinosterol signaling pathway. During wound healing, jasmonic acid also promotes wound healing by activating primary and secondary metabolism through signal transduction [65]. The JAZ gene expression in the jasmonic acid signaling pathway is upregulated. In addition, the PR-1 gene obtained in the salicylate signaling pathway was upregulated in expression. By a comparative analysis of DEGs at the homografted and heterografted unions, we identified many DEGs encoding hormonal signaling, suggesting that the healing process of heterografted seedlings is regulated by more complex hormonal signaling pathways.



In the plant’s innate immune system, transcription factors (TFs) initiate the transcription of downstream defense genes. Many plant transcription factors have been shown to confer resistance to various stresses by binding to specific cis elements in the promoter regions of several genes [51]. TFs have been reported to be induced by a variety of stress conditions. In our results, the expression levels of some TFs were different at the homografted and heterografted unions, suggesting that they may play an important role in the healing process of heterografted seedlings. WRKY and ERF TFs are induced by various biotic and abiotic stresses [66]. Plant AP2/ERF TFs are a superfamily of TFs widely present in plants that play an important role in regulating plant growth and development in response to adversity stress. Some ERF TFS can bind to the GCC-box present in the promoters of pathogen-related (PR) genes (e.g., PR1, PR2, PR3, PR5) and mediate the critical role of these genes in the plant response to adversity stress [67,68]. The NtERF5 gene in tobacco is activated by trauma and pathogen infection [69]. The overexpression of SlERF5 also leads to the accumulation of higher levels of the defense gene PR5 in tomato plants and shows better tolerance to the bacterial pathogen Ralstonia solanacearum [70]. Various plant growth regulators, such as abscisic acid, salicylic acid and jasmonic acid, also converge on ERF proteins through complex interactions [71,72]. Yang et al. [73] showed that AtERF4 is able to regulate ethylene and abscisic acid responses, as well as the transcription of many ethylene/abscisic acid-dependent defense genes. In addition, AtERF1 has been reported to integrate defense signals from the ethylene and jasmonate pathways and induce downstream defense-related genes [74]. Significantly upregulated TFs of the AP2/ERF family contribute to plant adaptation to adversity stress [75]. The WRKY family was initially shown to play a role in plant defense responses. AtWRKY8 is involved in the defense response to the Tobacco Mosaic Virus infection in cruciferous plants and mediates crosstalk between ethylene and abscisic acid signaling [76]. The overexpression of cotton GhWRKY39 in N. benthamiana regulates the reactive oxygen system through multiple signaling pathways and enhances its resistance to infection by bacterial and fungal pathogens, as well as tolerance to salt and oxidative stress [77], and current findings suggest that other members of this gene family also have important roles in regulating plant growth and development, morphogenesis and metabolism [78]. MYB TFs are also capable of playing a defensive role in plant pathogen invasion [79,80]. The overexpression of some MYB transcription factors can activate the expression of plant PR genes and trigger systemic acquired resistance (SAR). Such a response enhances the ability of plants to resist bacterial, fungal and viral pathogens [81,82]. NAC genes, known as a family of plant-specific TFs, are widely involved in the biosynthesis of plant secondary walls and tolerance to cold, salt and drought stresses [66]. They have key regulatory functions in the formation of plant meristematic tissues and organ boundaries, root development, the growth of secondary plant cell walls, plant senescence, hormone regulation and stress response. NAC101/VND6 and NAC030/VND7 have been reported to be key regulators of xylem development [83] and NAC020, NAC045 and NAC086 are involved in the development of the bast [84,85]. NAC071 and NAC096 deliver auxin and ethylene signals that trigger xylan endoglucosidase/hydrolase (XTH) in cell wall tissues, promoting the formation of damaged stem cells [86,87]. The current findings confirm that this NAC TFs has a wide range of functions in graft healing.




5. Conclusions


Successful grafting can cause scions to inherit the good traits of rootstocks. Future research will focus on grafting different species of plants, which will allow more rootstocks with excellent characteristics to provide strong genetic resources to scions and produce excellent new varieties. This study is the first report on the homograft and heterograft of A. senticosus. Through Illumina sequencing, 10,215 significant DEGs were detected in homografted and heterografted seedlings, of which 5504 upregulated genes and 4471 downregulated genes were detected. Most of the identified differential genes were responsible for essential processes related to bioregulation and metabolism, as they were involved in primary and secondary metabolism, endoplasmic reticulum protein processing, phytohormone signaling, plant–pathogen interactions and plant MAPK signaling pathways according to the GO and KEGG analyses. Some TFs, including those in the WRKY, AP2/ERF and NAC families, were upregulated. The expression patterns of these genes indicated that related biological pathways may be essential in promoting vascular tissue formation and improving graft survival. This research identified numerous candidate genes for future functional analysis, provided new data resources and a theoretical basis for an in-depth understanding of the molecular mechanism of heterografted union formation, and provided a reference for the efficient use of grafting technology for variety improvement.
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Figure 1. The survival rate of homografted and heterografted seedlings (*: p-value < 0.05). 
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Figure 2. (A,B) Morphological observation of homografted and heterografted seedlings. The enlarged area is within the dashed box. 
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Figure 3. (A,B) SEM images of the graft union on 4 DAGs, 5 DAGs and 6 DAGs. P: plasmodesmata; Hb: horizontal bridge; Ca: callus. SEM was performed at EHT: 10 kV; pressure: 1.0 Pa; WD: 25–15 mm. 
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Figure 4. (A,B) Anatomical observation of homografted and heterografted seedlings. Sc: scion; St: stock; IL: isolated layer; Cb: callus bridge; Vc: vascular cambium; Vb: vascular tissue. 
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Figure 5. Identification of xylem system connectivity of grafted seedlings by acid fuchsin staining. (A). Different grafted seedlings. (B). The dot-ted line represents the cross-sectional part. (C): The upper part of the graft union; (D): The underside of the graft union; (E): Graft union. 
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Figure 6. Identification of phloem system connectivity of grafted seedlings by HTPS method. (A): The upper part of the graft union; (B): The underside of the graft union; (C): Graft union. 
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Figure 7. GO enrichment analysis of DEGs in homografted and heterografted unions. 
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Figure 8. Bubble chart of the DEGs in enriched KEGG pathway. The enrichment score is the ratio between the number of DEGs in a pathway and all the annotated genes in this pathway. The larger the bubble, the more differential genes there are in the pathway. 
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Figure 9. Changes in the expression levels of hormonal-signaling-related DEGs in homografted and heterografted unions of A.senticosus. (a) Plant hormone signal transduction pathway. (b) DEGs related to hormone signaling pathway. The red bar indicates upregulation and the green bar indicates downregulation. 
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Figure 10. Validation of differentially expressed genes between homografted and heterografted unions by qRT-PCR. 
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