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Abstract

:

Drought stress is an important environmental factor limiting apple yield and fruit quality. Previously, we identified GRETCHEN HAGEN3.6 (GH3.6) as a negative regulator of drought stress in apple trees. Using transgenic MdGH3 RNAi (knocking down MdGH3.6 and its five homologs) plants as rootstock can increase drought tolerance, water use efficiency, flowering, and fruit quality of the Fuji scion after drought stress. However, the molecular mechanism behind this phenomenon is still unknown. Here, we performed transcriptome sequencing of the grafted plants (Fuji/GL-3 where Fuji was used as the scion and non-transgenic GL-3 was used as the rootstock, and Fuji/MdGH3 RNAi where MdGH3 RNAi was used as the rootstock) under control and drought conditions. Under control conditions, 667 up-regulated genes and 176 down-regulated genes were identified in the scion of Fuji/MdGH3 RNAi, as compared to the scion of Fuji/GL-3. Moreover, 941 up-regulated genes and 2226 down-regulated genes were identified in the rootstock of MdGH3 RNAi plants relative to GL-3. GO terms of these differentially expressed genes (DEGs) in scion and rootstock showed associations with plant growth, fruit development, and stress responses. After drought stress, 220 up-regulated and 452 down-regulated genes were identified in MdGH3 RNAi rootstock, as compared to GL-3. Significantly enriched GO terms included response to abiotic stimulus, cell division, microtubule-based process, metabolic and biosynthetic process of flavonoid, pigment, and lignin. The comparison between the scion of Fuji/MdGH3 RNAi and Fuji/GL-3 yielded a smaller number of DEGs; however, all of them were significantly enriched in stress-related GO terms. Furthermore, 365 and 300 mRNAs could potentially move from MdGH3 RNAi rootstock to scion under control and drought conditions, respectively, including FIDDLEHEAD (FDH), RESPONSIVE TO DESICCATION 26 (RD26), ARS-binding factor 2 (ABF2), WRKY75, and ferritin (FER). Overall, our work demonstrates the effects of rootstock on scion at the transcriptional level after drought stress and provides theoretical support for further understanding and utilization of MdGH3 RNAi plants.
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1. Introduction


Under natural conditions, plants are exposed to various environmental stresses such as drought, high salinity, and extreme temperatures during their growth and developmental stages [1]. Over the last few years, the crop yield and quality have suffered serious challenges with the frequency of climate changes [2]. Drought reduces photosynthetic rate by affecting stomatal status, leaf area, and metabolic rate changes through the accumulation of reactive oxygen species (ROS), thus reducing crop yield [3,4,5,6]. Drought occurs mainly in arid and semiarid regions, such as northwestern China, which is an important production area for high-quality apples [7]. Apple is one of the world’s most popular fruits and is frequently threatened by drought [7]. Therefore, addressing the molecular mechanisms of apple production and fruit quality improvement under drought is of importance.



Perennial woody plants including apple have a long growth cycle; therefore, it is very challenging to breed varieties with drought tolerance using the traditional methods that select desirable traits from crossbreeding plants [8]. Therefore, design techniques have been developed to facilitate plant breeding efficiency, such as RNA interference (RNAi) and the clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated (Cas) system [9,10,11,12,13]. For example, knocking out the Mildew Locus O (MLO) gene in grapevine could improve resistance to powdery mildew [14,15]. In citrus, the susceptible gene LATERAL ORGAN BOUNDARIES 1 (CsLOB1) promoter modified by CRISPR/Cas9 can improve resistance to canker [16]. In apple, resistance to fire blight disease could be enhanced by targeting DspE-interacting proteins of Malus 1 (DIPM-1), DIPM-2 and DIPM-4 used with DNA-free genetic editing [14]. Knocking down six GRETCHEN HAGEN3 genes increases drought tolerance, water use efficiency, flowering, fruit setting, and fruit quality.



The GH3 family genes are involved in the conjugation of indole-3-acetic acid (IAA) [17,18], a process responsible for the balance of auxin [19]. GH3 overexpression in rice reduces abscisic acid (ABA) levels and drought tolerance [20]. In cotton, reduced GH3.5 expression levels increases plant tolerance to drought and salt stress [21]. In Malus sieversii, GH3 genes are significantly induced by ABA [22]. Increased expression of MsGH3.5 in M26 (an apple rootstock) results in a significant decrease in IAA content but an increase in cytokinin, leading to a dwarf phenotype with fewer adventitious roots [23]. GH3.6, another IAA conjugation enzyme, is a negative regulator of water deficit stress in apple. The transgenic apple plants knocking down MdGH3.6 and its five homolog genes (MdGH3 RNAi transgenic plants) exhibit higher adventitious root number, longer roots, increased water use efficiency, and more cuticular wax under water-deficit stress [8].



Grafting, a traditional and commonly used method to fuse plant materials from two different plants, is widely applied in apple cultivation [7,24]. Grafting can improve abiotic and biotic resistance, accelerate flowering, shorten the juvenile period, and facilitate high-quality fruits [25,26]. Fuji (a popular commercial variety) grafted onto MdGH3 RNAi transgenic plants (Fuji/MdGH3 RNAi) show increased drought tolerance, water use efficiency, flowering, and fruit quality after drought, as compared with Fuji grafted onto the non-transgenic GL-3 plants (Fuji/GL-3) [8]. However, the molecular mechanisms behind this phenomenon remain unknown.




