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Impact of genotype and soil fertility
on wheat rhizosphere microbiota
under the trans-gangetic plain
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The effects of genotypes (HD3086 and PBW343) and soil physicochemical properties on the wheat
rhizospheric bacterial communities along the trans Indo-Gangetic plains were studied. The trans-Indo-
Gangetic Plains of India are one of the areas in the country where wheat is grown the most. Despite
the agricultural significance of this region, extensive studies on the rhizosphere microbial abundance
and community structure related to wheat cultivation in this area are still lacking. To address this
knowledge gap, the present study was undertaken to characterize the rhizosphere microbiome using
full-length 16 S rRNA-based metagenomic profiling, implementing universal primers, tailed with
PacBio Sequel Il barcode sequences, providing new insights into microbial dynamics across this major
wheat-producing landscape. Statistical analysis revealed significant differences in both abundance
and diversity among the different soil samples and wheat genotypes. Four phyla exhibited significant
differences in relative abundance between the genotypes (p <0.05): Proteobacteria (p=0.002),
Planctomycetes (p=0.000), Verrucomicrobia (p=0.000), and Firmicutes (p=0.030). The number of
genera identified in genotype HD3086 across all locations was 421, while it was 322 for genotype
PBW343. There were 251 genera found common, with 170 genera exclusively present in HD3086 and
71 in PBW343. Significant differences were observed in the relative abundance of eighteen genera
(p<0.05) between the genotypes; some of them include Luteolibacter, Gemmata, Pseudomonas,
Stenotrophobacter, Pseudarthrobacter, Devosia, Lacibacter, Gaiella, Luteimonas, and Nitrosospira.
Correlation analysis indicated significant associations between microbial diversity and soil parameters
like pH, total and available nitrogen, potassium, phosphorus, iron, and organic carbon for both
varieties. Core taxa analysis revealed 27 core taxa across both genotypes. The study highlights
significant genotype effects on rhizosphere microbiomes, with implications for soil health and crop
management strategies.

Keywords Core microbiota, Rhizospheric bacterial diversity, Trans indo gangetic plains, Wheat genotypes

Globally, wheat (Triticum aestivum) is considered the most consumed crop. The microbiome of wheat
rhizosphere holds immense potential for revolutionizing agriculture!. These microscopic communities of
bacteria, fungi, and other microorganisms that inhabit the soil surrounding wheat roots play a critical role in
plant health, nutrient uptake, and resilience to environmental stressors!. Certain microbes within the wheat
rhizosphere can enhance the availability of essential nutrients; additionally, some of these microbes have been
identified as providing resistance against common wheat diseases®. Healthy soil is the foundation of sustainable
agriculture, and the microbiome is a key contributor to soil health. Microbes play essential roles in organic
matter decomposition and cycling of nutrients, thereby maintaining soil fertility and productivity over the time.
Different wheat cultivars and development stages possess distinct root exudate profiles, which serve as a food
source and signaling mechanism for soil microbes. As a result, certain cultivars at different growth stages may
attract specific bacterial taxa that are beneficial for their growth and development. Understanding these cultivar-
specific interactions can help breeders select or develop wheat varieties with enhanced microbial associations*°.

LICAR-National Bureau of Agriculturally Important Microorganisms, Mau 275103, Uttar Pradesh, India. 2Marwadi
University Research Center, Department of Agriculture, Faculty of Science, Marwadi University, Rajkot 360003,
Gujarat, India. 3ICAR-Central Soil Salinity Research Institute, RRS, Lucknow 226002, Uttar Pradesh, India. *ICAR-
Indian Agricultural Statistics Research Institute, New Delhi 110012, India. °Murugan Kumar and Waquar Akhter
Ansari contributed equally to this work. “email: kumarmic84@gmail.com

Scientific Reports|  (2026) 16:14953 | https://doi.org/10.1038/s41598-026-36646-4 nature portfolio


http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-026-36646-4&domain=pdf&date_stamp=2026-3-25

www.nature.com/scientificreports/

By harnessing the complex interactions between plants and soil microbes at their interface, researchers can
develop innovative strategies to enhance agricultural sustainability, productivity, and resilience®. Furthermore,
only a handful of studies investigated how the soil characteristics affect the wheat rhizospheric microbiota”?.
The composition of microbiota in the rhizosphere is thought to result from interactions among the plants, soil
properties, environmental conditions, and microbial relationships, and therefore can be greatly inconsistent
along with the distributions®!’. To develop management practices that consistently influence soil communities,
it is essential to thoroughly understand the microbial components associated with plants across different
locations!!. Studies indicate that a range of plant species share similarities in the compositions of rhizospheric
microbiota at broader taxonomic levels up to family, particularly when explored under natural field situations!2.

