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Abstract

:

Apple leaf characteristics are the most important vegetative growth and development traits. The apple rhizosphere is also indirectly responsible for apple growth and development. It provides roots with elements and compounds that improve roots’ and shoots’ growth and development. The application of exogenous plant growth regulators such as strigolactones (SLs) has become one of the main trends for improving vegetative growth and enhancing the rhizosphere microbiome. This study aimed to investigate the effect of the exogenous SLs on some leaf characteristics, such as leaf area, angle, nitrogen content, chlorophyll content, and apical area diameter, in addition to the composition of the rhizosphere microbiome of apple M9 rootstock. The apple rootstocks were treated with various concentrations of GR24, an analog of SLs; the concentrations were 0, 1, 5, and 10 µM. The study found that the treatments of 5 µM increased the leaf–stem angles and leaf length while decreasing the apical diameter. The treatments of 1 and 5 µM increased leaf nitrogen content; however, this effect was not observed when using the higher concentration of 10 µM. The lower concentration (1 µM) led to a different abundance and diversity of microorganisms compared to the higher concentration (10 µm).
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1. Introduction


Apples are among the most consumed fruits worldwide [1]. According to USDA [2], apples are consumers’ top U.S. fruit choice. China is the biggest producer of apples in terms of the harvested area and production quantity [3]. Apple fruits can be used fresh or processed; thus, they are a valuable commodity for many consumers. Due to consumers’ high demand for apples, optimizing apple tree health and production is necessary.



Phytohormones regulate plants’ growth, development, and environmental interactions [4]. Moreover, they stimulate the interaction between plants and surrounding microorganisms [5]. Plant hormones have various physiological effects inside plant tissues, subsequently affecting plant organs. For instance, Auxin is the primary precursor of cell division [6] and elongation [7]. Cytokinin participates in these processes and other reactions, such as cell division [6]. Other effects of Auxin, such as bud initiation, apical dominance, and regulation of other hormones, have been studied and reported [8]. Plant hormones can be up-regulated or down-regulated depending on the stimulation circumstances; therefore, they can negatively and positively affect plant growth and development. Changes in phytohormones can impact leaves, stems, buds, and other shoot organs [9,10]. In the same trend, strigolactone could be used as a plant growth regulator for plant growth improvement.



Strigolactones (SLs) are carlactonic compounds identified as phytohormones, which enhance plant growth directly and indirectly [11,12,13,14,15]. They improve vegetative plant growth, attract rhizosphere microorganisms [8,16,17,18,19], and play a key role in the relationship between plants and their rhizosphere microorganisms [20]. There are many studies on the effects of SLs on different plant species. However, there is still a knowledge gap in SLs’ role in fruit tree health and production. Therefore, further experimental studies are needed to examine the effect of SLs on fruit tree growth and their relation to the rhizosphere microbiome.



Generally, shoot architecture is the main element for plant adaptation, competition, and survival [21]. Apical area, leaf angle, length, and width are significant factors in forming canopy structures and are considered specific architectural characteristics of the plant [22]. The leaf area is the most important leaf characteristic because it regulates light absorption and photosynthesis and modifies carbon outputs such as carbohydrates and other compounds [22,23]. These carbon outputs form biomass accumulation in different parts of the plant, such as roots and leaves [23]. Leaf angle and apical leaf area have also demonstrated an important role in light absorption and photosynthesis with similar output products [22]. In addition, these plant characteristics may support the plants’ response to environmental factors [8,15]. For instance, shoot architecture modifications support plants against drought stress [24], light stress, salinity, and other surrounding factors [22,25]. These physiological changes impact all organs of the plant, especially fruits.



In the same manner, plant architectural characteristics can be affected by many factors, such as nutrition composition [26], hormonal and metabolic compound reactions, and environmental factors. For example, there is a significant correlation between leaf nitrogen (N) content and chlorophyll (Ch) content [27]. This relation subsequently affects the leaf’s appearance or dimensions [28]. These combinations strongly affect the photosynthesis rate and many other physiological and morphological characteristics [23,29]. In addition, the surrounding microorganisms provide plants with nitrogen and other nutrients and enhance growth [30].



