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Abstract
Grafting is a useful technique in the production of horticultural products. In addition to providing root
system, rootstocks can increase stress tolerance of plants, in�uence scion growth and fruit yield, and
harbor rich microbial community. But whether the scion modify plant growth, rootstock phenotypes and
rhizosphere bacterial community has not been clearly investigated. Here, 14 different combinations of
two scion cultivars grafted on 7 rootstock genotypes were used as research materials, we analyzed the
plant traits, rhizosphere bacterial community, and potential functionalities across these plants in the
same orchard. We found that apple scion cultivars in�uenced the tree high and trunk circumference, and
the sugar concentration in root varied signi�cantly between scion cultivars, especially fructose and
sucrose. Apple scion cultivars was the largest source of variation in the rhizosphere bacterial diversity
and taxonomic composition of grafted combinations. The dominant rhizosphere bacterial taxa were
correlated with the root sugar concentration, especially sucrose. And the PICRUSt showed that
rhizosphere bacteria contained fructose and sucrose metabolism and with plant growth-promoting traits.
Additionally, the scion cultivar signi�cantly affected the predicted metabolism of the rhizosphere-
associated bacterial communities. Our results showed that apple scion varieties could regulate the
composition and structure of rhizosphere bacterial community in different scion / rootstock
combinations, which may be achieved by controlling soluble sugar content, especially sucrose in roots.

Introduction
Plant root can release more than 20% of their photosynthetic products into the soil, which profoundly
modi�ed the rhizosphere soil environment [1]. The root exudates have different forms, including low
molecular weight compounds, such as soluble sugars, organic acids, and secondary metabolites, such as
polyphenols [2, 3], which can provide the energy and nutrients for microbes and selectively recruit
microbiome to colonize the rhizosphere [4]. The rhizosphere microbes have been recognized as the
second genome of plants, which together with their host plants form the symbiont [5]. Interactions
between plants and their associated microbial communities are not unidirectional [6]. Microbiomes
housed in the rhizosphere play a crucial role in promoting key functions such as pathogen defense,
metabolism of plants [7]. In addition, rhizosphere microbiota modulate plant �owering time by producing
phytohormones [8], and improve plant nutrient uptake by biogeochemical transformation of soil nutrients
[8, 9]. In complex agroecosystems, the assembly of the rhizosphere microbiome is vulnerable and
in�uenced by diverse abiotic factors, such as soil origins and properties, and agricultural practice [4, 10].
Additionally, plant species and genotype, age, and development stage also play an important role in
recruiting the speci�c rhizosphere microbial community from soil [11-13]. Plant species and genotype
have different composition and quantity of root exudates and root morphology, which are associated
with differential microbial colonization [14, 15]. Rhizosphere microorganism is a research hotspot,
especially �eld crops and model crops [13, 16, 17]. Much research in recent years has focused on
horticultural crops rhizosphere microorganisms, particularly perennial crops [11, 18].
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As the perennial crop, apple is most widely cultivated in the world. The total planting area has been
estimated at 4.93 million ha, and more than 49% of the global apple production originates from China
(http://www.fao.org). In China, 2.38 million ha soil is used for apple cultivation. In the production of
commercial crops, including woody perennial crops (e.g., apple, grapevine, and citrus) and annual
vegetables (e.g., tomato), grafting is widely used [19]. Grafting is an ancient agricultural practice that
connecting the root system of a rootstock and the stem of a speci�c scion [20]. In the scion/rootstock
combinations, moisture, nutrients, hormones and photosynthesis products can be transferred between
the rootstock and scion through the xylem and phloem, and then effect the leaf morphology and root
system [20]. In the grafted plant, rootstocks have the ability to control fruit yield and quality [21], to
provide tolerance to biotic and abiotic stresses [22, 23] as well as to in�uence scion traits, such as
�owering habits and dwar�ng plants [20, 24]. Similarly, the characteristics of scion can affect root
architecture and development by sugar metabolites, hormones, which is dependent on photosynthetic
e�ciency [25]. In recent years, high-throughput sequencing technologies have expedited research of
microbial taxonomic diversity, especially in grafting combinations [26, 27]. Numerous experiments have
established that  rootstocks signi�cantly shape the rhizosphere bacterial community [18, 28, 29], but we
have little knowledge of how scion participate in the recruitment of microbiome in grafted plants [26].