2. Materials and Methods


2.1. Plant Materials


The plant materials used in this study were generated previously [8,27]. Briefly, GL-3 (selected from progenies of Malus × domestica “Royal Gala”, and used as the non-transgenic control) and MdGH3 RNAi (knockdown of MdGH3.6 and its five close paralogs) transgenic plants were the rootstocks, while M. × domestica “Fuji” plants were used as the scions, resulting in the grafted plants of “Fuji”/GL-3 or “Fuji”/MdGH3 RNAi.



28 grafted plants (14 plants for each group) were cultivated in a greenhouse located at the Northwest Agriculture and Forest University, Yangling (34°20′ N, 108°24′ E), Shaanxi Province, China. The average altitude of the greenhouse is 435 m, the average annual temperature inside the greenhouse is around 15 °C, and the plants grow under ambient light inside the greenhouse. All plants were transplanted into plastic pots (30 cm × 18 cm) filled with equal volumes of local loess sand and wormcast medium. Seven “Fuji”/GL-3 and seven “Fuji”/MdGH3 RNAi were subjected to a long-term drought treatment (60 days) as described previously in the first year of growth [27]. After that, the plants grew normally and were watered on average 3–5 times a week in summer and 1–2 times a week in winter, each time with 2 L of water. In addition, Hoagland’s nutrient solution was applied every 3–5 weeks according to the plant growth status [28]. On the third year of grafting, the fifth to ninth mature leaves (from top to bottom) from the scions and rootstocks were collected. All the above operations were completed in the same greenhouse.




2.2. RNA Extraction and Sequencing Procedures


Total RNAs were extracted with a cetyltrimethylammonium bromide (CTAB)-based method, as described previously [29]. The quality and concentration of RNA were checked with an Agilent Bioanalyzer 2100 system (Agilent Technologies, Santa Clara, CA, USA) and NanoDrop spectrophotomer (Thermo Scientific, Wilmington, DE, USA). RNA sequencing was performed using the Illumina HiSeq 4000 platform with paired-end, 150-base reads at Novogene (Beijing, China).




2.3. RNA-Seq Analysis


Raw data of RNA-seq were trimmed to remove adapters and low-quality bases (<20) using FastQC v0.11.9 and Trim Galore v0.6.6 (https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/, accessd on 30 August 2022) in order to obtain clean reads [30]. The clean reads were aligned with the latest GDDH13 reference genome (v1.1, https://iris.angers.inra.fr/gddh13/downloads/GDDH13_1-1_formatted.fasta.bz2, accessed on 30 August 2022) using HISAT2 v4.8.2 [31,32,33]. Default parameters were used except for the following: {score algorithm --score-min L,0,-0.2}, --pen-noncansplice 0, --max-intronlen 50000, --no-discordant. Output files were filtered using SAMtools v1.9 and the parameter “-bq 1” was used to remove alignments with more than one valid alignment position [34]. Reads counting within genes region was obtained using GDDH13 gene annotation file (gff3 format file, https://iris.angers.inra.fr/gddh13/downloads/gene_models_20170612.gff3.bz2, accessed on 30 August 2022) by HTSeq v0.12.4 [33,35]. Differentially expressed genes were analyzed by R package DESeq2 v1.30.1 with thresholds of adjusted p value below 0.05 and the absolute value of log2(fold change) greater than 1 [36]. Fragments per kilobase of transcript per million fragments mapped (FPKM) values were calculated by TBtools v1.09876 with effective gene length matrix obtained using R package GenomicFeatures v1.42.3 and the matrix for recording reads count modified from HTSeq results [37,38]. Heatmap plots were drawn using R package pheatmap v1.0.12. AgriGO v2.0, clusterProfiler v3.18.1 and ggplot2 v3.3.6 were used to complete Gene Ontology (GO) enrichment analyses [39,40,41]. Principal component analysis (PCA) analysis was performed using prcomp in R package stats v3.5.0. A Pearson correlation test was conducted using ‘plotCorrelaation’ tool in deepTools v3.5.1 [42].




2.4. Mobile mRNA Identification by RNA-Seq


RNA-seq data of the scion part all grafted plants were first mapped to the reference transcript sequence (https://iris.angers.inra.fr/gddh13/downloads/GDDH13_1-1_mrna.fasta.bz2, accessed on 30 August 2022) using “mem” in BWA v0.7.17-r1188 with default parameters [43]. In order to obtain the respective mate, the pair reads both maps concordantly to the same transcript, retention was performed according to SAM flags (83,163 or 99,147) and an insert size of 50 to 120 nt. BAM format file conversion, sorting, and indexing were performed using SAMtools [34]. Data variation was detected by the “mpileup” tool in SAMtools. Long-distance mRNA mobility was detected by SNPs substitution instead of indels and chromosomal rearrangements. Calling of sample alleles were carried out using VarScan v2.4.4, with parameters of minimum read depth at a position higher than 30 and minimum supporting reads at a position higher than 2 [44]. In addition, ambiguous bases (“N”) in any dataset were excluded; only A, T, C, or G were left. Significant SNPs were required to exhibit exactly in two different alleles. For each sample, only SNPs appeared in two biological replicates were merged and retained using “isec” tools in BCFtools v1.8 [34]. Informative SNPs for the identification of mobile mRNAs moved from rootstock to scion were required to show homozygous alleles. Unique SNPs appearing only in Fuji/MdGH3 RNAi scion data but not in Fuji/GL-3 scion data with control and drought treatment were used for further analysis. Overlapping SNPs between Fuji/MdGH3 RNAi scion data and Fuji/GL-3 scion data under control and drought treatment were filtered. Furthermore, the overlapping mRNAs corresponding to the above SNPs in Fuji/MdGH3 RNAi and Fuji/GL-3 under control and drought treatment were produced. Finally, mRNAs that appeared only in the scion data of Fuji/MdGH3 RNAi under control and drought were strictly considered as mRNAs moved from MdGH3 RNAi rootstock to the Fuji scion.