The rhizosphere microbiome is considered an essential factor in the growth and development of apple trees because it provides trees with accumulated nutrients. Nutrient accumulation promotes tree health and high production [15]. Vegetative growth and root rhizosphere health are vital factors in the apple’s survival. Plants can secrete hormones or metabolic compounds to communicate with surrounding microorganisms, especially the rhizosphere microbiome. This relation may lead to plant growth improvements, signaled by the rhizosphere microbiome. Many studies have explored the trend of examining the effect of plant microbiomes on improving vegetative growth [31,32]. The rhizosphere microbiome plays many roles in plants’ responses to environmental factors such as nutrient uptake [33]. Furthermore, the plant itself can change its rhizosphere microbiome to improve its nutrient uptake and proportions [34,35]. Microbial communities play a vital role in enhancing plant growth by influencing plant physiology and development. The symbiotic relationship between the root rhizosphere and its microbiome is essential for plant health, particularly in soil rich with organic matter and microorganisms. Furthermore, the role of strigolactone as a phytohormone on vegetative apple growth and its rhizosphere microbiome needs more investigation and understanding.



Roots and the rhizosphere microbiome can be affected by hormonal changes [36,37]. In addition, the roots can secrete many chemical compounds as secondary metabolites, which attract microorganisms that react with the root biochemical changes [6]. As a result of these reactions between rhizosphere microorganisms and roots, the plant and its growth characteristics are supported. For example, Strigolactone enables plants to modify growth to compete with neighboring organisms for limited resources. In addition, SLs have other roles in improving vegetative growth directly and indirectly. For instance, they improve the absorption of nutrients such as nitrogen and phosphorus, increasing chlorophyll levels and, subsequently, vegetative growth [11,38].



The under- and above-ground environments of plants have a complicated interaction. The synthetic analog GR24 was used to investigate SLs’ regulation in integrating plants with the subsurface ecosystem. Furthermore, the microorganisms can modify the soil pH, secrete organic matter, and act as osmo-regulators in the soil. Osmo-regulators buffer and condition the soil [39], which improves roots’ absorption and provides plants with nutrients such as nitrogen that enhance vegetative growth. Plants and microbiomes are separate communities with harmonious relationships; SLs are moderators between plants and microbes [40,41,42].



In this article, we investigate the role of SLs in improving some leaf characteristics of the apple rootstock and identify rhizosphere microbiome changes that may enhance plant growth by providing substances or nutrients such as nitrogen.




2. Materials and Methods


2.1. Plant Material and Experimental Design and Conditions


The study aimed to detect the effect of the exogenous application of SLs on vegetative growth characteristics and the rhizosphere microbiome composition of apples. Seedlings of one-year-old apple rootstock seedlings v M9 (Malus × domestica Borkh) were used in the study. The experiment was conducted in a greenhouse belonging to the China Agricultural University, Beijing, China. The average greenhouse temperature was 18–30 °C, the relative humidity was 40–70%, and normal light and darkness interval periods were used. Transplants of the experiment were cultivated in soil and then transferred to a mixed peat moss with vermiculite propagation-growth media and were planted in plastic pots without any sterilization of the growth media. The plants were treated with different concentrations of GR24 as a Strigolactone analog. Each treatment had four replicates, and each replicate included three transplants. The transplants were typically irrigated and fertilized before starting experimental treatments.




2.2. GR24 Preparation, Concentrations, and Application


The 1 mg GR24 powder (C17H14O5, produced by PhytoTechnology Laboratories® (Lenexa, KS, USA), purity 100% mol. Weight 298.29 g/mol) was dissolved in 3% acetone and 0.1% Tween 20 and mixed to prepare the stock solution [12]. The stock solution was diluted with distilled water into levels of concentration. All the plants’ topsoil was covered with plastic covers to prevent the cross-contamination of soil by the GR24 and to ensure the absorption of GR24 was only by leaves through a foliar application. Hand sprayers with different concentrations were used to spray the leaves until they trickled droplets from their surfaces [12].




2.3. Leaf Characteristics


Leaf dimensions (length and width) were measured by a digital caliper. Mature leaves midway up the shoot were used to measure the leaf length and width. Leaf area was calculated according to Boyacı and Küçükönder [43].




2.4. Apical Diameter and Leaf Angle


The apical area diameter was measured by using a protractor and ruler. The approximate circle formed by the group of leaves in the apical part was detected, and the diameter was measured. The angles of the leaves were determined by measuring the angle degree at the attachment point between the leaves and the stem using a ruler and protractor.