China is the largest producer of apples in the world, most of the apple scion cultivars grown in China are
Malus × domestica cultivars “Fuji” (approximately 72.72% of Chinese apple produce area), followed by
“Delicious”, “Gala” [30]. Additionally, China, as a primary center of origin for Malus, has 17 wild species
and 6 domesticated species [31]. The Chinese have utilized native apple species for millennia. Some
native species, as rootstock, have graft a�nity, nutrition absorption and disease resistance traits [20]. In
the grafted plant, different aboveground scion cultivars have different photosynthetic e�ciency, which
has a direct in�uence on regulating the root architecture [25]. However, it remains unclear whether
different apple scion cultivars assemble and modulate the rhizosphere bacterial composition.

In this study, we used two apple scion varieties (Fuji and Golden Delicious) grafted on seven rootstocks
(Malus baccata, Malus hupehensis, Malus sieversii, Malus micromalus, Malus robusta, Malus prunifolia
and Malus xiaojinensis) to comprehensively evaluate the performances on tree growth, rhizosphere soil
characters, and bacterial community in 14 scion-stock combinations. The purpose of this study is
to con�rm the contribution of apple scion or rootstock to the formation and function of rhizosphere
bacterial community.

Materials And Methods

Experimental setup and sample collection
All samples were collected from 14 grafted combination, including two apple scion cultivars, named
‘Golden delicious’ and ‘Fuji’, grafted onto seven rootstocks, respectively. The information of the selected
rootstocks was described in the additional �le (Table S1). Among the 14 grafted combinations (Fig. S1),
four trees of each combination were selected to collect samples. All the selected trees were cultivated in

http://www.fao.org/
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the same orchard and subjected to the same disease control and soil management practices for
fertilization, irrigation. The experimental orchard located in Changping District, Beijing in China (40º15'36"
N, 116º13'19"E). The orchard was 8-year-old at moment of sampling.

The roots and rhizosphere samples were collected at 0-20 cm depth using sterile spade. The soil closely
adhering to the sampled root were used to represent the rhizosphere. Then soil samples were placed in
sterile bags on ice at the time of sampling, and brought to laboratory for further analysis. Each soil
sample was sieved (< 2 mm) to remove plant tissues, roots, rocks, etc. and divided into two parts. One
part of rhizosphere samples was used to extract DNA. The other was air-dried for soil physicochemical
properties analysis. The roots were washed using sterile water and dried in a forced-air oven at 65 °C for
48 h for measuring the non-structural carbohydrates (NSC) concentration. In addition, for each plant, 20
healthy adult leaves were random selected from the annual branches of the in four directions to measure
SPAD value and then the leaves were collected for measuring NSC content.

Determination of soil properties and plant traits
Soil organic matter (SOM) was evaluated by titration after mixing potassium dichromate and sulfuric
acid [32]. Soil pH was assayed in a 1:2.5 (weight/volume) soil: water suspension with a digital pH meter
(FE28, Mettler-Toledo Instruments (Shanghai) Co., Ltd., China). Soil alkali-hydrolysable nitrogen (N) was
assayed using the diffusion absorption method. Soil available phosphorus (P) was extracted using 0.5
mol L-1 NaHCO3 solution and were measured according to the method descried by Olsen et al. [33]. Soil

available potassium (K) was extracted using 1 mol L-1 ammonium acetate (CH3COONH4) solution and
then measured using �ame atomic absorption spectrometry

Apple tree height was the distance from ground to the treetop point. Trunk circumference was measured
at 15cm above the graft union using a tapeline. The selected leaves SPAD values were measured with a
chlorophyll meter (SPAD 502; Minolta Co. Ltd, Osaka, Japan). The leaves were harvested and oven-dried
for 30 min at 105°C and dried at 70°C for 24 h and the samples were then ground to a fine powder. The
dried roots and leaves were pretreated using microwave oven (Mars, CEM, CA). The NSC concentrations
(sucrose, fructose, glucose, and sorbitol) was measured using high performance liquid chromatography
(HPLC) with a HewlettPackard 1100pump (PaloAlto, CA, USA) [34], and starch concentration was
determined as described by Hoch et al. [35].

DNA extraction, PCR ampli�cation and sequencing of bacterial 16S
rRNA gene

Soil total genomic DNA was extracted from 0.5 g fresh soil using the Power Soil  DNA Isolation Kit
(MoBio Laboratories Inc. Carlsbad, CA, USA) according to the manufacturer’s instructions. The quality
and concentration of the extracted DNA were assessed using the NanoDrop ND-1000 UV-vis
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spectrophotometer (ThermoScienti�c, Waltham, MA USA). The extracted DNA samples were stored at
-80°C for further experiments.

