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Abstract: Sugarcane (Saccharum officinarum L.) is a vital agro-industrial crop, significantly
contributing to the economy of many tropical and subtropical regions, including India. The country
is one of the largest producers of sugarcane, with Uttar Pradesh leading as a prominent state in terms
of sugarcane cultivation. Sugarcane is not only a primary source of sugar but also a renewable source
of bioenergy, ethanol, and other industrial products. However, the productivity of sugarcane varies
widely, with some fields demonstrating exceptionally high yields, while others yield poorly, despite
being subjected to similar agronomic practices. One of the key factors contributing to this yield
disparity, which has gained attention in recent years, is the rhizospheric microbiome. The
rhizosphere, the narrow region of soil influenced by root secretions and associated soil
microorganisms, plays a crucial role in plant growth and development. This study investigates the
composition of rhizosphere microbiota in sugarcane (Saccharum officinarum) using 16S rRNA high-
throughput sequencing. By analysing the microbial communities associated with sugarcane
rhizosphere, we aim to explain the interactions between plants and their microbial partners that
contribute to growth and development. According to our findings, the microbial population is
dominated and diversified, with bacterial phyla like Pseudomonadota, Bacillota, Bacteroidota,
Candidatus, Saccharibacteria, Actinomycetota, Myxococcota, Acidobacteriota, and Planctomycetota
predominating. Furthermore, we demonstrate that specific microbial taxa are consistently associated
with high and low yielding sugarcane, suggesting their potential as bioindicators for crop health and
productivity. This study highlights the significance of rhizosphere bacteria in the context of
sustainable sugarcane farming. In order to increase sugarcane resilience and yield, this study lays the
groundwork for future investigations into the advantageous characteristics of rhizosphere bacteria.

Keywords: Microbiome, Rhizosphere, Saccharum officenarum,16S rRNA, High-throughput
sequencing.

1. Introduction

Sugarcane (Saccharum spp.) is a critical cash crop for India, underpinning the country's
significant sugar industry and contributing to the livelihoods of millions of farmers. The largest
sugarcane-producing state of India is Uttar Pradesh, which has a 48.46% share in overall sugarcane
production as per 2019-20 figure. Maharashtra and Karnataka are the second and third largest
sugarcane-producing states, respectively. The other main sugarcane-producing states of India
include Bihar, Haryana, Gujarat, Andhra Pradesh, and Tamil Nadu [1,22]. The crop suffers a number
of difficulties, such as soil deterioration, pest pressures, and variable yields, despite its economic
significance. Recent advancements of high-throughput sequencing (HTS) technologies, offer a novel
approach to address these challenges by providing insights into the rhizospheric microbiome— the
community of microorganisms residing in the soil surrounding plant roots [2,3]. The rhizosphere is
a dynamic and nutrient-rich zone where plant roots interact closely with soil microorganisms. This
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zone is home to a complex and diverse array of microbes, including bacteria, fungi, and archaea,
which play crucial roles in plant health and productivity. These microorganisms can enhance nutrient
availability, promote plant growth, protect against soil-borne pathogens, and improve stress
tolerance. The composition and functionality of the rhizospheric microbiome are thus integral to
understanding plant performance and soil health [4].

In sugarcane cultivation, the rhizosphere microbiome can significantly influence yield outcomes.
High-yielding sugarcane is associated with more favorable microbial communities that enhance
nutrient uptake, improve disease resistance, and support overall plant health [5]. Conversely, low-
yielding sugarcane may be linked to less optimal rhizosphere conditions, negatively impact the
growth and productivity. Therefore, analyzing and comparing the rhizospheric microbiome of high-
yielding and low-yielding sugarcane varieties could provide valuable insights into the microbial
factors that underpin yield differences [2,6].