3. Results


3.1. Phenotypic Comparison and Transcriptome of Grafted Plants Using MdGH3 RNAi and GL-3 Plants as Rootstocks


Previously, we found that after long-term drought, MdGH3 RNAi transgenic plants had higher plant height, stem diameter, dry weight of roots, dry weight of shoots, root-to-shoot ratio, photosynthetic rate, stomatal conductance, intercellular CO2, transpiration rate, shoot hydraulic conductivity, root hydraulic conductivity, carbon isotope composition (δ13CPDB), and intrinsic water use efficiency (WUEi), as compared to GL-3 [8]. We grafted the commercial apple variety “Fuji” onto MdGH3 RNAi transgenic (Fuji/MdGH3 RNAi) and GL-3 (Fuji/GL-3) plants, and performed a long-term drought treatment. Compared to Fuji/GL-3, the scions of drought-treated Fuji/MdGH3 RNAi plants showed greater drought tolerance and higher flowering rate and fruit quality [8]. Under control conditions, compared to Fuji/GL-3, the scions of Fuji/MdGH3 RNAi plants showed higher flowering rate, δ13CPDB, soluble content, starch content, and C/N ratio, but lower total N content, and had fruits. Compared to Fuji/GL-3, the scions of drought-treated Fuji/MdGH3 RNAi plants showed higher plant height, photosynthetic rate, stem diameter, δ13CPDB, flowering rate, soluble content, starch content, C/N ratio, fruit diameter, fruit length, fruit weight, fruit pulp crispness, fruit firmness, fruit soluble solids content (SSC), fruit acidity, and sugar–acid ratio, and lower total N content. [8,27].



To understand the mechanisms behind the above phenomena, we carried out transcriptome sequencing (RNA-seq) of the scion and rootstock from Fuji/GL-3 (Figure 1a) and Fuji/MdGH3 RNAi (Figure 1b) under control and drought treatment. Two biological replicates were prepared for each library. As shown in Table 1 after quality control, 18.70–24.54 million clean reads were generated for each sample. The mapping ratios were around 93.06–98.89. Pearson correlation coefficients between two biological replicates of samples showed reliable reproducibility (Figure 1). All these results suggested that the RNA-seq data could be used for further studies.




3.2. Differentially Expressed Genes (DEGs) in Scion and Rootstock under Control Conditions


Under control conditions, compared to Fuji/GL-3, Fuji/MdGH3 RNAi plants exhibited better developmental phenotypes and higher δ13CPDB, especially for the fruit traits. To understand the phenotypic changes at gene expression level in the scion and rootstock of Fuji/MdGH3 RNAi and Fuji/GL-3 plants under control conditions, we analyzed the DEGs. As shown in Figure 2a, principal component analysis (PCA) showed that the scion transcriptome data of Fuji/MdGH3 RNAi and Fuji/GL-3 were separated into two groups on the PCA1 axis. When the identification threshold for DEGs was |log2 (fold change)| > 1 and adjusted p-value was < 0.05, 667 up-regulated genes and 176 down-regulated genes were found in the Fuji grafted onto MdGH3 transgenic plants, compared to those grafted onto GL-3 (Figure 2b). GO enrichment analysis showed that these DEGs could be divided into two categories: (1) development and growth: developmental process, fruit development, cell division, cell wall modification, cell wall organization or biogenesis, microtubule-based process, response to hormone, steroid biosynthetic process, polysaccharide biosynthetic process, lipid modification and biosynthetic process, aromatic compound biosynthetic process and biosynthetic and metabolic process of phenol-containing compound, phenylpropanoid, lignin, flavonoid, and xylan (Figure 2c); (2) stress: response to stimulus, response to abiotic stimulus, response to temperature stimulus, response to endogenous stimulus, response to light stimulus, response to heat, response to water deprivation, response to water (Figure 2d).



We analyzed the DEGs of the rootstock in Fuji/MdGH3 RNAi and Fuji/GL-3 plants using the same analytical methods. The PCA showed that the rootstock transcriptome data of Fuji/MdGH3 RNAi and Fuji/GL-3 were also separated into two groups on the PCA1 axis (Figure 2e). The volcano plot showed that 941 genes were up-regulated and 2226 genes were down-regulated in MdGH3 RNAi rootstock compared to GL-3 rootstock (Figure 2f). Similarly, GO enrichment analysis suggested that DEGs in rootstock of MdGH3 RNAi and GL-3 were also enriched in two categories including “development and growth” and “stress”. Development and growth-related GO terms included: developmental process, system development, fruit development, seed development, embryo development, cell division, cell proliferation, cell communication, cell wall organization or biogenesis, microtubule-based movement, response to hormone, flavonoid biosynthetic and metabolic process, carbohydrate metabolic process, alpha-amino acid biosynthetic and metabolic process, lipid metabolic process, pigment metabolic process, nitrogen compound metabolic process, protoporphyrinogen IX biosynthetic and metabolic process, chlorophyll biosynthetic and metabolic process, and phenylpropanoid metabolic process (Figure 2g). GO terms regarding stress included: response to stimulus, response to abiotic stimulus, response to endogenous stimulus, response to light stimulus and response to temperature stimulus. These results suggested that changes of gene expression in rootstock of Fuji/MdGH3 RNAi might be involved in metabolism and synthesis of growth substance, cell division, and proliferation to regulate development and basal drought tolerance.