The V3-V4 region of the bacterial 16S rRNA gene was ampli�ed with primers 338F (5′-
ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′) [36]. For each sample, 10-
bp barcode sequence was added to the 5’ end of both forward and reverse primers. Each sample was
ampli�ed in triplicate in 25 μL reaction system, containing 12.5 μL of 2× Taq PCR MasterMix, 3 μL of BSA
(2 ng/μL), 1 μL of each primer (5 μM), 30 ng of template DNA, and ddH2O �lled to a total of 25 μL with
the following condition: 94 °C for 5 min, followed by 28 cycles of 94 °C for 30 s, 55 °C for 30 s and 72 °C
for 60 s, with a �nal extension at 72 °C for 7 min. The PCR products were extracted from the gel using an
AxyPrep DNA Gel Extraction Kit (AXYGEN, Union City, CA). Subsequently, puri�ed amplicons were
performed using the Illumina MiSeq PE300 platform at Allwegene Company, Beijing, China.

Bioinformatics analysis
The 16S rRNA gene sequences were processed using QIIME (v1.8.0) [37]. Raw forward and reverse reads
for each sample were assembled into paired-end reads considering a minimum overlapping of 50
nucleotides and a maximum of one mismatch within the region using the fastq-join algorithm
(https://expressionanalysis.github.io/ea-utils/). The paired reads were then quality �ltered with a
minimum of Q20. Sequences without either primer were discarded. The primer sequences have been
removed and the individual sample �les were merged in a single fasta �le. Chimeras were then identi�ed
and �ltered using the Usearch tool [38]. The high-quality sequences were clustered into operational
taxonomic units (OTUs) at 97% sequence similarity using the UPARSE [39], and created an OTU table. For
each OTU, the representative sequence was picked. Taxonomic classi�cation of the representative
sequences for OTUs was performed in QIIME using the SILVA (SSU123) database based on the
Ribosomal Database Project (RDP) Classi�er tool [40] con�dence threshold of 70%. To eliminate sample
heterogeneity, the OTU table was normalized by rarefaction to an even sequencing depth. The rare�ed
OTU table was used to calculate alpha-diversity indexes including phylogenetic diversity, Chao1, and
Shannon metrics [41]. Additionally, Phylogenetic Investigation of Communities by Reconstruction of
Unobserved States (PICRUSt) was performed to predict the distribution of functional pathway genes of
microbial community in the scion-rootstock combinations [42].

Statistical analysis
The �gures of plant traits, soil properties, and bacterial alpha-diversity and composition were created
using GraphPad Prism v8.0.2 (GraphPad Software, Inc., La Jolla, CA, USA). A two-way ANOVA model was
performed for apple tree traits (plant height, trunk circumference, and SPAD value), soil properties (SOM,
pH, and nutrient), and sugar in roots and leaves with apple scion cultivar and rootstock genotype as
explanatory variables. If scion cultivar was a statistically signi�cant predictor, an independent-samples t-

https://expressionanalysis.github.io/ea-utils/
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test was performed. Statistical analysis was performed using SPSS software v20 (IBM Corp., Armonk, NY,
USA).

A two-way ANOVA was performed with scion cultivar and rootstock as explanatory variables to analyze
rhizosphere bacterial alpha-diversity. The alpha-diversity indexes were logit-transformed prior to ANOVAs.
To visualize bacterial community compositional variation between scion cultivars and rootstock
genotypes, a principal coordinates analysis (PCoA) based on Bray-Curtis similarity matrices was
performed using R v3.6.0. In order to calculate the amount of variation attributed to scion cultivars (2
levels), rootstock genotypes (7 levels), and their interactions, permutational analyses of variance
(PERMANOVA) [43] was implemented using adonis function in vegan package of R with 999
permutations. Manhattan plots were used to observed bacterial community shifts by arraying OTUs
according to their taxonomy and show their difference in the rhizosphere between ‘Fuji’ and ‘Golden
Delicious’. Additionally, Circos graphs for bacterial community compositions, respectively at phylum and
genus, were developed using OmicShare tools (http://www.omicshare.com/tools). We also performed
two-way ANOVA to analyze how scion cultivar, rootstock genotype, and their interaction in�uenced the
relative abundance of bacteria. Taxon abundances were arcsine-transformed prior to ANOVAs. In
addition, Spearman's rank correlation coe�cient was performed to investigate the correlation between
bacteria and root sugar concentration.