Traditional methods for studying soil microbiomes, such as culturing techniques and
microscopy, are limited in their ability to capture the full diversity and complexity of microbial
communities. These methods often fail to identify many soil microorganisms, which are either non-
culturable or present in very low abundances [7]. High-throughput sequencing (HTS) technologies
have revolutionized microbial ecology by allowing researchers to analyze the entire microbial
community without culturing. Techniques such as 16S ribosomal RNA (rRNA) gene sequencing and
metagenomic sequencing provide detailed microbial diversity profiles and functional potential [8,18].

16S rRNA gene sequencing focuses on the bacterial component of the microbiome, offering
insights into bacterial diversity, community composition, and abundance. This method relies on
amplifying and sequencing a specific region of the 16S rRNA gene, which is conserved across
bacterial species but contains variable regions that are unique to different taxa [9]. Metagenomic
sequencing, on the other hand, involves sequencing all the DNA present in a sample, providing a
broader perspective that includes not only bacterial but also fungal, archaeal, and viral communities.
This approach enables the exploration of functional potentials, such as metabolic pathways and
interactions with the host plant [10,20].

Recent studies utilizing HTS technologies have revealed significant differences in microbial
communities associated with various plant species, including crops. For example, research by Finkel
et al. (2020) demonstrated that HTS can identify microbial biomarkers that are associated with plant
growth and stress responses [11]. Similarly, studies on other crops, such as maize and wheat, have
shown that high-yielding varieties often have distinct microbial communities compared to low-
yielding ones, suggesting a role for the microbiome in crop performance [12].

The role of soil microbiomes in agriculture has been well-documented in recent literature. For
instance, Finkel et al. (2020) highlighted the importance of soil microbiomes in crop productivity,
noting that microbial communities can influence nutrient availability and plant health [11]. In the
context of sugarcane, the high-yielding exhibit higher microbial diversity and beneficial microbial
interactions compared to low-yielding varieties. Furthermore, Chauhan et al. (2023) emphasized the
utility of HTS technologies in uncovering microbial features associated with improved crop
performance [13].

Despite these advances, specific studies on sugarcane in Uttar Pradesh using HTS are limited.
This research seeks to fill this gap by providing a detailed comparative analysis of rhizosphere
microbiomes in Shamli (high-yielding) and Hapur (low-yielding) sugarcane, using High-throughput
sequencing.

This research aims to advance our understanding of the rhizosphere microbiome in sugarcane
by conducting a comparative analysis of high-yielding and low-yielding sugarcane microbiomes
using high-throughput sequencing. By elucidating the microbial differences and their functional
implications, this study will contribute to develop the strategies for improving sugarcane production
and promoting sustainable agricultural practices in Uttar Pradesh.

2. Materials and Methods
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2.1. Sample collection

] W Shamli
‘ & Hapur

Figure 1. Study site represent two geographical location, as shown in the Map Uttar Pradesh, India

A total of 50 rhizosphere soil samples from sugarcane plants were collected and analyzed. These
samples were gathered from two districts in Uttar Pradesh— Shamli (high-yielding) and Hapur (low-
yielding) (Figure 1) —each from five distinct sites with five replicates per site. The sampling locations
in Hapur were at the following coordinates: N 28°45'13", E 77°54'02"; N 28°45'10", E 77°51'10"; N
28°47'31", E 77°49'09"; N 28°44'56", E 77°50'52"; N 28°44'56", E 77°50'54". In Shamli, the sample
locations were: N 29°29'50", E 77°26"27"; N 29°30'03", E 77°26'57"; N 29°30'33", E 77°26'57"; N 29°30'33",
E 77°27'12"; N 29°29'60", E 77°26'58". The samples were collected in May 2023 during the elongation
stage of sugarcane. The five blocks sampling method was used, and five fields were selected from
each sample block. The soil around the roots were collected along with roots using shovel. They were
placed in sterile polybags, transported in ice boxes, and stored at -80°C until further analysis [14].

