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Abstract
Background
Plant microbiomes and soil are bridged by rhizobacteria, maintaining and improving plant health and growth in different aspects. This study was conducted in the field station of the Guangxi University, Fusui, China. We investigated soil nutrients, root morphology and rhizosphere bacterial composition, and community structures in 18 sugarcane genotypes concerning sugar content under the same environmental condition.

Results
Most of the rhizosphere microbiomes of these genotypes exhibited similar bacterial compositions. However, the evaluated genotypes harbored a significant effect and difference in the abundance of operational taxonomic units and bacterial composition in the rhizosphere compartments. Alpha diversity analysis on the rhizosphere microbiome showed a significant difference in the bacterial diversity (Shannon index, p < 0.001) and OTU richness (Chao1, p < 0.001). The principal coordinate analysis (PCoA) and hierarchical cluster analysis revealed that the genotype replicated samples grouped, indicating their similarity. Besides, these genotypes also differed significantly in terms of root structure and soil properties. A significant genotypic effect (p < 0.05) was found in the root traits except for rooting depth. The soil chemical properties were significantly different among the evaluated genotypes. Furthermore, sucrose content was strongly correlated with the total root length (TRL) and rooting depth. Genotypes (FN-1702, GUC-3, ZZ-13, ZZ-10, ZZ-6) were the best performing and distinct in bacterial diversity, root structure, soil parameters and sucrose content.