Results

Apple scion cultivar in�uence plant growth and soil property
Among apple scion-rootstock combinations, the plant height ranged from 3.22 m to 5.26 m, trunk
circumference ranged from 23.48 cm to 42.85 cm, and leaf SPAD value ranged from 55.72 to 60.78, but
did not vary among rootstock genotypes when grafted ‘Fuji’ and ‘Golden Delicious’, respectively (Table
S2). On average, apple scion cultivar was the main effect factors of plant growth: plant height (P =
0.002), trunk circumference (P < 0.001), and SPAD value (P < 0.001) were differentially produced by scion
cultivars (Table S3). In leaves, all non-structural carbohydrates, except sorbitol, varied between apple
scion cultivars: starch (P < 0.001), fructose (P < 0.001), glucose (P < 0.001), and sucrose (P < 0.001)
(Table S5). Starch, fructose and glucose concentrations were lower for ‘Fuji’ compared to ‘Golden
Delicious’, but ‘Fuji’ had higher sorbitol and sucrose concentrations versus ‘Golden Delicious’ (Fig.1a).
Starch (P < 0.001) and fructose (P < 0.001) differed among rootstock genotypes, especially ‘Fuji’ as scion
(Table S4, 5). Scion/rootstock interactions were signi�cant for starch and sucrose (Table S5). In roots,
fructose, sorbitol, and sucrose were differed among rootstock genotypes and between scion cultivars and
had signi�cant scion/rootstock interactions (Table S4, S5). All the various parameters expressed greater
concentrations in the ‘Fuji’ versus ‘Golden Delicious’ (Fig.1b).

A range of soil characteristics were determined for four replicates rhizosphere soil per scion-rootstock
combinations and bulk soil samples. As expected, lower levels of pH were detected in rhizosphere soil
than that in bulk soil (deduced by 3.12-4.93%), whereas rhizosphere soil had higher levels of soil organic

http://www.omicshare.com/tools
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matter, AN, AP and AK compared to bulk soil, increased by 81-131.9%, 29.92-68.20%, 19.30-66.83% and
73.01-148.05%, respectively (Fig. S2). Furthermore, all soil traits, except AN, were signi�cantly in�uenced
by scion cultivars (Table S6), of which, rhizosphere soil pH of ‘Fuji’ was signi�cantly lower compared to
‘Golden Delicious’ (Fig.2a), contrary, ‘Fuji’ rhizosphere soil nutrition was higher as compared to ‘Golden
Delicious’, especially AN (Fig.2). Additionally, all soil properties, except AK, were varied among rootstock
genotypes and their interactions (Table S6).

Diversity of rhizosphere bacterial community are modi�ed by the
apple scion cultivar
To investigate the microbial composition and diversity of apple grafted combinations rhizosphere, the V3-
V4 regions of the bacterial 16S rRNA gene were sequenced on the Illumina MiSeq PE300 platform. In
total, we obtained 3 758 432 high-quality sequence from 56 samples (average, 67 114, range, 26 334 to
149 423 per sample) and 9 311 operational taxonomic units (OTUs) were identi�ed (Table S7).

We found that the rhizosphere bacterial evenness (designed as Shannon index and phylogenetic
diversity) and richness (represented by Chao1) did not signi�cant differ among rootstock genotypes
when grafted with ‘Fuji’ or ‘Golden Delicious’, But rhizosphere bacterial diversity differed between scion
cultivars (Shannon: P < 0.01, phylogenetic diversity: P < 0.001, and Chao1: P < 0.01, Fig. 3). In addition,
there was a signi�cant scion/rootstock interaction for Shannon index (P = 0.038). All these diversity
indices were signi�cantly higher in the ‘Golden Delicious’ rhizosphere soils than those in ‘Fuji’ (Fig. 3).