To further understand which DEGs were involved in regulating the scion and rootstock biological processes of Fuji/MdGH3 RNAi plants under control conditions, we selected some representative genes and performed heatmap plots (Figure 3). In Figure 3a–c, we displayed representative DEGs related to growth and stress response in scion of Fuji/MdGH3 RNAi plants as compared to that of Fuji/GL-3. We found that two FLAVONOL SYNTHASE 1 (FLS1) genes were up-regulated in scion of Fuji/MdGH3 RNAi plants. High expression of FLS1 has been shown to positively correlate with strong flavanol accumulation in flowers, shoots, and at the junction of roots and shoots [45]. Two heat shock protein 20s (HSP20s) that can improve plant heat tolerance by preventing aggregation and irreversible denaturation of heat-denatured proteins were found to be upregulated in Fuji/MdGH3 RNAi plants compared to Fuji/GL-3 [46]. In addition, two HSP21s and two HSP70s were also up-regulated. HSP21 has been reported to promote carotenoid accumulation during tomato fruit ripening [47]. HSP70 is essential for plants under normal growth and heat conditions [48]. We also found higher expression of six laccases (LACs), six Cellulose synthase A genes (CESAs), five MYB DOMAIN PROTEINs (MYBs), three WRKYs, two Dehydration-responsive-element-binding protein 1 genes (DREB1C), and two ECERIFERUM 4 genes (CER4) in scion of Fuji/MdGH3 RNAi plants compared to Fuji/GL-3. LAC4, LAC17, and LAC12 have been reported to play a positive role in the biosynthesis of lignin in Arabidopsis thaliana and cowpea. In poplar, transgenic plants with knockdown of PtrCesA4, PtrCesA7 and PtrCesA8 show a significant decrease in cellulose content, stunted growth, as well as early necrosis [49]. Down-regulation of AtMYB103 during another development in Arabidopsis led to early tapetal degeneration and pollen aberration [50]. In Arabidopsis, the flavanol biosynthesis is transcriptionally controlled by MYB12 and MYB111, and these two regulators can activate the biosynthetic enzymes encoding FLS1 [51]. The Arabidopsis MYB113-overexpression plants show a large pigmentation increase [52]. Regarding WRKY transcription factors, the triple mutants of WRKY25, WRKY26, and WRKY33 are more sensitive to heat stress compared to wild-type plants and show reduced germination, decreased survival, and increased electrolyte leakage [53]. In terms of DREB1C, the introduction of DREB1C has been reported to enhance drought tolerance in peanuts [54]. MdCER4 has been reported to play an active role in apple fruit cuticular synthesis [55]. Additionally, flowering-associated ANTHOCYANIN11 (ATAN11) and TSO1, xylan- and pectin-associated GALACTURONOSYLTRANSFERASE 12 (GAUT12), drought-related sucrose vacuolar invertase (ATBETAFRUCT4) and other development and growth positively regulated genes (Figure 3a–c) were also up-regulated in scion of Fuji/MdGH3 RNAi plants relative to Fuji/GL-3 plants [56,57,58,59].



Similarly, 16 up-regulated and 3 down-regulated genes in the rootstock part of Fuji/MdGH3 RNAi plants were exhibited as compared to “Fuji”/GL-3 (Figure 3d). The up-regulated genes included: wall-associated kinase 2 (WAK2), ARABIDOPSIS THALIANA WHITE-BROWN COMPLEX HOMOLOG PROTEIN 11 (ABCG11), Ammonium transporter 1 member 1 (AMT1), CYTOKININ-RESPONSIVE GATA FACTOR 1 (CGA1), cyclic nucleotide-gated channel 14 (CNGC14), Heat Shock Cognate Protein 70 (HSC70), HSP70, MYB15, SUCROSE PHOSPHATE SYNTHASE 3F (SPS3F), SWEET2, YELLOW STRIPE LIKE 7 (YSL7), ZINC TRANSPORTER 1 PRECURSOR (ZIP1), and ZIP4. WAK2 can actively promote cell expansion in Arabidopsis [60]. Arabidopsis ABCG11 has been shown to be required for various cuticular lipids synthesis [61]. Reconstitution of AMT1;3 expression in amt1;3-1 Arabidopsis mutant plants has restored higher-order lateral root development [62]. CGA1 plays an important role in chloroplast development, growth, and division in Arabidopsis [63]. Down-regulation of CNGC14 expression in Arabidopsis leads to shorter root hairs [64]. SPS3F is associated with starch, sucrose and energy metabolism [65]. In Medicago truncatula, MtYSL7 mutant plants exhibit reduced nitrogen fixation and plant growth [66]. In maize and poplar, ZIP1 and ZIP4 mediate the development of lateral root and drought tolerance [67,68]. Three down-regulated genes in rootstock of Fuji/MdGH3 RNAi relative to GL-3 were JASMONATE ZIM-DOMAIN 8 (JAZ8). It has been reported that the accumulation of JAZ8 in Arabidopsis lead to a reduction in root hair length [69]. Therefore, the above results show that the transcript levels of numerous genes were greatly increased in scion and rootstock of Fuji/MdGH3 RNAi transgenic plants under control conditions, as compared to GL-3. These genes were related to reproductive organ development and maturation, growth and stress response, which might contribute to the phenotypes of Fuji/MdGH3 RNAi transgenic plants.