Conclusion
The results showed a closely related and highly conserved bacterial community of the rhizosphere microbiome. The rhizosphere microbiome diversity and related bacterial communities were highly associated with the relevant plant taxa, probably at the order level. As a result, it is possible to conclude that the host genotype and the same environmental condition influenced the rhizosphere microbiome via root phenes. Future research regarding plant phenes and microbiome functional groups could be considered an essential factor.
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Background
In soil, terrestrial plants possess complex interconnected microbiota communities such as the root microbiota and rhizosphere adhered to roots [1]. The rhizosphere is the soil adjacent to plant roots ranging 1–3 mm providing habitat for root–microbe interaction that included up to 1011 microbial cells per gram root and more than 30,000 prokaryotic species [2, 3]. Microbial diversity present in rhizosphere contains different types of microorganisms like bacteria, fungi, viruses, and algae exhibiting their interaction with the host plants by influencing the roots and vice versa the plant root secretions effect the microbial activity [3]. The rhizosphere microbiome is presumed to be a bridge between plant and soil microbiomes that benefits the host plant's health and soil fertility [4–6].
In sugarcane industry the higher sucrose content incurring is the utmost priority as it provides 70% of the world’s sugar. The photoassimilates are stored in the stalk of sugarcane in the form of sucrose [7]. However, the sucrose accumulation in stalk is affected by factors such as invertase activity, source–sink interaction and more importantly, the genes governing the sucrose synthesis mechanism. Among these factors, the source sink is an integral part of the sucrose accumulation and its activity is decreased as the stalk gains maturity [8]. The second important factor in sucrose accumulation is the quantitative nature of the trait controlled by various genes [9]. Although the genes associated with sugar storage are sucrose metabolism enzymes, sucrose transporters and source–sink, while their genetic mechanism for sucrose accumulation is yet need to explore [7].
Plant growth’s sustainability is dependent on soil health because plants rely on the optimum acquisition of at least 14 essential elements from soil to ample growth [10, 11]. Plant performance can also be affected by the plant genotypes and might change the soil properties. The genetic variation in genotypes results in varying secondary metabolites, which alter the microbial interactions [12]. Microorganisms in the soil represent organic matter and are greatly linked to the rhizosphere’s roots. The plants disposed-off their secondary metabolites in the form of rhizodeposits into the rhizosphere providing an efficient environment for changing nutrient availability, transport and uptake by the plants. Thus, the rhizosphere is an environment formed by the interaction of root exudates and microbes [13]. Biochemical-mediated interactions between plant roots and microbes are now considered a basic phenomenon in the rhizosphere [14] where the plant rhizosphere along with numerous factors affect the microbial communities, such as soil types, root exudates, root phenotypes [15], plant genotypes, plant nutritional status [6], climate factors [16], and plant species [17]. The biotic factors could also influence the rhizosphere microbial diversity such as insect–root phenotypes [18], plant developmental stages [19, 20], and diseases [1, 21]. However, the feedback mechanism investigated through rhizosphere microbiota provides phytohormones synthesis and the bioavailable mineral nutrients to regulate plant growth and disease resistance [1, 2].
The effects of these factors on the composition of rhizosphere and endosphere microbiome communities are drastically different. Therefore, plant species, plant developmental stages and genotypes are predominantly determine the endosphere’s bacterial communities [22]. Comparison of biomass and microorganism activity in the rhizosphere in bulk soil and endosphere exposed an increment in rhizosphere activity owning to the exudation of chemicals by roots [23]. Earlier study on the rhizosphere revealed the existence of species-specific microbial communities and microbiome analyses included the associated host plant's biology, functioning with the microbial ecology, and presuming microorganisms as the sources of additional genes and functions [1].
Research on plant species and cultivars unravel the influential role of plant types on the microbiome communities composition in the rhizosphere, such as the maize [24], rice [25], potato [26], soybean [27], Arabidopsis [28] and intra‐species comparison [20]; whereas, for inter-species interaction the rhizospheres of different genotypes can also have a distinct microbial community. However, in most cases different genotypes of the same crop can only have a minor impact on microbiome assembly [20, 27]. Different genotypes of the same plant species could also affect the bacterial community structure and composition of rhizosphere [26]. The host genotype can cause up to 5.7% variation in the rhizosphere microbiome composition [27]. However, the host genotypes related to their rhizosphere communities and regulatory mechanisms are not entirely understood. Their composition, variation and assembly should be further explored to understand the rhizosphere microbiome activities completely.
Soil serves as a sole reservoir of bacterial species [4, 21, 29], making it evident that both plant species and soil type highly affect the microbial assembly in the rhizosphere [26, 28]. Rhizobacteria boosts the plant health by protecting from phytopathogens, providing significant nutrients and producing phytohormones to nurture plant growth [30]. Actinobacteria and Proteobacteria are the crucial bacterial groups in the rhizosphere [31], belonging to genus Pseudomonas [32].
Understanding the phenotypic differences in root phenes and their effect on microbiome assemblies in the rhizosphere could provide a basis for constructing a healthy plant rhizosphere microbiome and could be beneficial for plant breeding, improving soil management strategies, and introducing universal biological control agents pathogens and pests to develop more sustainable agricultural practices. Therefore, this study was conducted to investigate the effect of 18 different sugarcane genotypes on the soil-specific parameters, root structure and microbial community in the same environmental conditions.
Materials and methods
Genotypes, experimental design, and sample collection