Principal coordinate analysis (PCoA) of pairwise Bray-Curtis similarity matrices were performed to
investigate rhizosphere bacterial beta diversity. The results revealed that rhizosphere bacteria of scion-
rootstock combinations formed two distinct clusters, which separated along the second coordinate axis
(Fig. 4a). Additionally, we found that scion cultivar explained 21.1% of total variance (p < 0.001,
PERMANOVA), and a signi�cantly interaction between scion cultivar and rootstock genotype, explained
16.6% of total variance (P = 0.002, PERMANOVA), in addition to the rootstock genotype (12.0%, P = 0.321,
PERMANOVA, Table 1), suggesting that the largest source of variation in the rhizosphere bacteria was the
different scion cultivars. Subsequently, we divided all samples into two groups according to scion cultivar
and analyzed separately. The results showed that the apple rootstock genotype explained 37.6% in
combinations grafted with ‘Fuji’ (P = 0.013, PERMANOVA, Fig. 4b) and 32.7% in combinations grafted
with ‘Golden Delicious’ (P = 0.093, PERMANOVA, Fig. 4c). Pair-wise post hoc test comparison using
PERMANOVA on the Bray Curtis similarity matrices, we found that the rhizobacterial community were
similar among the rootstocks (grafted with ‘Fuji’), except M. xiaojinensis and M.hupehensis, and
rhizobacterial structure did not differ among rootstock genotypes when grafted with ‘Golden Delicious’
(Fig. S3). We also used weighted UniFrac distances to measure the effect of scion cultivar on the
bacterial community. The results observed with Bray-Curtis metrics, rhizosphere bacterial diversity
revealed a signi�cant difference between ‘Fuji’ and ‘Golden Delicious’ (Fig. S4).
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Rhizosphere bacterial assembly is regulated by grafting different
scion cultivars
Next, we examined variation in the rhizosphere bacteria of grafted combinations. According to the
classi�cation of OTUs, the apple scion-rootstock combinations rhizosphere harbored 49 bacterial phyla.
The most dominated bacterial phyla were Proteobacteria, Acidobacteria, Actinobacteria, Chloro�exi, and
Firmicutes (relative abundance added up to 79-88%) in all samples (Fig. S5a). Manhattan plots showed
that 1,309 OTUs were dramatically different between two scion cultivars, mostly belonging to a wide
range of bacterial phyla, including Proteobacteria, Acidobacteria, and Actinobacteria (Fig. 5a). The
relative abundance of Proteobacteria, Acidobacteria, Gemmatimonadetes, and Planctomycetes
signi�cantly differed between scion cultivars, but did not show strikingly difference among rootstock
genotypes (Fig. 5b, Fig. S5a). Conversely, Saccharibacteria has differently abundance among rootstock
genotypes grafting the same scion cultivar (Fig. S5a, Table S8). While Actinobacteria and
Verrucomicrobia relative abundance differed between scion cultivars and among rootstock genotypes,
and there was a signi�cant interaction between scion cultivar and rootstock genotype (Table S8). To
further dissect the difference bacterial composition between scion cultivars, we found that among of the
dominant bacterial phyla, Proteobacteria, Actinobacteria, and Firmicutes showed greater relative
abundance in ‘Fuji’ than that in ‘Golden Delicious’ (Fig. 5b). On the contrary, the abundance of
Acidobacteria were found speci�cally enhanced in rhizosphere of rootstocks grafted ‘Golden Delicious’
(Fig. 5b).

To acquire the best discriminant performance of taxa across grafted combinations, we classi�ed the
relative abundances of bacterial taxa in the genus level, the most abundant bacteria (relative abundance
> 1.0%) were Pseudomonas, Bacillus, Steroidobacter, Pseudarthrobacter, Streptomyces, RB41,
Sphingopyxis, Rhizobium, Acidibacter, and Bradyrhizobium (Fig.S5b). Out of ten dominant bacterial
genera, all differed between two scion cultivars, except Pseudomonas (Fig. 5c). Out of the dominant
bacteria genera, Bacillus, RB41, and Rhizobium only varied between two scion cultivars, Steroidobacter,
Streptomyces, Sphingopyxis, and Bradyrhizobium differed between scion cultivars and among rootstock
genotypes, and there was a signi�cant interaction between scion cultivar and rootstock genotype (Table
S9). Additionally, all except RB41 in the rootstock rhizosphere were remarkably increased from grafted
‘Fuji’ to grafted ‘Golden Delicious’, especially Bacillus, Streptomyces, Sphingopyxis, and Rhizobium (Fig.
5c). For instance, ‘Fuji’ had a high relative abundance of Bacillus, Streptomyces, Sphingopyxis, and
Rhizobium (RA 4.2%, 2.85%, 1.90%, and 1.53%, respectively), which were approximately twice as much as
that in ‘Golden Delicious’ (RA 1.98%, 1.21%, 0.84%, and 0.89%, respectively) (Fig. 5c). The above results
indicated that apple scion cultivars as above the ground parts of scion-rootstock combinations had a
signi�cant regulatory impact on the rhizosphere bacterial diversity and taxonomic composition (Table 1).

Table 1 PERMANOVA on the Bray-Curtis similarity matrices estimated the components of factor affect
rhizosphere bacterial beta diversity in apple scion-rootstock combinations.
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Factor Sum Sq R2 F Pr (>F)

Scion cultivar 0.50841 0.2106 17.5876 < 0.001

Rootstock genotype 0.2907 0.12 1.1181 0.321

Interaction 0.40085 0.166 2.3111 0.002

Residual 1.21411 0.503    

Total 2.41407 1   

 