Plants can recruit a core microbiome of rhizspheric symbionts that are specifically adapted to the
rhizosphere®®. It is suggested that certain core taxa and their host plants have co-evolved, enabling them to
coexist effectively in the rhizospheres of specific plant species or genotypes'®. As a result, these core taxa or
consortia are crucial for plant health and are attractive targets for efforts to manipulate the plant microbiome
or engineer synthetic consortia'®. The ability of these microbes to enhance plant growth and health stems from
evolutionary mechanisms that select for microbes possessing genes crucial to the plant’s vitality'. Although core
bacteria inhabit the wheat rhizosphere, their abundance varies among different wheat cultivars’. Studies have
shown that the choice of wheat variety or cultivar significantly influences the composition of the rhizospheric
prokaryotic community”'®. Although the Indo-Gangetic Plain is one of India’s principal wheat-producing
regions, there remains a clear knowledge gap in understanding how wheat genotype and soil fertility interact to
shape rhizosphere microbial communities at a large geographic scale: regional studies have begun to describe
core bacterial taxa from parts of the Indo-Gangetic Plain but are spatially limited or use short-read 16 S regions
(e.g., V3-V4), providing useful baselines but not a comprehensive, high-resolution picture across multiple
districts.

In this study, we examined the rhizospheric microbiota of two contrasting wheat varieties, HD3086 and
PBW343, by characterizing the prokaryotic communities using 16 S rRNA gene amplicon sequencing (V3-V4
region). Rhizosphere soil samples were collected from eight geographically distinct locations across the trans-
Indo-Gangetic Plain, including Punjab and Uttar Pradesh. The objectives were to assess the influence of wheat
genotype and agricultural management (cropping systems) on the composition, diversity, and community
structure of the rhizosphere microbiota. We also aimed to identify a core rhizospheric microbiota shared across
soils, locations, and wheat varieties, and to evaluate the relationships between soil physicochemical properties and
microbial assemblages. We hypothesized that, despite environmental and management variability, a conserved
set of microbial taxa would consistently associate with wheat roots, and that genotype-specific differences
would be reflected in the rhizosphere community structure. This study provides novel insights into genotype—
microbiome-soil interactions under real field conditions, contributing to the development of microbiome-
informed strategies for wheat improvement and sustainable crop management in the Indo-Gangetic Plains.

Materials and methods

Soil sampling and seed sowing

In November 2022, soil samples were collected from the fields prepared for wheat sowing, from seven districts
including Mansa, Ludhiana, Faridkot, Jind, Amritsar, Ambala, and Hoshiarpur from the state of Punjab, as well
as one district in Uttar Pradesh, Saharanpur (Table 1). Soils from each district were collected using a sterile soil
auger at a depth of 15 to 25 cm near the root. To capture local heterogeneity, three separate soil subsamples were
taken from each area within a radius of around 50 to 100 m. These soil samples were subsequently transported
to the laboratory under chilled conditions and filled into 24 cm height and 20 cm diameter pots, while small
portions were kept at 4 °C for soil analysis and DNA isolation. Two wheat varieties, HD3086 and PBW343,
were selected for the study. They were sown in pots with soil samples collected from each of the eight locations.
For each genotype, three replications were maintained for each of the soil samples in a completely randomized
design. The pots were maintained under controlled environmental conditions with a day/night temperature of
22 °C/18°C, a photoperiod of 16 h/8 hours, and a relative humidity of 60%-65%. Pots were irrigated with water
at 1-week interval with a fixed amount of sterile water, although during the experimental period, no fertilizer or
manure was added to the pots. Rhizospheric soil samples were collected 45 days after sowing. From each of the
replicates, three to five plants were uprooted, and soil around the root zone was carefully collected and combined