The experiment was carried out in a randomized complete block design (RCBD) with three replicates for each genotype in the field station of the Guangxi University in Fusui, China (22°38′06″N,107°54′15″E), using 18 different sugarcane genotypes including (1) GUC-23, (2) ZZ-1, (3) ZZ-9, (4) GUC-15, (5) GUC-37, (6) ZZ-6, (7) ZZ-5, (8) ZZ-10, (9) TD-11, (10) GUC-3, (11) GUC-8, (12) ZZ-2, (13) ZZ-13, (14) ROC-22, (15) TD-7, (16) ZZ-11, (17) FN-1702, (18) GUC-35, during 2019. These genotypes were cultivated on March 12, 2019 and harvested on January 2, 2020. The average annual temperature and rainfall of the area were 21.3℃ and 1050–1300 mm, respectively. Each row was 30 m long, with a line-to-line distance of 2 m and a plant-to-plant distance of 30 cm. The agronomic practices were kept regular and uniform for all the replications. The soil and roots samples from 18 sugarcane genotypes were collected in the maturation and ripening stage in December 2019.
These genotypes were harvested separately and the roots were shaken gently to remove the large soil particles. The soil particles adhered to the roots were collected carefully with a sterile filter paper strip and used as the rhizosphere soil [28, 33]. The soil samples were divided into two parts: air-dried for nutrient determination in soil, and the second soil sample was kept at − 80 ℃ for < 24 h before DNA extraction.
Measurement of sucrose content
In the late vegetative phase (maturation and ripening), the sucrose content was measured with a digital refractometer ATAGO Pocket PAL-1 (Atago Co. Ltd., Tokyo, Japan) using ten plants per replicate average value was calculated.
Soil chemical analysis and root structure
Soil samples were sieved through a 2-mm mesh and SOC (soil organic carbon), TN (total nitrogen), TP (total phosphorus), and TK (total potassium) were calculated. In detail, the quantity of soil organic carbon (SOC) was measured by the oxidation method with K2Cr2O7.H2SO4 [34]. The total phosphorous and total potassium were measured according to Sommers and Basta [35, 36], respectively. The Kjeldahl method was used to determine the total nitrogen content [37]. Roots were washed with tap water to remove soil cores using a 1-mm sieve mesh to minimize root loss. Root morphology was calculated by scanning root samples with an STD4800 WinRhizo Scanner (Regent Instruments Inc., Canada).
DNA preparation, PCR amplification and high-throughput sequencing
According to the manufacturer’s instructions, the total genomic DNA was extracted from 0.5 g of each soil sample using FastDNA™ Spin Kit for Soil (Co. MP Biomedicals, USA). The extracted metagenomic DNA concentrations were measured using NanoDrop 2000 (Thermo Fisher Scientific, Wilmington, USA). The DNA samples were used as a template for bacterial 16S rRNA gene amplification. The 799F (forward primer, 5-AACMGGATTAGATACCCKG-3) and 1193R (reverse primer 5-ACGTCATCCCCACCTTCC-3) primers set were used for amplification of bacterial V5–V6 region of 16S rRNA [38]. Polymerase chain reaction (PCR) was carried out in a total volume of 50 µL containing 25 µL of 2 × Premix Taq (Takara Biotechnology, Dalian Co., Ltd., China), 1 µL of each primer (10 mM), 3 µL of DNA (20 ng/µL) template and then sterilized deionized water was added to make 50 µl volume. The reaction conditions were: initial denaturation for 5 min at 94 °C; followed by 30 cycles of denaturation at 94 °C for 30 s, annealing at 52 °C for 30 s, extension at 72 °C for 30 s; and a final elongation at 72 °C for 10 min. The resulting PCR products were subjected to sequencing by Magigene Technology (Shanghai, China) using the Illumina Hiseq platform.
Processing of Illumina sequencing data
The paired reads were spliced using FLASH (version 1.2.3) software to merge the sequences before assembling a gene segment [39]. Chimeric sequences were identified and removed with a de novo method using USEARCH (version 8.1.1861) [40]. After the removal of the chimera, high-quality bacterial sequences were collected for subsequent analysis.
Effective bacterial sequences were separately subsampled for each sample for the subsequent statistical analysis. After subsampling, the data were processed using a modified SOP pipeline based on USEARCH and the software package QIIME (Quantitative Insights Into Microbial Ecology v1.8.0) [33]. Briefly, the selected sequences were clustered to operational taxonomic units (OTU) using a two-stage clustering algorithm with USEARCH (version 8.1.1861) at 97% sequence identity [40]. Representative sequences in each OTU were aligned to the SILVA reference alignment [41]. Taxonomy was assigned to each representative sequence using RDP with a minimum confidence of 85%.
Alpha and beta diversity analysis
An OTU-based analysis method was used to evaluate the bacterial diversities in each sample from each plant (alpha diversity). To estimate the diversity index and species richness (alpha diversity) among the genotypes for each sample, OTU richness, Chao1, Simpson and Shannon indices were calculated using QIIME software (v1.8.0), concerning a sequencing depth of 3%. Statistical analysis was performed using ANOVA with p values to determine the significant differences in the diversity indices or species richness among the plant rhizosphere soil samples. The rarefaction curve and rank abundance curves were calculated at a 97% level of similarity of the OTUs.
Beta diversity analysis was used among all the samples for the similarity index determination of the community structure. At the OTU-level of genotypes, beta diversity was calculated using weighted UniFrac distances and was visualized through PCoA (Principal co-ordinate analysis). The weighted UniFrac distance matrices were clustered and evaluated by QIIME software (v1.8.0) and showed phylogenetic relationships among various communities and their abundance in the respective samples.
Statistical analysis
Average values from each replicate were used to test the significance and sugarcane genotype effect for all the parameters separately using Graphpad Prism 7 software through analysis of variance (ANOVA). To study and visualize correlation among the variables, principal component analysis (PCA) for the effect of sugarcane genotypes on soil nutrients, root parameters and sucrose content were carried out using PAST4.03 software. Correlation analysis between the soil, root parameters and sucrose content were conducted through PAST 4.03 software.
Results
Measurement of root structure and sucrose content
The genotypes evaluation was mainly focused on the underground parameters (soil chemical properties and roots morphological traits) and the rhizospheric bacterial diversity. The root parameters, such as TRL (total root length), TRV (total root volume), TARD (total average root diameter) and root depth are recorded as shown in Table 1. These genotypes also showed a significant variation (p < 0.05) in the underground traits except rooting depth (Table 1). Genotype FN-1702 resulted in the highest total root length (249.21 m), total root volume of 85.17 cm3, (p < 0.05) and rooting depth (3.13 m), while genotype TD-11 showed the lowest total root length (128.25 m) and genotype ZZ-1 showed the lowest root volume (28.62 cm3) and rooting depth (2.45 m) when compared to the control genotype ROC22. Total average root diameter also varied significantly among these genotypes. Furthermore, the highest (1.42 mm) and lowest (0.95 mm) root diameter were observed in genotype GUC-15 and GUC-8, respectively.Table 1Effect of sugarcane genotypes on the root traits, soil parameters and sucrose content