Spearman correlations between the root sugar and rhizosphere
bacterial communities
Spearman's rank correlation analysis was conducted to assess the effect of root sugars in shaping the
rhizosphere bacterial assembly (Fig. 6). As showed in the heatmap, fructose in root was positively
correlated with Actinobacteria and negatively correlated with Acidobacteria, Elusimicrobia, and
Gemmatimonadetes. Root sucrose showed the greatest positive correlation with the abundance of
Actinobacteria, Saccharibacteria, and Cyanbacteria, and was negatively correlated with the abundance of
Acidobacteria, Gemmatimonadetes, Nitrospirae, Elusimicrobia, and Latescibacteria. Sorbitol showed the
positive correlation with the abundance of Actinobacteria. Moreover, Saccharibacteria and Nitrospirae
presented, respectively, the positive and negative correlation with starch in root (Fig. 6a). At bacterial
genus level, all except Preudarthrobacter showed the positive correlation with sugars in root, being
especially positively correlated with sucrose (Fig. 6b). The abundance of Streptomyces, Sphingopyxis,
and Sphingomonas were positively correlated with root fructose and sorbitol. Moreover, Rhizobium and
Acidibacter were signi�cantly positively correlated with Fructose and starch, respectively (Fig. 6b).

Apple scion cultivars drive the rhizosphere bacterial functional
metabolism
Using PICRUSt as a predictive exploratory tool to establish if the expression of rhizosphere bacterial
functions were correlated with the apple scion cultivars. We found that 41 level 2 KEGG Orthology groups
(KOs) were represented in the rhizosphere data set (Fig. S6), and 22 KEGG pathways were signi�cantly
different abundance between ‘Fuji’ and ‘Golden Delicious’ (Fig. 7a). Nine KEGG pathways were
signi�cantly greater in rhizosphere of ‘Fuji’; by contrast, ‘Golden Delicious’ rhizosphere exhibited
enrichment for 13 KEGG pathways (Fig. 7a). Importantly, the pathways of carbohydrate metabolism and
energy metabolism represented about 16% of all the results, and ‘Fuji’ exhibited a greater abundance of
carbohydrate metabolism and lower abundance of Energy metabolism than those of ‘Golden Delicious’
(Fig. 7a). A sophisticated analysis of the functional groups revealed that the most enriched functional
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subfunctions of Carbohydrate metabolism were in�uenced by apple scion cultivars, which including
fructose and mannose metabolism, starch and sucrose metabolism, and galactose metabolism (Fig. 7b).
Additionally, bacterial community plant growth-promoting (PGP) traits (such as nitrogen metabolism,
sulfur metabolism, and inositol phosphate metabolism) were spread throughout the bacterial
communities associated with the apple scion cultivars (Fig. 7b, c).

Discussion

Scion cultivars alter growth traits and sugar content of graft
combinations
Rootstocks are known to modify scion resistance and phenotypes, such as abiotic stress tolerance
(drought, cold, and salt tolerance), disease resistance, plant height, fruit quality and yield [20], and vice
versa. Swarbrick [44] found that scion in�uenced rootstock traits, especially root development, but less
attention has been paid to the fact. In the present study, we performed an investigation in the plant traits
of common apple grafted combinations, the result showed that scion strongly affected the plant height,
which is a major scion trait in plant families [21]. Our results are in general agreement with previous
reports that the scion cultivar has a major effect on shoot development and root parameters in grafted
grapevines [45]. Additionally, the non-structural carbohydrate contents (such as sucrose, fructose, and
glucose) in leaf and root were signi�cantly higher when ‘Fuji’ grafted on the rootstocks. It is generally
accepted that the supply of sugar, hormones, and nucleic acids from the shoot play a signi�cant role in
root development [25, 46]. As the only source of sugar and the basis of plant growth, photosynthesis play
an important role to control plant development and increase yield [45]. The previous study indicated that
apple cultivar ‘Honeycrisp’ and ‘Yanfu 3’ showed signi�cantly difference in photosynthetic capacity [47].
Li et al. [25] found soluble sugar contents were dramatically different in grafted MB relative to WT,
especially sucrose and fructose. Leaf age, leaf morphology and chlorophylls content are the crucial
physiological indicators of the plant's photosynthetic potential [48, 49]. Here, we also found that the leaf
SPAD value of ‘Fuji’ was signi�cantly higher than that of ‘Golden Delicious’, indicating that ‘Fuji’ as a
scion have higher light capture and energy conservation capabilities [48]. Several studies have shown
that the distribution of carbohydrates from shoot to root can be a trophic role to control root elongation
and be a signaling pathway to trigger bud outgrowth [50], which possibly contributed to the maintenance
of plant hight [45].