2.2. Genomic DNA extraction and sequencing

A culture-independent method was employed to examine the bacterial composition of the
rhizosphere microbiome. Microbial DNA was extracted from the rhizosphere soil samples using the
Quick-DNA Fecal/Soil Microbe DNA Miniprep Kit (ZYMO, USA), following the manufacturer's
guidelines. The purity and concentration of the extracted DNA were evaluated using 1% agarose gel
electrophoresis. DNA samples were then diluted to a concentration of 1 ng/uL using sterile water for
further analysis. To generate six composite sample, DNA extracts from each sugarcane rhizosphere
sample were combined in equal amounts (Table S1). These composite samples were subsequently
used for sequencing. The sequencing process was carried out using 16S rRNA amplicon, paired-end
[llumina Nextera DNA sequencing was conducted at Centyle Biotech Pvt. Ltd., New Delhi [15].

2.3. Bioinformatics Data analysis

The obtained sequences were processed and analyzed using the QIIME2 pipeline (v2024.5)
(https://qiime2.org/). Initially, the raw FASTQ files were imported into QIIME2. The paired-end
sequences were subsequently trimmed at the first 20 bases and truncated to a length of 200 bases.
These sequences underwent quality filtering, denoising, and merging with DADA2 via the q2-dada2
plugin in QIIME2. The representative sequences were aligned using the MAFFT program. Alpha and
Beta diversity analyses were conducted using the core-metrics-phylogenetic pipeline within the q2-
diversity plugin of QIIME2. This process involved rarefying ASV tables to 50,000 reads and
calculating alpha diversity metrics, including Shannon’s diversity index, observed ASVs, Faith’s
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phylogenetic diversity, and evenness. It also calculates Jaccard, Bray—Curtis, and both weighted and
unweighted UniFrac distances to assess beta diversity, while generating PCoA plots for each of these
beta diversity metrics. The relationship between categorical metadata groups and alpha diversity
metrics was assessed using the Kruskal-Wallis test, with results corrected via the Benjamini-
Hochberg method. For beta diversity, PERMANOVA was used for analysis, followed by correction
with the Benjamini-Hochberg method, all performed using the R software packages "stats" and
"vegan" [16].

3. Results
3.1.16. S rRNA sequencing and bacterial classification

Table 1. 165 rRNA sequencing Reads Data.

123,309 112,087 90.9 269.5 110446 /
102,546 95,937 93.56 272.6 95414 /
103,922 94,835 91.26 269.2 93445 /
105,033 96,585 91.96 270.4 95071 /
114,443 102,808 89.83 270.8 101779 /

- 99.00%
110,182 98,820 89.69 267.6 97048 /

| Total | 659435 601,072 Average 270.0167  98867/98.69%

High-throughput sequencing of the bacterial 165 rRNA gene generated a total of 659,435
paired-end reads. After screening and trimming, 601,072 high-quality sequences remained, each with
an average length of approximately 270 base pairs (Table 1).