2.5. Leaves Chlorophyll and Nitrogen Content


Chlorophyll content was recorded on the mature leaves using a chlorophyll meter (Konica Minolta SPAD 502 Plus Chlorophyll Meter, INC, Osaka, Japan). Five random leaves were chosen per replicate to determine the chlorophyll content index. Five mature leaves at the middle part of the stem were collected and dried, and 5 mg of dry ashes were weighed and wet digested in the microwave [44]. The Kjeldahl Distillation method instrument (Kjeltec™ 8400, Foss, Hilleroed, Denmark) was then used for measuring the total nitrogen content in the leaves.




2.6. Rhizosphere Sample Collection


For the first experiment, the plants were removed from the soil carefully. Then, the rhizosphere media was collected gently using fine brushes. The samples were collected from specific concentrations of 0, 1, and 10 µM for 16S rRNA analysis for microbiome analysis. The samples were immediately stored in sterile bags on dry ice and then transferred to −80 °C until DNA extraction [45].




2.7. DNA Extraction


DNA was extracted from 250 mg of rhizosphere soil using MO BIO PowerSoil™ DNA Isolation Kits (Mo Bio Laboratories, Carlsbad, CA, USA) according to the manufacturer’s instructions. All extractions were quantified and qualified on a Nanodrop ND-2000 UV-VIS Spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA) [19]. After the extraction of genomic DNA was completed, the extracted genomic DNA was detected by 1% agarose gel electrophoresis.




2.8. PCR Amplification and Illumina MiSeq Sequencing


Nine 16S rRNA gene libraries (three treatments × three replicates) were generated and compared. The V4 region of the 16S rRNA genes was amplified using the primer pair 515F and 806R [46,47,48]. Amplification of the bacterial 16S rRNA sequences was performed using the TransStart® FastPfu DNA Polymerase (TransGen Biotech Co., Ltd., Beijing, China). All amplifications were performed under the following conditions. The total reaction volume was 50 μL, including 1μM for the forward primer and 1 μM for the reverse primer. A 1 μM volume of FastPfu DNA Polymerase was also used, and the final concentration was 2.5 units. The PCR thermal cycling conditions were one cycle of 95 °C for 2 min, followed by 30 cycles of 95 °C for 20 s, TM 5 °C for 20 s, and 72 °C for 4 min (4 kb/min), with a final one cycle of 5 min at 72 °C. The PCR products of the same sample were mixed and detected by 2% agarose gel electrophoresis. The AxyPrep DNA Gel Recovery Kit (AXYGEN®, CORNING company, Glendale, CA, USA) was used to cut the gel and recover the PCR products. Sequencing was performed using the Illumina MiSeq sequencing platform at Allwegene Technology Co., Beijing, China.




2.9. Bioinformatics Processing and Analyses


Raw data were stored as a FASTQ format file. Sequencing was allocated to each sample according to the unique barcode of each sample. QIIME was used for Sequencing analysis [49] in addition to the software package (Quantitative Insights Into Microbial Ecology) and UPARSE pipeline [50]. Additionally, QIIME was used for filtering the reads by quality filter [51]. UPARSE pipeline was used to pick up operational taxonomic units (OTUs) by making an OTU table. After filtering the reads, the retained sequences were assigned to OTUs at 97% similarity, while chimeras were filtered. RDP classifier was used to assign the taxonomic data to each representative sequence. OTUs were clustered using QIIME (v1.8.0) and VSEARCH (v2.7.1) [52], which were performed at 97% similarity levels. Clean tags were used for clustering to generate OTUs. The clustering was made by using UPRISE [50], UCLUST [53], and Cd-hit [54]. R language tools for statistics and charting were used [48] to compare the overlap between the OTU number groups in the Venn diagram. Alpha diversity indices as the richness index of the Chao estimator (Chao1), Shannon, PD_whole_tree, observed-species, and good-coverage were calculated using QIIME [55,56,57,58].



The databases Silva (http://www.arb-silva.de, accessed on 13 August 2019), RDP (http://rdp.cme.msu.edu, accessed on 13 August 2019), Greengene (http://greengenes.secondgenome.com, accessed on 13 August 2019), and NCBI Nucleotide 13 a (https://www.ncbi.nlm.nih.gov, accessed on 13 August 2019) were used. Multivariant statistical and beta diversity analyses were analyzed using R language packages and QIIME software Version 1.8.