Above-ground of graft combinations affect rhizosphere bacterial
communities
The roots are assumed to play a directly role in the establishment and maintenance of the interaction
between host plants and soil microorganisms, which mainly though the root structure and exudates [12,
16, 51]. The relationships between roots and microbial communities may not always be causal, Lopez-
Angulo et al. [52] found that aboveground plant composition affected rhizosphere microbial composition
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and richness. Several studies showed that the plant species and genotypes regulated the particular
microbial taxa recruited to the rhizosphere from the soil [6, 12]. Most of these studies have focused on the
plant entire [13, 53, 54], we still have limited knowledge of how microbiome structures are determined
in/on grafted crop plants, whose above-ground (scion) and below-ground (rootstock) genotypes are
different with each other [52]. In the prensent study, we used two scion cultivars grafted onto seven
tootstock genotypes, and the grafting combinations cultivated in the same orchard and subjected to the
same agricultural management practices. Using grafted apple as experimental materials, our study
provides a new perspective on the effects of host above-ground and under-ground genotype on microbial
communities.

We performed PCoA based on Bray-Curtis community dissimilarity matrices revealed that the rhizosphere
bacterial communities were signi�cantly different between ‘Fuji’ and ‘Golden Delicious’, and scion cultivar
explained roughly 21% of the compositional variation in the bacterial community (P < 0.001,
PERMANOVA). However, rootstock genotypes have no signi�cantly in�uence in the bacterial community
(P = 0.321, PERMANOVA). Interestingly, a signi�cantly interaction between scion cultivar and rootstock
genotype, which is largely ignored, could explain 16.6% of total variance (P = 0.002, PERMANOVA).
Additionally, apple grafted combinations rhizosphere recruited complex bacterial communities that were
largely including Proteobacteria, Acidobacteria, Actinobacteria, Chloro�exi, and Firmicutes which were
also the dominant communities in the rhizosphere of non-grafted apple rootstocks [29]. The relative
abundance of the major bacteria strikingly altered between scion cultivars, which suggest that for grafted
perennial crops, scion cultivar also has an important effect on the microbiome assembly [26]. The results
are inconsistent with several published studies that investigating tomato and grape grafted onto different
rootstock genotypes [18, 28]. Our study investigated the rhizosphere microbial community composition
across 14 kinds of scion-rootstock combinations, two scion cultivars grafted on seven rootstock
genotypes, and ‘Fuji’ and ‘Golden Delicious’ have little common in their pedigree [31]. Apple scion via their
leaf photosynthetic capacity, root excretion, and leaf litter decomposition to in�uenced the rhizosphere
soil matters, all of that effect the rhizosphere bacterial structure and specialized rhizobiomes colonization
[25, 55].

Potential functionalities of rhizosphere bacterial associated with
grafted apple plants
The functional potential of grafted apple rhizosphere bacterial community is mainly carbohydrate
metabolism, especially fructose, mannose, starch, and sucrose metabolism. It has been reported that
carbohydrate utilization systems are of particularly importance to provide carbon and energy to bacteria,
which affect cellular processes such as bio�lm formation [56]. Additionally, grafted apple rhizosphere
bacteria potential functionalities contained nitrogen metabolism, sulfur metabolism, and inositol
phosphate metabolism. It is well known that soil microorganisms play key roles in soil nutrient cycling
[57, 58], produce auxins, cytokinins and other hormones that directly promote plant growth [59], and
provide defense against abiotic stresses [60]. We analyzed the relative abundance of bacterial genera
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assembled rhizosphere of grafted plants, which revealed that dominant bacteria comprising
Pseudomonas, Bacillus, Steroidobacter, Pseudarthrobacter, Streptomyces, Sphingopyxis, Rhizobium,
Acidibacter, and Bradyrhizobium. The relative abundance of the majority bacteria is higher in ‘Fuji’ than
that in ‘Golden Delicious’, but no signi�cant effect of rootstock genotypes on these bacterial taxa.
Previous studies have reported that Pseudomonas, Bacillus, and Streptomyces can help host plant to
resist pathogens [61]. Rhizobium and Bradyrhizobium are well-known symbiotic nitrogen �xers, which
can increase the biological nitrogen �xation for host plants [62]. In the present study, we found that
bacterial communities were relatively more responsive to root sugar, especially to sucrose and fructose, in
rhizosphere combinations-associated microbial communities. For the bacteria, sugar (such as fructose)
not only is a carbon source, but also plays a role as a signal molecule stimulating the expression of
phosphatase genes to mediate organic phosphorus mineralization processes [63], and improving soil
available nutrients for plant capture [64, 65]. In addition, potential functionalities of rhizosphere bacterial
associated with grafted apple plants were signi�cant difference between ‘Fuji’ and ‘Golden Delicious’,
indicating that the aboveground part of the grafted plant play a signi�cant role in the screening and
potential functionalities of rhizosphere bacteria.