3.2. Bacterial community composition

The abundance of bacterial communities in the rhizosphere soil was analyzed across all
taxonomic levels. The findings were displayed using taxonomic bar plots. The taxonomic
composition of the Sugarcane rhizosphere microbiome was mainly dominated by Proteobacteria,
accounting together for the 31.64% , followed by Firmicutes_ A (21.82% ), Bacteroidetes(15.51%),
Actinobacteriota (7.08%), Patescibacteria (4.47%), Firmicutes_D (4.14%), Acidobacteriota (3.22%),
Chloroflexota(2.16%), Myxococcota_A_473307 (1.94%), Cyanobacteria (1.50%) and other phyla
accounting for less than 1% (Figure 2(a)). In Shamli, the class level showed higher abundance of
bacteria  Clostridia_258483  (24.39%), = Gammaproteobacteria  (20.67%),  Bacteroidia  (15.90%),
Alphaproteobacteria  (13.93%), Saccharimonadia (5.18%), Bacilli (3.76%), Actinomycetia (2.96%),
Campylobacteria (1.72%), Blastocatellia (1.35%), and other and In Hapur, the class level showed higher
abundance of bacteria Gammaproteobacteria (21.52%), Clostridia_258483 (19.25%), Bacteroidia (14.86%),
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Actinomycetia (9.02%), Alphaproteobacteria (7.16%), Bacilli (4.53%), Paceibacteria (2.07%), Anaerolineae
(1.96%), Vicinamibacteria (1.82%), Vampirovibrionia (1.82%), (Figure 2(b)). In Shamli, the highest
relative abundance at order level shown Lachnospirales (14.77%), Bacteroidales (11.80%), Oscillospirales
(9.26%), Sphingomonadales (8.47%), Xanthomonadales_616009 (6.09%), Saccharimonadales (5.05%),
Pseudomonadales_650611 (4.25%), Enterobacterales_A_737866 (3.5%), Actinomycetales (2.51%),
Chitinophagales  (2.25%),  Rhizobiales_A_504705 (1.89%), Burkholderiales_592522  (1.82%),
Campylobacterales (1.72%),  Caulobacterales (1.61%), Lactobacillales (1.53%), Burkholderiales_592524
(1.47%), Pyrinomonadales (1.17%), and other order accounting for less than 1%. In Hapur, the highest
relative abundance at order level shown Lachnospirales (11.32 %),  Bacteroidales  (10.27 %),
Oscillospirales  (7.48%), Mycobacteriales  (6.65%), Enterobacterales_A_737866  (4.62%),
Pseudomonadales_650611 (3.53%), Lactobacillales (3.04%), Chitinophagales (2.41%),
Xanthomonadales_616009 (2.37%), Sphingomonadales (2.37%), UBA9983_A (1.97%),
Pseudomonadales_660879  (1.96%), Rhizobiales_A_504705 (1.84%), Vicinamibacterales (1.84%),
Obscuribacterales (1.82%), Actinomycetales (1.66%), and other order accounting for less than 1%.
(Figure. 2(c))

Assigned Phylum of ASVs and their relative Abundance in Samples
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Figure 2(a). Relative abundance of major bacterial phyla in the rhizosphere.
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Assigned Class of ASVs and their relative Abundance in Samples.
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3.3. Diversity dynamics of rhizosphere bacterial communities

The diversity of each growth phase sample was assessed through alpha diversity, which
provides an estimate of the species richness, abundance, and distribution within the microbial
community of the rhizosphere. Alpha diversity was quantified using the Shannon and Simpson
indices. Shannon diversity ranged from 4.54 to 5.21, with an average of 4.90, while the Simpson index
varied between 0.97 and 0.99, showing only minor variations across the locations. Notably, samples
from Shamli exhibited higher diversity compared to those from Hapur, which had the lowest
diversity (Table 2).

Table 2. Shannon and Simpson indexes to assess bacterial diversity.

Location samples name Shannon Simpson
Shamil S1 4.960428 0.987396
Shamil S2 5.20829 0.991618
Shamil S3 4.706449 0.984037
Hapur S4 5.141325 0.991134
Hapur S5 4.88444 0.986196
Hapur S6 4.541676 0.970604

Sample 02 recorded the highest Shannon index (5.20), indicating greater species abundance and
evenness, followed by sample 01 (4.96), sample 04 (5.14), sample 05 (4.88), sample 03 (4.70), and
sample 06 (4.54). The Simpson index, which reflects species richness and evenness, was also highest
in sample 02 and lowest in sample 06, with relatively little variation between the other samples
(Figure 3(a), (b)).
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(a- Dot plot, b- Box plot).