3.3. DEGs in Drought-Treated Scion and Rootstock


Drought tolerance is an important characteristic of MdGH3 RNAi transgenic plants, and drought-treated “Fuji” grafted onto MdGH3 RNAi plants possessed better drought tolerance as well as fruit quality compared to ‘Fuji’ grafted onto GL-3. Therefore, we used RNA-seq to investigate the molecular differences between Fuji/MdGH3 RNAi and Fuji/GL-3 plants after drought at the transcriptional level.



As shown in Figure 4a, PCA results showed that RNA-seq data of drought-treated scion from Fuji/MdGH3 RNAi and Fuji/GL-3 were divided into two parts. A small number of DEGs were identified, including 17 up-regulated and 15 down-regulated genes in drought-treated scion of Fuji/MdGH3 RNAi compared to that of Fuji/GL-3 (Figure 4b). GO enrichment analysis of the these 32 DEGs generated a total of six significant GO terms, including response to stimulus, carbohydrate metabolic process, organic substance metabolic process, single-organism process, metabolic process, and primary metabolic process. Compared to drought-treated scion comparisons, rootstock comparisons between Fuji/MdGH3 RNAi and Fuji/GL-3 after drought showed dramatic transcript changes. PCA showed that RNA-seq data of drought-treated rootstock in Fuji/MdGH3 RNAi and Fuji/GL-3 was divided into two groups, indicating that data can be used for further comparison (Figure 4d). The volcano plot showed that 220 up-regulated and 452 down-regulated genes were identified in the drought-treated rootstock of Fuji/MdGH3 RNAi compared to the drought-treated rootstock of Fuji/GL-3 (Figure 4e). We performed GO enrichment analysis of these DEGs and found the significant GO terms related to stress included: response to abiotic stimulus, response to nutrient levels, response to extracellular stimulus, response to starvation, and response to endogenous stimulus (Figure 4f). The significant GO terms related to development and growth included: cell division, microtubule-based process and movement, response to hormone, lignin metabolic process and metabolic and biosynthetic process of organonitrogen compound, peptide, flavonoid, pigment, and nitrogen compound (Figure 4g). These data implied that MdGH3 RNAi rootstock may facilitate drought stress tolerance of scion through promoted scion growth and stress response.



Despite the low number of DEGs identified in the scion fraction, we still found up-regulated Aminopeptidase M1 (APM1) and down-regulated Senescence-associated carboxylesterase 101 (SAG101). In Arabidopsis, APM1 loss-of-function mutants cause seedling death [70]. The decreased expression levels of SAG101 and SAG102 in exogenous PopW treatment may be important in delaying senescence in alfalfa due to drought stress [71]. The whole genes in Figure 5 were derived from the up-regulated DEGs database from the rootstock part of drought-treated “Fuji”/MdGH3 RNAi compared to “Fuji”/GL-3. As shown in Figure 5, these genes included AMT2, ATB2s, Cu/Zn superoxide dismutase 1 (CSD1), DIHYDROFLAVONOL-4-REDUCTASE (DFR), ferritin 1 genes (FER1s), FASCICLIN-like arabinogalactan-protein 11 (FLA11), FLA12, 3-KETOACYL-COA SYNTHASE 19 (KCS19), LAC12, LAC4, SPS3F, HOPW1-1-INTERACTING 1 (WIN1), WRKY57, WRKY6, and YSL7. In Arabidopsis, ATB2 expression increased under low osmotic conditions [72]. Transgenic Arabidopsis plants expressing AhCSD1 were more tolerant to osmotic stress [73]. Up-regulated genes FLA11 and FLA12 involved in leaf cuticle and wax could improve tolerance to water loss in ryegrass and poplar [74,75]. More wax was accumulated in the leaves of WIN1-overexpresssing Arabidopsis transgenic plants [76]. Therefore, these transcriptional changes may contribute to the better growth and fruit quality of Fuji/MdGH3 RNAi compared to Fuji/GL-3 after drought treatment.




3.4. Identification of Mobile mRNAs Moving from MdGH3 RNAi Rootstock to Scion


It has been reported that mobile mRNAs (mb-mRNAs) have an effect on the development of their destination tissues. Some mRNAs encoding transcribed non-cell-autonomous proteins move through the plasmodesmata (PD) and post-translationally regulate meristematic tissue development, leaf shape, fruit size, tuberization, and root structure [77,78,79,80,81]. Thus, identification of mb-mRNAs that moved from MdGH3 RNAi rootstock to scion was important to fully understand the superior phenotypes of Fuji/MdGH3 RNAi plants under control and drought treatment. In Figure 6a, the overall presence of substitution SNPs in scion of Fuji/MdGH3 RNAi and Fuji/GL-3 under control and drought were inspected. Under control conditions, 2556 and 2260 SNPs were found in the scion of Fuji/GL-3 and Fuji/MdGH3 RNAi, respectively. Meanwhile, 2674 and 2100 SNPs were found in the scion of drought-treated Fuji/GL-3 and Fuji/MdGH3 RNAi, respectively. By removing common SNPs and mb-mRNAs between scion of Fuji/GL-3 and Fuji/MdGH3 RNAi under control and drought treatment, 365 and 300 mb-mRNAs were found to potentially move from MdGH3 RNAi rootstock to the scion under control and drought, respectively (Figure 6a).