2.10. Statistical Analysis


Alpha diversity, multivariant statistical analysis, and other molecular statistical analyses were calculated using QIIME and R package software. Data from the vegetative measurements were statistically analyzed with CoStat software. One-way analysis of variance (ANOVA) and Duncan’s multiple range test were used to determine the significance of the differences among samples (p < 0.05).





3. Results


3.1. Effect of SLs on Leaf Nitrogen Content and Chlorophyll Index (SPAD)


SLs at 1 and 5 µM significantly increased the leaf nitrogen content. Using the concentration of 10 µM, GR24 increased the nitrogen content in the leaf compared to the control. However, the difference was not statistically significant (Figure 1A). Data of the chlorophyll index showed no significant difference between 1 µM and control; however, using 5 and 10 µM significantly decreased the chlorophyll content (Figure 1B).




3.2. Effect of SLs on Leaf Length, Width, and Area


SLs at moderate concentrations (5 µM) significantly increased leaf length. However, the lowest and the highest levels of SLs (1 and 10 µM) showed no significant increments. The effect of the lowest level of SLs (1 µM) on leaf length was closer to 5 µM than 10 µM (Figure 1C). The lowest leaf width occurred on the plant treated with 1 µM, and the highest occurred on a plant treated with 10 µM, with a significant difference between the two measurements (Figure 1D). Thus, the relative lowest level of SLs (1 µM) decreased leaf width, and the concentration of 5 µM increased leaf width. The highest level of SLs (10 µM) showed the highest values of leaf width but did not show a clear difference in leaf length. Consequently, the highest leaf area was in plants treated with 5 and 10 µM (Figure 1E).




3.3. Effect of SLs on Leaf Angle and Apical Radius


SLs at 5 and 10 µM significantly increased the angle between the stem and leaf. However, there was no significant difference between the 0 µM and 1 µM concentrations. On the contrary, SLs significantly decreased the diameter of the apical area, and there was no significant difference between 0 µM and 1 µM. However, 1 µM showed slightly lower diameter values than 0 µM (Figure 2). The leaf–stem angles of plants treated with 5 and 10 µM ranged from 80° to 90°.




3.4. Effect of SLs on Rhizosphere Microbiome Composition


After a quality protocol was implemented for paired-end alignments, filtering, and deletion of chimeric and singletons sequences through sequencing of the V3–V4 region of the 16S rRNA, 293,215 quality reads were recovered. A total of 2555 OTUs at 97% sequence similarity were generated, and the remaining 2535 after level processing. In the rhizosphere microbial communities for bacteria and archaea, there were differences in taxa relative abundance between samples and groups. Bacteria were found in the rhizosphere of all groups under study, while archaea were not found in the rhizosphere microbiome.



The Venn and petal core diagrams showed differences in the attracted microorganisms (Figure 3). Of note, the rhizosphere of the plants treated with GR24 attracted a higher relative abundance of Fibrobacteres, Planctomycetes, Microgenomates, Gemmatimonadetes, Chloroflexi, FCPU426, WS6, WS2, Chlamydiae, Nitrospirae, TM6_Dependentiae, BRC1, Hydrogenedentes, and Peregrinibacteria Phyla compared to the non-treated plants (0 µM). There are variations in different taxa abundance in the rhizosphere among different groups of samples.



The relative abundance of bacterial phyla, orders, classes, and families was analyzed across all samples, as shown in Figure 4. All the samples showed a dominance of the Proteobacteria, ranging from 50 to 65% of the community. Actinobacteria were ranked the second dominant phylum with a maximum of 20% of the relative abundance. Chloroflexi, Bacteroidetes, Gemmatimonadetes, Acidobacteria, and Firmicutes followed Proteobacteria and Actinobacteria in rank, respectively. The plants treated with 1 µM attracted more microbes from the Actinobacteria phylum. The main classes were Alphaproteobacteria, Gammaproteobacteria, and Actinobacteria, respectively. Alphaproteobacteria and Gammaproteobacteria classes were within the Proteobacteria phylum, while the Actinobacteria class was within the Actinobacteria phylum. In addition, 1 µM showed a noticeable increase in the relative abundance of the Actinobacteria class. The main orders were Rhizobiales, which were within Alphaproteobacteria and unidentified classes of all treatments. The 1 µM treatment showed a slightly higher relative abundance in Gemmatimonadales, Sphingomonadales, and Streptomycetales. Furthermore, 10 µM showed higher relative abundance in different orders, including unidentified, Nitrosomonadales, Cytophagales, Bacteroidales, and Solibacterales. In addition, the two concentrations showed higher values in Acidimicrobiales and Anaerolineales orders. The main two families were unidentified and Hyphomicrobiaceae, which were within the Rhizobiales order. Moreover, 10 μM showed higher abundance in the unidentified family than in the control. The 1 µM treatment showed an increase in the family Gemmatimonadaceae within the phylum Gemmatimonadetes and the family Streptomycetaceae within the phylum Actinobacteria. Finally, 10 μM showed an increase in the family Nitrosomonadaceae within the phylum proteobacteria (Figure 4).