Beta diversity, which measures the variation in species composition across different samples or
environments, was evaluated through Principal Coordinate Analysis (PCoA) of the 16S rRNA gene
in the sugarcane rhizosphere soil. Our analysis revealed significant differences in the microbiota
composition of the rhizosphere soil across the samples. Unconstrained PCoA, based on Bray—Curtis
distances, showed that the microbiota from each sample formed distinct clusters, clearly separated
along the coordinate axes. Principal coordinate axes 1 (Coordinate 1) and 2 (Coordinate 2) explained
24.5% and 21.4% of the variation, respectively, highlighting the influence of environmental factors on
the microbial community structure across the different samples (Figure 4). This analysis underscores
the spatial variation in rhizosphere microbiota diversity across sampling locations.

We found that the composition of the rhizosphere soil microbiota differed with respect to
fertilizer regime. Unconstrained principal coordinate analysis (PCoA) Of bray-Curtis Distances
revealed that the rhizosphere microbiota of both Hapur and Shamli formed two distinct cluster.

3.4. Differentiated Rhizosphere bacterial communities in high yield and low yield sugarcane
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Figure 4. The PCoA graph of average soil microbial community in rhizospheric soil of sugarcane in Hapur and
Shamli.
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Figure 5. Comparison of microbial variations based on the LEfSe analysis in the rhizosphere of Hapur and
Shamli sugarcane. difference is represented by the colour of the taxa (green indicating the Shamli and red

indicating the Hapur sugarcane microbiome.
LEfSe analysis revealed taxonomic differences among the two bacterial groups. The
predominant bacterial taxa in the preceding sugarcane rhizosphere (PSR) encompassed and bacterial

components with significant differences among groups were explored (Figure.5). The results
demonstrated difference between the Shamli and Hapur groups in terms of bacterial abundance in

rhizosphere soil microbiome.
In total, 64 bacterial taxa were found to be differentially abundant in both high and low yield.
Of these, 42 taxa had significant in abundance, considering a p-value<0.01 in low yielding sugarcane
Among them, are the phylum Nitrospirota and Desulfobacterota, the seven class and the six order were
differentially abundant in low yielding sugarcane. In the high yielding sugarcane, 22 taxa were

differentially abundant in relation to the low yielding, considering a p-value<0.01. among these, four
families are, Sphingomonadaceae, Xanthomonadaceae, Aeromonadaceae and UAE5946 (Saccharimonadales).

The seven genera identified were most abundant in the high yielding sugarcane rhizosphere (Figure
6). Moreover, at the genus level, the abundance distribution of the top genera with greatest significant

difference were analyzed (Figure 7).
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sugarcane.

4. Discussion

The primary aim of this study was to conduct a comparative analysis of microbial communities
in the rhizosphere of high-yield and low-yield sugarcane, with the goal of understanding their
ecological dynamics in terms of composition and diversity. Soil microorganisms that interact with
host plants are known to stimulate the production of rich and different repertoire of metabolites in
plants [28]. We expected difference between the sample analyzed, in high yield and low yield
sugarcane rhizosphere associated in change in structure and taxonomic composition of plant
microbiome. Alawiye et al. shoed that there was no significant difference (p > 0.05) between the
microbial diversity of the two locations [27]. The Alpha diversity index results showed that microbial
richness and microbial diversity [32]. Our outcome showed, the alpha diversity indices did not show
significant difference between Shamli (high-yielding) and Hapur (low-yielding) (considering a p-
value<0.1). However, Shannon and Simpson index show slightly high diversity in Shamli (Figure
3(a), (b)). Pang et al. showed that the structure of the bacterial community was affected after
continuous cropping of sugarcane and indicated that the bacterial community structures in the CC
(Continuous Cropping) soil samples were distinctly different from the NCC (No Continuous
Cropping) soil samples [25,30]. For the beta diversity indices, Principal coordinates analysis (PCoA)
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showed that there is significant compositional difference (considering a p-value<0.1) when
evaluating the location (Shamli and Hapur).