GO enrichment analysis of 365 and 300 mb-mRNAs were performed to determine their functional classification. For the 365 mb-mRNAs that only moved from MdGH3 RNAi rootstock to scion under control conditions, significant GO classification mainly included: (1) stress: response to abiotic stimulus, response to abscisic acid, abscisic acid-activated signaling pathway, response to light stimulus, and response to endogenous stimulus; (2) development and growth: development process, positive regulation of biological process, photosynthesis, regulation of post-embryonic development, cellular aromatic compound metabolic process, nitrogen compound metabolic process, chlorophyll metabolic process, post-embryonic development, vegetative to reproductive phase transition of meristem, and heterocycle biosynthetic process (Figure 6b). The significant GO terms of 300 mb-mRNAs that only moved from drought-treated MdGH3 RNAi rootstock to scion mainly contained response to stimulus, response to abiotic stimulus, response to stress, transport, and establishment of localization (Figure 6c). In addition, the Venn diagram in Figure 6 shows that among the 665 mb-mRNAs moving from MdGH3 RNAi rootstock to scion, 301 moved only under control, 236 moved only after drought treatment, and 64 could move both under control and drought treatment. Further studies revealed that 13 mb-mRNAs were enriched to “developmental process (GO:0032502)” and 22 mb-mRNAs were enriched to “response to stimulus (GO:0050896)”. FIDDLEHEAD (FDH), RESPONSIVE TO DESICCATION 26 (RD26), WRKY75, and FER were found to be present in both pathways. ARS-binding factor 2 (ABF2) was found to occur only in “response to stimulus” (Figure 6D). The fdh mutation has deleterious effects on various aspects of cuticle quality, plant morphology, and trichome differentiation [82]. It has been reported that RD26 and its homologs function to promote the expression of drought-responsive genes and improve the drought tolerance of plants [83]. In Arabidopsis, fer mutant plants exhibited growth retardation and salt hypersensitivity [84]. ABF2 has been reported to be required for normal glucose response and overexpression of ABF2 enhanced Arabidopsis salt and drought tolerance [85]. These results suggested that, compared with Fuji/GL-3, mb-mRNAs which specifically moved from MdGH3 RNAi rootstock to Fuji scion not only regulated growth and development but also conferred drought tolerance in the scion.





4. Discussion


The flexibility and integrity of cell structures and components are essential for plant growth and development [86,87,88,89]. In plant cells, microtubules (MTs) play an important role in cell division, expansion, and morphogenesis [89]. Rapid cell division and expansion during the early stages of fruit development is a requirement for yield and quality [90,91]. In cucumber, kinesin genes were identified from fruits of different sizes. Among these genes, CsKF2-CsKF6 were associated with rapid cell production, and CsKF1 and CsKF7 were strongly positively correlated with rapid cell expansion [92]. MTs has also been reported to play a key role in the fine transport and repositioning of vesicles to maintain pollen tube growth [93]. The cell wall is also crucial for many processes of plant development, such as acting as a barrier to protect plants from environmental stress [87]. In addition, the biosynthesis and modification of cell wall polysaccharides have also been reported to largely contribute to fruit texture formation in apple [86]. In our GO enrichment analysis of DEGs in scion and rootstock of Fuji/MdGH3 RNAi plants compared to ‘Fuji’/GL3 under control conditions, we identified relevant GO terms, including: cell division, cell wall organization or biogenesis, cell wall modification, and microtubule-based process. In the GO enrichment analysis of DEGs from rootstock of drought-treated Fuji/MdGH3 RNAi relative to Fuji/GL-3 plants, we identified significant GO terms with cell division, microtubule-based process, and movement. These results suggest that MTs and cell walls may play an important role in grafted plants when MdGH3 RNAi was used as rootstock.



Many substances have been involved in the biological processes of flowering, fruit development, and stress response [94,95,96,97,98]. Phenolic compounds exert antioxidant effects by reacting with various free radicals. The mechanism of action of antioxidants involves hydrogen atom transfer, transfer of a single electron, sequential proton loss electron transfer, and chelation of transition metals [99]. Phenolic compounds derived from the phenylpropanoid pathway include anthocyanins, phenolic acids, flavonols, dihydrochalcone, and flavanols [100]. All these phenolic compounds are considered to be major contributors to the internal and external quality of apple fruit. Additionally, these compounds can also affect fruit resistance to Botrytis cinerea [101]. Polyphenols in apple fruits have been reported to improve human health as an indicator of fruit quality [102]. Anthocyanins are important flavonoid pigments that can protect pears from damage caused by high temperatures under high light [103]. Light can influence the production of secondary metabolites, such as lignin, which regulates apple fruit hardness and eating quality [104]. Lignin is a major component of the plant secondary cell wall and helps plants to resist various abiotic and biotic stresses. Notably, there is substrate competition between the biosynthesis of lignans and anthocyanins [104]. Brassinosteroids (BRs), a class of plant-specific steroidal phytohormones, have been reported to play multifunctional roles in developmental processes, including root/shoot growth, flowering, seed germination, senescence, and environmental stresses [105,106]. In our results, we found GO terms obtained from DEGs in scion of ‘Fuji’/MdGH3 RNAi compared to ‘Fuji’/GL-3 under control conditions were related to steroid biosynthetic process, polysaccharide biosynthetic process, lipid modification, and biosynthetic process, aromatic compound biosynthetic process, and biosynthetic and metabolic processes of the phenol-containing compounds phenylpropanoid, lignin, flavonoid, and xylan. Similar results were obtained in the GO enrichment analysis of rootstock comparison between “Fuji”/MdGH3 RNAi and “Fuji”/GL-3 plants. Similarly, drought-treated Fuji/MdGH3 RNAi showed enriched GO terms including metabolic and biosynthetic process of flavonoid, pigment, and lignin in the rootstock part, compared to rootstock of Fuji/GL-3. These data indicate that the phenotypic changes using MdGH3 RNAi transgenic plant as rootstock compared to GL-3 as rootstock may be attributed to changes in the levels of metabolites, such as phenylpropanoid, flavonoid, pigment, and lignin. However, further studies and measurements are needed including determining the changes of metabolite levels under control and after drought treatments in the grafted plants.