	Genotypes
	TRL (m)
	TRV (cm3)
	TARD (mm)
	DEPTH (m)
	SOC (g/kg)
	TN (g/kg)
	TP (g/kg)
	TK (g/kg)
	Sucrose (%)

	GUC-23
	134.97 ± 30.8
	58.25 ± 11.1
	1.13 ± 0.56
	2.59 ± 2.53
	27.43 ± 1.14
	1.49 ± 0.19
	0.68 ± 0.07
	18.69 ± 0.77
	17.77 ± 1.22

	ZZ-1
	181.18 ± 31.0
	28.62 ± 5.1
	0.99 ± 0.05
	2.46 ± 2.91
	35.84 ± 2.31
	1.97 ± 0.24
	1.62 ± 0.09
	19.31 ± 1.18
	18.55 ± 1.05

	ZZ-9
	195.31 ± 39.0
	46.67 ± 9.4
	1.08 ± 0.47
	2.70 ± 1.72
	24.95 ± 1.53
	1.39 ± 0.29
	0.93 ± 0.04
	16.35 ± 2.71
	17.53 ± 0.20

	GUC-15
	204.92 ± 85.9
	75.92 ± 12.9
	1.42 ± 0.86
	2.89 ± 1.10
	30.77 ± 2.19
	1.46 ± 0.19
	1.39 ± 0.21
	18.37 ± 0.85
	19.87 ± 1.20

	GUC-37
	194.42 ± 77.3
	56.37 ± 12.8
	0.99 ± 0.25
	2.87 ± 3.49
	46.36 ± 1.55
	2.51 ± 0.15
	1.97 ± 0.14
	18.54 ± 1.58
	17.57 ± 1.47

	ZZ-6
	222.75 ± 48.7
	67.67 ± 19.9
	0.99 ± 0.05
	2.98 ± 5.80
	33.90 ± 1.51
	1.54 ± 0.14
	1.68 ± 0.07
	19.72 ± 1.81
	22.29 ± 1.26

	ZZ-5
	128.33 ± 54.7
	61.62 ± 17.6
	1.11 ± 0.71
	2.68 ± 5.64
	25.67 ± 2.49
	1.41 ± 0.04
	1.62 ± 0.06
	17.02 ± 1.41
	15.12 ± 1.89

	ZZ-10
	233.22 ± 33.8
	67.82 ± 19.8
	1.39 ± 0.08
	2.89 ± 5.07
	19.79 ± 3.10
	1.09 ± 0.09
	0.81 ± 0.02
	17.88 ± 1.69
	21.67 ± 1.91

	TD-11
	128.25 ± 13.6
	66.50 ± 17.9
	1.19 ± 0.09
	3.05 ± 2.80
	20.92 ± 2.69
	1.58 ± 0.04
	1.40 ± 0.07
	20.31 ± 1.17
	19.32 ± 1.47

	GUC-3
	215.19 ± 29.4
	75.95 ± 15.1
	1.07 ± 0.20
	3.05 ± 2.19
	34.48 ± 1.89
	1.69 ± 0.12
	0.07 ± 0.01
	18.97 ± 1.22
	21.24 ± 1.17

	GUC-8
	145.23 ± 49.1
	53.70 ± 14.8
	0.95 ± 0.09
	2.81 ± 2.24
	29.06 ± 3.29
	1.64 ± 0.08
	1.68 ± 0.03
	17.69 ± 1.73
	16.04 ± 1.82

	ZZ-2
	178.77 ± 19.4
	34.00 ± 4.2
	1.10 ± 0.68
	2.68 ± 1.76
	48.50 ± 2.50
	2.42 ± 0.14
	1.59 ± 0.05
	17.87 ± 0.71
	17.87 ± 1.43

	ZZ-13
	234.01 ± 61.2
	75.93 ± 20.5
	1.09 ± 0.40
	3.10 ± 7.90
	20.34 ± 1.65
	1.14 ± 0.12
	0.25 ± 0.02
	17.49 ± 1.75
	16.66 ± 1.24

	ROC-22
	174.55 ± 81.6
	49.20 ± 18.6
	1.12 ± 0.31
	2.75 ± 1.71
	21.60 ± 1.60
	1.21 ± 0.04
	0.23 ± 0.03
	18.38 ± 1.73
	17.99 ± 1.19

	TD-7
	215.04 ± 53.8
	83.07 ± 18.4
	1.35 ± 0.40
	2.81 ± 2.01
	32.56 ± 2.85
	1.72 ± 0.15
	0.43 ± 0.04
	17.49 ± 1.30
	20.24 ± 1.12

	ZZ-11
	144.06 ± 40.9
	67.67 ± 15.8
	1.30 ± 0.52
	2.55 ± 1.86
	35.87 ± 1.46
	1.85 ± 0.10
	0.56 ± 0.02
	19.58 ± 2.29
	15.14 ± 1.68

	FN-1702
	249.21 ± 25.8
	85.17 ± 19.2
	1.34 ± 0.39
	3.18 ± 1.31
	31.95 ± 1.86
	1.56 ± 0.14
	0.03 ± 0.02
	18.35 ± 2
	21.00 ± 1.35

	GUC-35
	152.27 ± 30.4
	49.10 ± 9.3
	1.04 ± 0.77
	2.73 ± 0.70
	42.12 ± 2.83
	2.39 ± 0.16
	0.94 ± 0.03
	19.34 ± 1.61
	19.16 ± 1.15