3.5. Effect of SLs on Microbiome Diversity


Diversity at different indices of the community bacterial species was studied. There were some differences in microbial diversity in the soil rhizosphere across treatments. The α diversity Good’s coverage values indicated that, on average, 96.4 of the total species richness was accounted for in bacterial communities. Chao1 diversity values ranged from 1666.9 to 2104.5, while Shannon diversity ranged from 8.7 to 9.5. Bacterial diversity, as well as richness and evenness within the microbial community, differed between rhizosphere samples when comparing the 0 and 10 µM treatments. For example, 0 µM decreased the bacterial diversity in the rhizosphere bacterial community, while 10 µM increased the community’s diversity. While the 10 µM treatment increased the diversity (Shannon index) in the rhizosphere bacteria, the richness of the community was close to that of the control (Chao1, observed species) (Figure 5).



Distance metric indices were used to measure the β diversity between the bacterial communities with the influence of 0, 1, and 10 µM of GR24 and to use the OTU phylogenetic level to analyze the diversity in the different communities (OTUs defined at a 97% similarity cut-off). To compare the bacterial composition of identified microbial community members of the rhizosphere UniFrac and Bray–Curtis dissimilarity, matrices were calculated on normalized. Similarities and dissimilarities in microbial community structures among samples were displayed using principal component analysis (PCA), principal coordinates analysis (PCoA), partial least squares discrimination analysis (PLs-DA), and the non-metric multidimensional scaling method (NMDs). The analysis was constructed using UniFrac weighted and unweighted distance metric indices to analyze the quantitative and qualitative diversity between samples. It was demonstrated that there was a difference between samples in the community based on the UniFrac distances between the rhizosphere samples and qualitative variation (presence and absence of organism) between the control and the treatments of 0 and10 µM. Treatment of 1 µM revealed apparent quantitative variation with 0 µM compared to the variation between 0 and 10 µM (Figure 6). When using PCA, PLS-DA, and PCoA analysis at the OTU level, PC1 revealed 23.52%, 15%, and 27%, respectively, of the total variation; PC2 revealed 20.12%, 13.19%, and 49%, respectively. The beta diversity metric analysis showed a distinction between the microbial communities of 0, 1, and 10 µM treatment concentrations. However, there was relative similarity in the rhizosphere bacterial community between 0 and 10 µM (Figure 7).





4. Discussion


Leaf characteristics are based on several factors, such as plant nutrient content, phenotype, and physiological processes. Therefore, this study investigated the effect of SLs on leaf characteristics such as length, width, area, nitrogen, and chlorophyll content. On the other hand, the study tried to connect leaf characteristics to the rhizosphere microbiome of apple rootstock.



The SLs were sprayed on the leaves, which may have had multiple effects. First, SLs might play a role in changing the leaf shape and its position by altering the leaf and stem attachment angles and the apical leaves’ diameters. Second, SLs may be transported to the roots to attract rhizosphere microorganisms and enhance nitrogen absorption. Finally, the nitrogen might be translocated to the leaves, affecting the chlorophyll content and, thus, the leaf characteristics (Figure 8).