In higher plants, mRNA is mobile between the rootstock and the scion [25,107]. For example, GAI (Gibberellic acid insensitive) mRNA can move from rootstock to scion in Malus and Pyrus [108,109]. Further research demonstrated that GAI remains at the sites to which it is transported and causes the attenuation of GA responses [110]. An NAC domain protein that is involved in apical meristem development has been reported to move from rootstock to scion in grafted pears [111]. In the mobile mRNA dataset from MdGH3 RNAi rootstock to scion, 301 moved only under control, 236 moved only after drought treatment, and 64 could move under both control and drought treatment. Furthermore, we identified mobile mRNAs which might be associated with stress and growth, such as homologs of FDH, RD26, WRKY75, FER, and ABF2. Under control conditions, only RD26 was found to move from MdGH3 RNAi rootstock to the scion and was up-regulated in the scion. However, the expression of FDH, ABF2, WRKY75, and FER were not found to be up-regulated in the scion. In previous studies, researchers have found that mRNA is degraded during movement and that mRNA expression levels are not good indicators for identifying movement [112]. Therefore, the movement of long-distance mRNAs remains complex and unknown. Taken together, further systematic validation of these mobile mRNAs in control and drought-treated grafted plants using MdGH3 RNAi as rootstock is needed.



In summary, we performed and compared transcriptome sequencing of all scions and rootstocks of control and drought-treated grafted plants using MdGH3 RNAi and GL-3 as rootstocks. Under control conditions, a large number of DEGss related to growth and development and resistance were identified in scions and rootstocks of grafted plants using MdGH3 RNAi as rootstock and their functional enrichment was performed compared to grafted plants with GL-3 as rootstock. Under drought conditions, a few numbers of DEGs were obtained from the comparison of scion, but a large number of DEGs were still found in the rootstock part of the grafted plants using MdGH3 RNAi as rootstock and their functional analysis was also conducted. Moreover, we identified mRNAs that only moved from the MdGH3 RNAi rootstock to scion. Mobile mRNAs moved in both control and drought conditions, including FDH, ABF2, RD26, WRKY75, and FER, which were associated with drought response and plant development. Our work provides the transcriptional explanation behind the phenotypic changes of MdGH3 RNAi transgenic plants as rootstocks in field applications and data sources for genetic engineering to improved agricultural production.
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Figure 1. Experimental design of grafting and transcriptome sequencing. (a) Malus domestica “Fuji£ (scion) were grafted onto GL-3 plants (rootstock) under control and drought conditions. (b) Malus domestica “Fuji” (scion) were grafted on MdGH3 RNAi plants (rootstock) under control and drought conditions. The grey and orange areas show the transcriptome sequencing of the corresponding tissues in (a,b). The blue squares indicate the Pearson correlation of RNA-seq data. Two independent biological replicates per set were used for sequencing. 
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Figure 2. Differentially expressed genes (DEGs) in scion and rootstock of “Fuji/MdGH3 RNAi” plants and “Fuji/GL-3” plants under control conditions. The left panel is the analysis of DEGs associated with scion, and the right one presents the DEGs associated with rootstock. (a) Principal component analysis (PCA) plot showing the variation between scion (“Fuji”) data of “Fuji/MdGH3 RNAi” and “Fuji/GL-3”. (b) Volcano plot showing up-regulated genes and down-regulated genes in scion of “Fuji/MdGH3 RNAi” compared to “Fuji/GL-3” under control conditions. (c,d) gene ontology (GO) enrichment analysis of DEGs in scion. (e) PCA plot showing the variation between rootstock of Fuji/MdGH3 RNAi and Fuji/GL-3 data. (f) Volcano plot showing up- and down-regulated genes in MdGH3 RNAi rootstocks compared to GL-3 rootstocks. (g,h) GO enrichment analysis of DEGs in rootstocks. The GO enrichment analysis in (c,d,g,h) was divided into “development and growth” and “stress” aspects. 
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Figure 3. Heatmap plots show the differentially expressed genes (DEGs) associated with stress and growth in scion and rootstock obtained by comparing “Fuji/MdGH3 RNAi” plants with “Fuji/GL-3” plants under control conditions. (a–c) DEGs in scion obtained by comparing “Fuji/MdGH3 RNAi” to “Fuji/GL-3” under control conditions. (d) DEGs in rootstock obtained by comparing “Fuji/MdGH3 RNAi” to “Fuji/GL-3” under control conditions. 
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Figure 4. Differentially expressed genes (DEGs) in scion and rootstock obtained by comparing drought-treated “Fuji/MdGH3 RNAi” plants with drought-treated “Fuji/GL-3” plants. (a) PCA plot showing the variation between scion (‘Fuji’) data of drought-treated “Fuji/MdGH3 RNAi” and drought-treated “Fuji/GL-3”. (b) Volcano plot showing up- and down-regulated genes in scion of “Fuji/MdGH3 RNAi” compared to “Fuji/GL-3” under drought conditions. (c) GO enrichment analysis of DEGs in scion. (d) PCA plot showing the variation between drought-treated rootstock (MdGH3 RNAi and GL-3) data of “Fuji/MdGH3 RNAi” and “Fuji/GL-3”. (e) Volcano plot showing up- and down-regulated genes in drought-treated MdGH3 RNAi plants compared to drought-treated GL-3. (f,g) GO enrichment analysis of DEGs in rootstock. The GO terms were divided into “development and growth” and “stress” aspects. 
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Figure 5. Heatmap of expression levels (in the form of z-score fragments per kilobase of transcript per million fragments mapped) showing the stress and growth-related DEGs in rootstock obtained by comparing drought-treated “Fuji/MdGH3 RNAi” plants to drought-treated “Fuji/GL-3” plants. 
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Figure 6. Detection of mRNA movement from control and drought-treated MdGH3 RNAi rootstock to scion (“Fuji”). (a) Movement of mRNAs from control and drought-treated MdGH3 RNAi rootstock to the scion. The pipeline included variant calling and mobile mRNAs detection. Green circles and trapezoidal patterns represent SNPs data and mobile mRNAs (mb-mRNAs) moving from rootstocks MdGH3 RNAi plants to scion. The yellow circles and trapezoidal patterns represent SNPs data and mobile mRNAs moving from rootstock GL-3 to scion. (b) GO enrichment analysis of 365 mb-mRNAs moving from MdGH3 RNAi rootstock to scion under control conditions. (c) GO terms of 300 mb-mRNAs moving from drought-treated MdGH3 RNAi plants rootstock to drought-treated scion. (d) Venn diagram demonstrating that 64 mb-mRNAs moved from MdGH3 RNAi plants to scion under control as well as drought treatment. Barplot showing the two GO terms including “developmental process (GO:0032502)” and “response to stimulus (GO:0050896)”, and the number of mb-mRNAs in them. Green font was used for mb-mRNAs related to “developmental process (GO:0032502)”, and red font was used for those related to “response to stimulus (GO:0050896)”. 
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Table 1. The Statistics of transcriptome sequencing (RNA-seq) data.