	Genotype effect
	*
	**
	**
	Ns
	***
	***
	***
	ns
	***


Each value is the mean of three replicates ± standard error. *p < 0.05, **p < 0.01, ***p < 0.001. The lowest and highest values are indicated in bold. Values of non-significant parameters are indicated in bold italic
TRL total root length, TRV total root volume, TARD total average root diameter, SOC soil organic carbon, TN total nitrogen, TP total phosphorous, TK total potassium. ns nonsignificant



The sucrose content was also measured to confirm the differences among these genotypes. Sucrose content was significantly (p < 0.05) different in these genotypes, such as high sucrose content (22.29Bx) was found in ZZ-6, while the lowest sucrose content (15.19Bx) was found in ZZ-5 (Table 1). Moreover, a PCA plot was drawn to visualize the relation between roots and sugar content (Fig. 1B). The plot indicated that the sugar content positively correlated with TRL and depth, while TRV and TARD do not affect sugar content. The plot also indicated that GUC-3, ZZ-6, ZZ-13, ZZ-10 and FN-1702 lie closer to sugar content, TRL and depth. PCA 1 explained 57.8% variation, while PCA 2 explained 19.1% variation among the genotypes, root parameters and sugar content (Fig. 1B).[image: ../images/40538_2021_244_Fig1_HTML.png]
Fig. 1A Principal component analysis of soil parameters with 18 different sugarcane genotypes. TK total potassium, SOC Soil organic carbon, TN total nitrogen, TP total phosphorous. Each genotype and biplot is represented by the average PCA scores obtained by running PCA on three replicates. B Principal component analysis of root parameters and sugar content with 18 different sugarcane genotypes


Effect of genotype on soil parameters
The soil-related parameters, such as SOC, TP, TN and TK were measured and the results were shown in Table 2. The concentrations of these parameters varied between genotypes. No single genotype had a dominant effect on soil parameters. For example, SOC concentration ranged from 19.8 g/kg to 48.7 g/kg with minimum and maximum concentrations having genotype ZZ-2 and ZZ-10, respectively (Table 1). Similarly, the highest TN concentration was detected in genotype GUC-37 (2.51 g/kg), and the lowest concentration was noted in ZZ-10 (1.09 g/kg). TP ranged from 0.03 g/kg to 1.97 g/kg in soil samples, with the lowest content in FN-1702 and the highest in GUC-37 (Table 2). Values for TK ranged from 16.35 g/kg to 20.31 g/kg, where the lowest TK values were observed in the genotype ZZ-9, while the highest was observed in genotype TD-11.Table 2Pearson’s correlation analysis for root and soil parameters along with sucrose content


	 	TRL (m)
	TRV (cm3)
	TARD (mm)
	DEPTH (m)
	SOC (g/kg)
	TN (g/kg)
	TP (g/kg)
	TK (g/kg)

	TRL (m)
	 	 	 	 	 	 	 	 
	TRV (cm3)
	0.44a
	 	 	 	 	 	 	 
	TARD (mm)
	0.29 ns
	0.60b
	 	 	 	 	 	 
	DEPTH (m)
	0.58b
	0.70b
	0.20 ns
	 	 	 	 	 
	SOC (g/kg)
	− 0.02 ns
	− 0.32 ns
	− 0.26 ns
	− 0.25 ns
	 	 	 	 
	TN (g/kg)
	− 0.23 ns
	− 0.43 ns
	− 0.34 ns
	− 0.29 ns
	0.93b
	 	 	 
	TP (g/kg)
	− 0.37 ns
	− 0.50a
	− 0.42 ns
	− 0.30 ns
	0.35 ns
	0.42a
	 	 
	TK (g/kg)
	− 0.21 ns
	0.01 ns
	− 0.07 ns
	0.05 ns
	0.22 ns
	0.30 ns
	0.09 ns
	 
	Sucrose content (%)
	0.63b
	0.36 ns
	0.29 ns
	0.52a
	0.01 ns
	− 0.10 ns
	− 0.19 ns
	0.30 ns


TRL total root length, TRV total root volume, TARD total average root diameter, SOC soil organic carbon, TN total nitrogen, TP total phosphorous, TK total potassium, ns no correlation
aModerately correlated
bStrongly correlated