Conclusion
In the complex grafting combinations system, plant growth traits are modi�ed by scion cultivars, and
scion also regulated the sugar concentration in root, affecting the rhizosphere soil matter and nutrient
concentration. In addition, the dominant bacterial genus includes Pseudomonas, Bacillus, Steroidobacter,
Pseudarthrobacte, Streptomyces, Sphingopyxis, Rhizobium, Acidibacter, and Bradyrhizobium. The scion
cultivars of the grafting combinations strongly in�uenced the selection and recruitment of bacterial
components. Interesting, scion cultivars and root stocks have a minor but signi�cant interaction effect on
the rhizosphere bacteria recruitment. We also found that there were signi�cant Spearman correlations
between the root sugar and rhizosphere bacterial communities, especially sucrose, which can stimulate
the potential functionalities of rhizosphere. Based on the present results, we proposed a hypothetical
model of the scion cultivar and rootstock genotype on the rhizosphere bacterial community and functions
(Fig. 8). In the future, we will study the mechanism of how the scion to modify the root and to alter the
rhizosphere bacterial taxa assembly. Understanding the relationship among scion, rootstock, and bacteria
in the rhizosphere will provide useful information for orchard management and production, and provide a
research basis for the improvement the potential functionalities and the development of biological
fertilizer.
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Figure 1

Quanti�cation of non-structural carbohydrates in leaves (a) and root (b) of ‘Fuji’ and ‘Golden Delicious’
grafted apples. Values are means ± SE (n=28). Signi�cance levels are as follows * P < 0.05, ** P < 0.01,
*** P < 0.001.

Figure 2

Rhizosphere soil chemical characteristics of different scion-rootstock combinations - pH (a), soil organic
matter (b), alkali-hydrolyzable N (c), available P (d) and available K (e). Values are means ± SE (n=28).
Signi�cance levels are as follows * P < 0.05, **P < 0.01, *** P < 0.001.



Page 20/26

Figure 3

Box plot of the rhizobacterial bacterial alpha-diversity in in rhizosphere soil of grafted combinations. (a)
Shannon index, (b) phylogenetic diversity, and (c)Chao1 were calculated among scion cultivars and
rootstock genotypes. Different letters indicate signi�cant differences among rootstocks grafted with the
same apple scion cultivar. Asterisks denote signi�cant differences between scion cultivars. Signi�cance
levels are as follows * P < 0.05, ** P < 0.01, *** P < 0.001.
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Figure 4

Rhizosphere bacterial community structure of scion-rootstock combinations. Principal coordinates
analysis (PCoA) based on Bray-Curtis dissimilarity. (a) Rhizosphere bacterial community of ‘Fuji’ (red)
and ‘Golden delicious’ (blue) grafted on the common rootstocks. (b) PCoA among seven rootstocks only
grafted with ‘Fuji’. Rootstock genotype explained 37.62% of the total variability (PERMANOVA, P < 0.05).
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(c) PCoA among seven rootstocks only grafted with ‘Golden Delicious’. Rootstock genotype explained
32.7% of the total variability (PERMANOVA, P > 0.05).

Figure 5

Apple rhizosphere bacterial composition. (a) Manhattan plots showing the OTUs with difference between
‘Fuji’ and ‘Golden Delicious’ rhizosphere soil. OTUs that are signi�cantly different are depicted as full
circles. The color of each dot represents the different taxonomic a�liation of the OTUs (phylum level),
and the size corresponds to their relative abundance. Distribution of ten most abundant bacterial phyla



Page 23/26

(b) and ten most abundant bacterial genus (c) in rhizosphere soil. The length of the bars of each sample
on the outer-ring represented the percentage of phyla and genus in each sample. Asterisks denote
signi�cant differences in abundance between scion cultivars. * P < 0.05, ** P < 0.01, *** P < 0.001.

Figure 6

Heatmap of the Spearman's rank correlation coe�cients between root sugars and relative abundance of
rhizosphere bacteria. Bacterial phyla (relative abundance > 1%) (a) and genera (relative abundance >
0.5%) (b) interacted with root sugars. Only shown the signi�cant correlations (P < 0.05). The color grading
indicated the spearman correlation coe�cients. Positive correlations were shown in red and negative in
blue. The size of the points indicated P-value.
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Figure 7

The predicted functional gene of bacterial metabolism related to KEGG pathways. (a) Heat map and bar
plot exhibited differential abundance between ‘Fuji’ and ‘Golden Delicious’ rhizosphere soil elated to
KEGG pathways at level 2. (b) Bubble chart of carbohydrate metabolism and (c) energy metabolism
showed differential abundance between ‘Fuji’ and ‘Golden Delicious’ rhizosphere soil elated to KEGG
pathways at level 3.
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Figure 8

Schematic of regulation of scion to rhizosphere microbiota in different scion/ rootstock combinations.
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