Table 1. The Statistics of transcriptome sequencing (RNA-seq) data.





	Sample
	Raw Reads
	Clean Reads
	Raw Base (G)
	Clean Base (G)
	Q20 (%)
	Q30 (%)
	GC Content (%)
	Mapping Ratio (%)





	Control “Fuji/GL-3” Rep1
	25,143,068
	23,973,149
	7.54
	7.19
	98.28
	94.71
	47.32
	93.36



	Control “Fuji/GL-3” Rep2
	25,752,761
	24,541,277
	7.73
	7.36
	98.25
	94.61
	47.34
	93.24



	Control “Fuji/GL-3” Rep1
	22,824,047
	21,670,561
	6.85
	6.5
	98.31
	94.75
	47.45
	93.47



	Control “Fuji/GL-3” Rep2
	20,255,453
	19,353,326
	6.08
	5.81
	98.31
	94.78
	47.41
	93.56



	Control “Fuji/MdGH3 RNAi” Rep1
	23,568,295
	22,345,147
	7.07
	6.7
	98.21
	94.53
	47.22
	93.06



	Control “Fuji/MdGH3 RNAi” Rep2
	23,744,639
	22,762,112
	7.12
	6.83
	98.31
	94.73
	46.8
	93.77



	Control “Fuji/MdGH3 RNAi” Rep1
	20,469,321
	19,537,242
	6.14
	5.86
	98.25
	94.6
	47.24
	93.96



	Control “Fuji/MdGH3 RNAi” Rep2
	22,951,961
	21,696,492
	6.89
	6.51
	98.34
	94.76
	47.19
	94.06



	Drought “Fuji/GL-3” Rep1
	20,040,778
	18,701,561
	6.01
	5.61
	98.29
	94.72
	47.14
	93.33



	Drought “Fuji/GL-3” Rep2
	21,133,554
	20,108,894
	6.34
	6.03
	98.37
	94.86
	47.25
	93.38



	Drought “Fuji/GL-3” Rep1
	20,435,878
	19,390,591
	6.13
	5.82
	98.36
	94.91
	47.35
	93.51



	Drought “Fuji/GL-3” Rep2
	22,430,471
	21,593,803
	6.73
	6.48
	98.34
	94.81
	47.22
	93.84



	Drought “Fuji/MdGH3 RNAi” Rep1
	21,519,114
	20,814,869
	6.46
	6.24
	98.34
	94.78
	47.12
	93.53



	Drought “Fuji/MdGH3 RNAi” Rep2
	21,640,685
	20,732,825
	6.49
	6.22
	98.23
	94.52
	47.02
	93.09



	Drought “Fuji/MdGH3 RNAi” Rep1
	25,823,890
	24,540,545
	7.75
	7.36
	97.67
	93.23
	47.09
	98.89



	Drought “Fuji/MdGH3 RNAi” Rep2
	21,009,641
	20,148,636
	6.3
	6.04
	98.28
	94.69
	47.05
	93.2







The underlines marked in the sample column showed the issue part of the grafting plants.
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