The PCA plot indicated a significant effect of genotypes (p < 0.05) on the soil parameters (Fig. 1). Most sugarcane genotypes were clustered in the middle of the plot, whereas genotypes ZZ-2 and GUC-37 were clustered separately on the PC2 axis. Total potassium (TK) and SOC were presented on the PC1 axis, while total nitrogen (TN) and total phosphorus (TP) were presented on the PC2 axis. Moreover, 55.77% and 24.13% variations among the genotypes and soil parameters were explained by PC1 and PC2, respectively.
Correlation among soil parameters, root structure and sucrose content
Sucrose content was highly correlated with the root traits and soil chemical parameters (Table 2). Sucrose content was found to have a strong positive correlation with TRL (0.63), rooting depth (0.52), and TK (0.30). However, the correlation between sucrose content, TRV and TARD was non-significant (0.36, 0.29). All other soil chemical parameters were also non-significant. Total root volume (TRV) was strongly positively correlated with TARD (0.60) and rooting depth (0.70) and negatively correlated with TP (− 0.50). On the other hand, a strong positive correlation (0.93) was found between SOC and TN, while a non-significant correlation was found with all the other parameters. TN was positively correlated with TP (0.42).
Composition and community structure of rhizosphere microbiomes associated with eighteen sugarcane genotypes
After screening, pre-clustering, and chimera removal, a total of 3,333,835 reads of high-quality bacterial 16S rRNA from the V5-V6 region were obtained, with an average of 61,737.7 ± 4091.1 read per sample (min = 54,362, max = 71,714). The number of reads per sample was rarefied to the smallest number of reads. In this case, 50,994 effective bacterial sequences were randomly extracted for subsequent statistical analysis (Additional file 1: Table S1). Operational taxonomic units (OTUs) of each sample were filtered at a minimum count of 2 and 10% prevalence in the samples. After filtering, a total of 3573 OTUs were obtained, in which all the genotypes shared 1287 OTUs (Fig. 2A).[image: ../images/40538_2021_244_Fig2_HTML.png]
Fig. 2OTU classification and relative abundance. A Venn diagram representing the total number of OTUs in each genotype and shared number of OTU. B Each bar’s relative abundance of major bacterial phyla represents three replicates’ average value in each sample


Proteobacteria (45% [image: $$\pm$$] 4.56%) dominated the sugarcane rhizosphere community, followed by Actinobacteria (23% [image: $$\pm$$] 3.46%), Acidobacteria (14% [image: $$\pm$$] 4.31%), Chloroflexi (8% [image: $$\pm$$] 2.15%), and Firmicutes (2% [image: $$\pm$$] 1.21%) (Fig. 2B).
Three classes of Proteobacteria, including Alpha-proteobacteria, Delta-proteobacteria and Gamma-proteobacteria, were observed in the rhizosphere microbiome. Enterobacteriales (4.5% [image: $$\pm$$] 0.9%), Xanthomonadales (2.8% [image: $$\pm$$] 1.3%) and Betaproteobacteriales (1.8% [image: $$\pm$$] 0.9%) of Gamma-proteobacteria (30% [image: $$\pm$$] 6.4%) and Rhizobiales (3.9% [image: $$\pm$$] 0.8%), Micropepsales (1.5% [image: $$\pm$$] 0.7%) and Acetobacterales (1.2% [image: $$\pm$$] 0.4%) of Alpha-proteobacteria (14% [image: $$\pm$$] 2.2%) and Myxococcales (6.2% [image: $$\pm$$] 1.3%), and RCP2-54 (2.1% [image: $$\pm$$] 1.3%) of Delta-proteobacteria were highly abundant in Proteobacteria (Fig. 3C, E).[image: ../images/40538_2021_244_Fig3_HTML.png]
Fig. 3Relative abundance and distribution of taxa. A The relative abundance of major orders from phyla of Acidobacteria. B The relative abundance of major orders from phyla of Actinobacteria. C–E The relative abundance of major bacterial orders from three phyla Proteobacteria classes, i.e., Alpha-proteobacteria, Delta-proteobacteria and Gamma-proteobacteria