Many studies reported and reviewed various effects of Strigolactone on plant branching [8,59,60,61], leaf features, and vegetative growth and development improvements [62,63]. Previous studies support these researchers’ investigation of SLs’ impact on leaf shape modification and positioning. SLs may elongate the leaf length when applied at a mild concentration. In this study, SLs increased the leaf length when the application concentration rose from the lower level (1 µM) to the mild levels (5 µM) and vice versa for the leaf width. This agrees with Hu et al. [64], who found the same scenario; SLs elongated cells and consequently increased leaf length. This may have occurred due to the crosstalk between the SLs and other hormones, such as Auxin, responsible for cell elongation. Due to SLs’ influence, these leaf changes may support plants against abiotic stress. The changes in the leaf morphological features slightly affected the leaf area, although this difference was not significant when compared to the control treatment.



SLs increased the angle between the leaf and stem, which led to changes in the position of leaves. In the same trend, Zhao et al. [65] found that endogenous SLs affect the leaf angle. At low concentrations (1 µM), SLs did not affect apical diameter. On the contrary, the angles between the leaves and stem increased with the increasing treatment concentrations (5 and 10 µM). Sang et al. (2014) [66] demonstrated that tiller angles changed by applying strigolactones in an experiment on rice. Leaf area and angle were explained as important factors in changing plant architecture and providing support against gravitropism [66]. On the contrary, Shindo et al. (2020) [67] found that SLs play a different role under nutrient deficiency by decreasing the leaf angle.



The SLs have different pathways for providing plants with nitrogen. Some are based on enhancing absorption, attracting nitrogen-fixing microorganisms, or facilitating nitrogen translocation through the tissues [16,68,69]. The lowest concentration of SLs increased leaf nitrogen content and slightly decreased as the concentration increased. The increasing SL concentration caused decreases in the chlorophyll index. However, the lower concentration did not show a reduction in chlorophyll content.



The rhizosphere microbiome was impacted by the application of SLs [15,70,71,72]. Both high and low concentrations had a similar effect on nitrogen content, chlorophyll content, and the rhizosphere microbiome. This association may demonstrate that Strigolactone promotes the attraction of bacteria that provide nitrogen to plants. There were differences in the abundance, richness, and diversity of the different rhizospheres. The rhizosphere of the plants treated with the lowest concentration (1 µM) differed from the control and the relatively higher concentration (10 µM). Furthermore, the higher concentration may attract different taxa of microorganisms or have less relative abundance than the lower concentration of applied SLs (GR24) [71,72] (Figure 8).



It was noticed that plants treated with 1 µM attracted more microbes from the Actinobacteria and Proteobacteria phyla. The main classes were Alphaproteobacteria, Gammaproteobacteria, and Actinobacteria, respectively. Furthermore, the concentration of 1 µM showed a noticeable increase in the relative abundance of the Rhizobiales, unidentified, Gemmatimonadales, Sphingomonadales, and Streptomycetales orders. On the other hand, 10 µM showed higher relative abundance in different orders, including unidentified, Nitrosomonadales, Cytophagales, Bacteroidales, and Solibacterales.



The 1 µM showed increases while 0 µM showed decreases in the bacterial α-diversity in the rhizosphere bacterial community. Although the 10 µM treatment increased the diversity (Shannon index) in the rhizosphere bacteria, the richness of the community was close to the control (Chao1, observed species)



According to the β-diversity metric analysis of the apple rootstock rhizosphere. There appeared to be a difference between the microbial communities of control, 1, and 10 µM treatments. However, there was relative similarity in the rhizosphere bacterial community between 0 and 10 µM. On the contrary, the concentration of 10 µM showed different β-diversity than the control.