As seen in a previous research by De souza et al., core microorganisms in sugarcane rhizosphere,
regardless of yielding, can bring benefits and plant vitality [17]. In our study, we identified members
of the sugarcane rhizosphere microbiome predominantly populated by bacteria, with a notable
presence of phyla Proteobacteria, Bacteroidota, Actinobacteriota, Patescibacteria, Firmicutes_D,
Acidobacteriota, Chloroflexota, Myxococcota, Cyanobacteria, Campylobacterota. The most abundant genra
Phocaeicola, Lachnospira, Faecalibacterium, Pseudomonas, Agathobacter, Mycobacterium, Limisoma,
Sphingomicrobium, Thermomonas, Enterobacteriaceae, Serratia, Lysobacter. The same was observed for
phyla Proteobacteria, Actinobacteria, Bacteroidetes, Gemmatimonadetes, Firmicutes, and Acidobacteria were
reported in canola, wheat, field pea and lentil rhizosphere. According to Yuan et al. Bacteria phyla
relative abundance showed that Proteobacteria (24.85-29.28%), Actinobacteria (15.53-19.09%),
Chloroflexi (7.63-18.89%), Acidobacteria (6.53-11.05%), Firmicutes (5.59-37.36%) were the dominant
bacteria, followed Bacteroidetes (1.51-2.69%), Gemmatimonadetes (1.50-6.95%), Planctomycetes (0.99-
2.60%) and Saccharibacteria (0.65-3.01%) [19]. Other previous studies showed abundance of the
microbial community of phyla Proteobacteria (16.68%), Chloroflexi (26.73%), Gemmatimonadetes
(29.26%) and Actinobacteria (35.68%) in rhizosphere of plant crop [26]. LEfSe analysis, showed that
Gammaproteobacteria, Alphaproteobacteria, Burkholderiaceae, Rhizobials, and Burkholderia were all
significantly enriched in the root compartment, while Actinobacteria, Intrasporangiaceae, Firmicutes,
and Bacillus were enriched biomarkers in the rhizosphere compartment [29,34].

Rhizosphere microbial diversity play a key role in the promotion of plant growth and health.
Our findings indicated that Burkholderia, Sphingomonas, and Sphingobium were the predominant
genera within the bacterial community of the sugarcane rhizosphere (Figure 7). Previous studies have
demonstrated that the Burkholderia group possesses a broad host range and is recognized as one of
the most effective plant growth-promoting rhizobacteria. These bacteria are found in both bulk soil
and the rhizosphere and have been documented to colonize over 30 plant species [23,31,33].
Sphingomonas exhibits a strong capacity to break down environmental pollutants and enhances plant
uptake of nutrients, thereby supporting plant growth. It has also been shown that Sphingomonas is
the primary antimicrobial agent in soil communities and that this group has an inhibitory effect on
plant pathogenic fungi [21]. Various Sphingobium species promote the synthesis of phytohormones,
including salicylic acid (SA), indole-3-acetic acid (IAA), and zeatin abscisic acid (ABA), as well as
other critical biosynthetic pathways in host plants, highlighting the genus's potential as plant growth-
promoting rhizobacteria (PGPR) [24].

5. Conclusions

The study revealed the presence of numerous uncultured and unidentified core bacterial genera
in the sugarcane rhizosphere, many of which likely interacted with the host plant and other
microorganisms. Furthermore, several core genera known to promote plant growth were identified
within the sugarcane rhizosphere. we could identify slight variations in the rhizosphere microbiome
of high yield and low yield sugarcane field. we analyzed the rhizosphere microbial community using
16sRNA-based high-throughput sequencing. There were differences in the dominant rhizosphere
bacterial taxonomic composition among the different sugarcane fields. The richness of the
rhizosphere bacterial communities and the abundance of microbes, such as Proteobacteria,
Firmicutes_A, Bacteroidetes, Actinobacteriota, Patescibacteria, Firmicutes_D, Acidobacteriota, Chloroflexota,
Myxococcota_A, and Cyanobacteria. Thus, these findings could provide a way for promoting sugarcane
health and growth by improving soil bacterial communities.
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