For instance, Proteobacteria was the most prominent bacterial group of the rhizosphere microbiome, dominant in the GUC-8 (5.5% [image: $$\pm$$] 3.70%) (Fig. 3B). In detail, Rhizobiales (5.7% [image: $$\pm$$] 2.08%) of Alpha-proteobacteria were highly present in ZZ-13, Micropepsales (3.7% [image: $$\pm$$] 6.65) in GUC-8, Elsterales (2.2% [image: $$\pm$$] 0.5%) in GUC-35 (Fig. 3C), while in Delta-proteobacteria, a higher proportion of Myxococcales (7.8% [image: $$\pm$$] 3%), RCP2-54 (4.7% [image: $$\pm$$] 5.13%) were observed in GUC-37 and GUC-35, respectively (Fig. 3D).
In Gamma-proteobacteria, Enterobacteriales (6.8% [image: $$\pm$$] 0.15%) were highly present in ZZ-9, (Fig. 3E). Similar results were also observed in other bacterial groups in the bacterial phyla of Acidobacteria and Actinobacteria (Fig. 3A, B). Frankiales (4.1% [image: $$\pm$$] 1.5%) were abundantly present in GUC-35, while Micrococcales (1.9% [image: $$\pm$$] 0.5%) were present in ZZ-6. Acidobacteria, Acidobacteriales (6.6% [image: $$\pm$$] 0%) and Solibacterales (4.7% [image: $$\pm$$] 0.45) were the highly represented orders in ROC-22 and GUC-37, respectively, suggesting that the bacterial composition highly varied at order level in the studied genotypes. The community composition data for each taxonomic level were clustered according to the abundance distribution or the degree of similarity. According to the clustering results, the taxa unit and the genotypes were ranked separately and presented through heat maps. Color gradients were used to distinguish the taxa’s high and low abundance and reflect the community composition’s similarity between the genotypes. The clustering analysis was performed on the top 30 differentially abundant OTUs and was visualized through a heat map (Fig. 4A; Additional file 1: Table S2).[image: ../images/40538_2021_244_Fig4_HTML.png]
Fig. 4Microbial community composition of top 30 abundant OTUs and their abundance level with cluster analysis. The dendrogram linkages and OTUs’ distances are not phylogenetic but based upon the reads number. The legend and scale represent the abundance of OTU’s (Y-axis) within each sample (X-axis). A The red indicates a more abundant genera and blue represents less abundant genera in the corresponding samples. B Rank abundance curve depicting the abundance of species. The X-axis represents the number of OTUs in each sample and their richness in the community. C Shannon index graph indicating bacterial diversity among the sugarcane genotypes. D Chao1 index graph indicating OTU richness among the sugarcane genotypes


Bacterial diversity and species richness of rhizosphere microbiomes in 18 sugarcane genotypes
The rarefaction curve reflects that all the samples showed a higher sequencing depth and greater diversity (Additional file 1: Fig. S1). The Rank abundance curve was drawn to check the relative abundance of species using R software. The abundance curve visually depicted both species’ richness and evenness in the 18 genotypes. The genotypes TD-11, ROC-22, GUC-35, ZZ-9 and GUC-8 exhibited higher species richness and evenness, while ZZ-13, ZZ-10, GUC-37, and ZZ-6 showed more significant differences in the abundances between OTUs and low homogeneity (Fig. 4B). From the diversity analysis, generally, the plants grown in the same environmental condition significantly affected the diversity and abundance of bacteria species in the rhizosphere. These indices were calculated separately for each sample. Significant differential OTU richness estimated by Chao1 (p < 0.05) and bacterial diversity estimated by the Shannon index (p < 0.05) were observed among the rhizosphere microbiome of 18 sugarcane genotypes (Fig. 4C). Among these, rhizobacteria of the genotype FN-1702 showed higher bacterial diversity (Shannon index: 6.02 ± 0.08) and OTU richness (Chao1: 3334.26 ± 21.37), followed by GUC 3 (Shannon index: 6.31 ± 0.03) and OTU richness (Chao1: 3279.33 ± 111), ZZ 13 (Shannon index: 6.31 ± 0.04) and OTU richness (Chao1: 3205.31 ± 76.08), ZZ 10 (Shannon index: 6.11 ± 0.22) and OTU richness (Chao1: 3279.23 ± 111.13) and ZZ 6 (Shannon index: 6.20 ± 0.13) and OTU richness (Chao1: 3181.93 ± 71.91), while TD-11 and ZZ-9 with smaller Shannon index and OTU richness indicated lower bacterial diversity among these genotypes.
The similarity of the rhizosphere microbiomes in the 18 genotypes of sugar cane
Beta diversity in the microbial structure and composition was assessed by PCoA, which revealed that the three replicates from the same genotype demonstrated a clear tendency to the group except for ZZ-13, which tended to differ from other genotypes in terms of the rhizosphere microbial community. Moreover, 31.5% of the total variation in the rhizosphere microbial population was explained by PCoA 1, while 16.9% of the total variation was explained by PCoA 2 (Fig. 5B). Similar results were also observed in the Unifrac-based hierarchical cluster analysis (Fig. 5A). The results showed that all the samples were significantly clustered into different groups based on their taxonomic divergence, although not for each genotype. In Fig. 5A, the samples were significantly clustered into two different main groups. The replicated samples from ZZ-13, GUC-3 FN-1702, ZZ-10 and ZZ-6 clustered into one group, while ZZ-3, ZZ-1, ZZ-11, TD-11, ZZ-9, ROC-22, GUC-35, GUC-23, ZZ-5, GUC-15, GUC-37, GUC-8 and TD-7 were clustered in the other groups.[image: ../images/40538_2021_244_Fig5_HTML.png]
Fig. 5Analysis of beta diversity for estimating similarity or dissimilarity between the genotypes. A Weighted unifrac distances matrix, clustering is performed based on similarity. The samples are more similar to each other in terms of branching distance, i.e., smaller branch distance indicates similarity among the two samples. B PCoA (principal coordinate analysis) of weighted unifrac distance