5. Conclusions


SLs affect various aspects of vegetative growth, such as leaf length, width, stem angles, and the diameter of the leaf apical area. Moreover, SLs affect leaf nitrogen and chlorophyll contents. The treatments of 5 and 10 µM increased leaf–stem angles and decreased the apical diameter. The treatment with 5 µM significantly increased leaf length but did not show a significant increase in leaf width. Nitrogen content increased significantly at concentrations of 1 and 5 µM. Furthermore, compared to the control, 1 µM values had higher concentrations. However, there was no significant difference between them. The lower concentration (1 µM) attracted different microorganisms compared to the higher concentration (10 µM). The relation between the concentration of SLs and its effects can be explained by the bell curve graph.
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Figure 1. The effect of SLs on the nitrogen and chlorophyll content (SPAD index) and the leaf dimensions (leaf length, width, and area) in the M9 apple rootstocks. (A,B) The leaf nitrogen content per gram and the chlorophyll SPAD index, respectively, according to the different concentrations of GR24. (C–E) The leaf length, width, and area, respectively, according to the different concentrations of GR24. Bars labeled with a different letter are significantly different (p ≤ 0.05) according to Duncan’s test. The bars show standard errors. 
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Figure 2. The effect of SLs on the apical area diameter. (A) Bar chart describes the angle degrees of the leaves and stem of the M9 apple rootstocks according to different concentrations of GR24. (B) Photographs demonstrate the changes in the angles between the leaves and stem. (C): an illustration of the changes in leaf-stem angles as an effect of SLs presence. (D) Bar chart showing the apical diameter (length of the apical area) according to the different concentrations of GR24. (E) Changing apical diameter during the time intervals. Each white scale bar is 2 cm in length and illustration of the different changes in apical diameter according to the different concentrations of GR24 at the end of the experiment. Bars with different letters are significantly different at p < 0.05 (ANOVA, Duncan correction). The bars show standard errors. 
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Figure 3. OTUs Cluster Analysis. (A) The petal map. Each petal represents a sample. The core number in the middle represents the number of OTUs shared by all samples in the rhizosphere of the M9 apple rootstocks. The number on the petal represents the unique OTU number of the sample. (B) Venn diagram of OTUs for 3 groups of samples. Different colors represent a different group of samples. The overlapping areas of the colored circles are intersections that express shared OTUs. The non-overlapping sections mean the OTU is unique to the specific samples. 
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Figure 4. OTUs and their taxonomy level heatmaps and hierarchical clustering analysis between different taxa. Each heat map represents the relative abundance of the community taxa in the different applied GR24 concentrations in the rhizosphere of the M9 apple rootstocks. (A) phylum-level, (B) Class-level, (C) Order-level, and (D) Family-level. The difference in colors represents the relative microbial abundance of the community. 
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Figure 5. Alpha diversity metrics (Chao1 index, observed species, PD_whole_tree, and Shannon index) of OTU-level rhizosphere communities of studied M9 apple rootstocks. The Box diagrams of alpha diversity metrics show the relationship among the three groups. The box chart contains 4 main data node indexes. The data are arranged sequentially, and the upper edge, upper quartile, median, lower quartile, and lower edge are calculated. The abscissa is the group name, and the ordinate is the Alpha index. (A,B) Box plots for comparison of species richness (Chao1 index; observed species) between the two study groups. (C) Boxplots for comparison of phylogenetic diversity (PD_whole_tree). (D) Boxplots for comparison of species diversity (Shannon index). 
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Figure 6. An illustration of microbial beta diversity indices in the M9 apple rootstock rhizosphere. (A,B) Based on UniFrac heatmaps, the left and upper axes are based on the UniFrac calculation of the sample-to-sample distance relationship. The horizontal and vertical coordinates are the names of the samples, and the color depth represents the level of similarity between the samples. (C,D) Box diagrams based on UniFrac distance. 
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Figure 7. Beta diversity analysis in the M9 apple rootstock rhizosphere between the sample microbial community composition per group. (A) PCA analysis (Principal Component Analysis) based on OTU level. Points of different colors or shapes represent different sample groupings, and the scales of the horizontal and ordinate axes are relative distances. (B) PLS-DA (discriminant analysis of partial least squares) based on OTU level. This method uses PLS-DA to establish a relationship model between microbial content and sample class to predict the sample category. (C) PCoA (principal coordinates analysis) based on Bray–Curtis. The dots of different colors or shapes in the figure represent different grouping situations, and the scales of the horizontal and vertical axes are relative distances. PC1 and PC2 represent the suspected influencing factors for the deviation of the microbial composition of the two groups of samples. (D) NMDS analysis (Non-metric multidimensional scale method) based on OTU level. The samples of the same group are in a circle, indicating that the difference between groups is not apparent, while the absence of circles between groups indicates that there is a certain difference between groups. The four analysis illustrations demonstrate the similarity or difference in sample community composition depending on the distance between sample groups. 
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Figure 8. Diagram of the signaling pathways of SLs and their effects on leaf length, width, leaf–stem angle, and apical area of the M9 apple rootstocks. The diagram further illustrates the effect of SLs on leaf nitrogen and chlorophyll content. It shows the impact of SLs in attracting microorganisms to the rhizosphere, changing its composition. 
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