Discussion
The rhizosphere microbiome has been evolved rapidly since last few decades and become a topic of interest for researchers around the globe. Microbial interactions between soil and roots are crucial for improving plant performance [5]. Phytohormones released by plants roots fascinate the nearby soil microbes. However, variations do exist in the microbial community composition among different plant species or even within genotypes [42]. The influential involvement of microbial communities and engrossed mechanism contributing to the plant improvement is still not well understood due to limited number of available studies on the effect of the plant hosts microbiome at the interspecies and intraspecies level [5].
In this study, rhizosphere bacterial community along with their composition in addition to root morphology and soil nutrients of 18 randomized and replicated modern sugarcane genotypes was evaluated. The results of this study presented that different sugarcane genotypes had substantial variations in root parameters as the long root genotypes had higher bacterial diversity and significantly high sucrose content except for genotype ZZ-13. Different genotypes were characterized based on root architecture and soil properties, for instance, the genotype by environment (G × E) interactions could attribute variations observed in different genotypes [10, 43]. Our study design assessed the effect of sugarcane genotypes with in same environmental conditions and agronomic practices. The rhizosphere microbiome differed in alpha and beta diversity among genotypes; although the effect was small, the results interpreted the significant influence of genotypes on the rhizosphere microbiome.
Considering the fact that the host genotype might influence rhizosphere microbiota, our work also added a general view though demonstrating that the rhizosphere microbiota was enriched in replicated samples of the host genotypes even in the absence of unique agronomic treatments. Further, our study also highlighted the importance of interspecies effect on the rhizosphere microbiota diversity. In this study, sampling was done at the maturation stage, indicating that the root exudates were either decreased or stopped. In this case, the rhizosphere microorganisms must acquire their nutrients from soil [44] and microbial communities are expected to closely associate because of the same agronomic practices and, the same type and amount of fertilizers (N, P, K). However, different microbial communities and compositions suggested that the sugarcane host genotype was the primary factor in shaping bacterial communities. Most probably the phenotypic differences observed among the root morphology in this study. While those sugarcane genotypes having extensive in-depth roots structure could be associated with the variable and distinct bacterial community. The available carbon increases photosynthetic activity, which causes root elongation and branching so, the root growth and movement directly dependent on the availability of carbon concentration [45]. Genotypes with higher sucrose contents availability enhances the root exudates which cover more area to interact with rhizosphere microbes [46, 47]. Plants might release their photosynthates into the soil up to 20%, thereby increasing the plant–microorganism interaction and improving plant growth through mineral availability [48]. The carbon cycling enzymatic activities depends on the disposed concentrations of inorganic nitrogen N and vice versa, suggesting an increment in total nitrogen and total carbon contents in the root area might be related to the soil enzyme activities [49].
Moreover, we also analyzed the rhizosphere microbial composition in different sugarcane genotypes and is demonstrated that most of the genotype’s rhizosphere microbiome contained Proteobacteria, Actinobacteria, and Acidobacteria, which were consistent in the rhizosphere of tomato [28], maize [24], soybean [27] and rice [25]. Our research findings were also in line with Bruto and Vurukonda [48, 49], who also reported several PGPR that mainly comprised phylum Proteobacteria, that indorsed the acquisition of nutritional elements (N, P, and Fe) to accomplish the plant growth activities [50, 51]. This study also found the enriched order of Rhizobiales and the genus of Burkholderia and Bradyrhizobium, the members of well-known plant growth-promoting bacteria [44]. Thus, proteobacteria members could effectively use the carbon source from metabolites generated by the primary assimilators in the sugarcane rhizosphere [48, 52].
The studied genotypes revealed various bacterial orders, including an abundance of Sphingomonadales in ZZ-6, Rhizobiales and Myxococcales in ZZ-13, frankiales in ZZ-2, Enterobacteriales in ZZ-9, Xanthomonadales in GUC-37, Acidobacteriales and Solibacteriales in ZZ-11 and GUC-37, respectively. Therefore, supporting the hypothesis that the more phylogenetically distant plant hosts, the more variability in their bacterial communities [53, 54]. Our work provided sufficient evidence for the variation in bacterial communities due to host sugarcane genotype under natural environmental conditions. However, the question that remains to be addressed is: what specific alleles of sugarcane are involved in altering the microbial community?
Conclusions
Experimental evidence signified the intricate association between plant roots and soil microbes because plants with distinct root architecture have distinct microbial communities. Understanding these microbes’ activity, such as their role in plant growth and resistance to various abiotic factors, is crucial for future research and the development of relevant bioproducts. Exploring the exact rhizosphere microbiome colonization mechanisms was still complicated. According to our findings, genotype and the same environmental condition influenced the rhizosphere microbiome and subsequently the plant phenes. Future research regarding plant root phenes and microbiome functional microbial groups should also be addressed instead of taxonomy. However, an additional large-scale approach would be needed to study further information and serve sustainable agricultural practices.
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