District Location Longitude/latitude
Mansa Budhlada, Punjab, India 29.90N, 75.61E
Ludhiana Ajnod, Punjab, India 30.79 N, 75.97E
Faridkoot Kotkapura, Punjab, India 30.62 N, 74.80E
Jind Hatho-Gurthali Link Rd, Punjab, India | 29.61 N, 76.18E
Amritsar Manwala Kalan, Punjab, India 31.58 N, 74.98E
Saharanpur | Ismailpur, Uttar Pradesh, India 29.98 N, 77.49E
Ambala Naraingarh, Punjab, India 30.49 N, 76.79E
Hosiyarpur | Nasrala Kapporthala, Punjab, India 31.49N, 75.82E

Table 1. Sampling site details with location and GPS coordinates.
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to form a composite sample. Samples were dried and sieved through a 4.0 mm sieve and divided into two parts-
one for physicochemical analysis, and another is refrigerated for DNA isolation and amplicon sequencing.

Physicochemical and nutritional properties of soil

Specific analysis techniques were implemented to determine the physicochemical parameters of the soil. The soil
samples were analyzed for total nitrogen, total phosphorus, total potassium, total iron, total sulphur, available
nitrogen, available phosphorus, available potassium, available iron, available sulphur, pH, electrical conductivity
(EC), and organic carbon. The methodologies used for each of the soil parameter analyses is tabulated
(Supplementary Table 1).

Soil DNA isolation, amplification of 16 S rRNA gene, and amplicon sequencing

DNA extraction was performed using FastDNA™ SPIN Soil kit (MP Biomedicals, USA). The concentration of
isolated gDNA was quantified using Qubit 4.0 fluorometer (Thermofisher Scientific, Massachusetts, USA), and
the integrity of DNA was visualized on 1% agarose gel. Full-length 16 S rRNA gene (V1-V9 region, 1.5 kb) was
amplified using universal primer 27 F and 1492R, in a thermal cycler (peqSTAR, Germany), tailed with PacBio
barcode sequences. Amplification was carried out with initial denaturation at 95 °C for three minutes, followed
by 25 cycles with denaturation at 95 °C for 30 s, annealing at 57 °C for 30 s, and extension at 72 °C for 30 s,
and a final extension at 72 °C for five minutes. The quality and integrity of the amplicons were visualized in a
1.5% agarose gel. Amplicons were pooled in equimolar concentration and purified using AMPure PB beads
(Pacific Biosciences, California, USA). The library was created following the manufacturer’s instructions using
the SMRTbell Express Template Preparation Kit 2.0 (Pacific Biosciences, California, USA). After preparation,
the library was purified with AMPure PB beads (Pacific Biosciences, California, USA). Subsequently, primer
annealing and polymerase binding were performed using the Sequel II Binding Kit 2.1 to form the bound
complex. Then the sample was sequenced on PacBio Sequel II platform.

Data processing, community profiling, and diversity analyses

All analyses were conducted using R version 4.2.0. For quality control, read filtering, denoising, read merging,
chimera removal, and taxonomy assignment, we utilized the DADA2 package (v1.24.0) with the Silva database.
The identified taxa were aggregated at various taxonomic levels to create bar plots and tables using the phyloseq
package (v1.40.0) in R. Diversity analysis of the operational taxonomic units (OTUs) was carried out with
PAST version 4.5 (Martin-Laurent et al.,, 2001). To compare microbial communities across all samples and
different cropping systems, Principal Component Analysis (PCoA) was performed using STAMP (version
2.1.3). The sequence data generated was submitted to the NCBI database with project number (Project number:
PRJNA1128054; SRA ID: SRR29548375 to SRR29548382).

Core microbiota and network analyses

To identify the core bacterial microbiota in the wheat rhizosphere, we focused on the ubiquitous taxa found
across all 20 study sites. To investigate microbe-microbe interactions, we constructed co-occurrence networks
based on the prevalence of OTUs, using the MetagenoNets pipeline. Rare taxa were excluded from the analysis
by setting a prevalence threshold of 0.02%. The SparCC method was applied to calculate correlations, with a
cutoff based on Critical-R and a p-value of less than 0.05 to identify significant microbial associations.

Statistical analysis

Three replicates were employed to evaluate soil parameters, with the data subjected to a one-way analysis of
variance (ANOVA) using SPSS version 22.0 (SPSS Inc., Chicago, IL, USA). The results were reported as means +
standard error (SE), and Duncan’s multiple range test was used for mean comparisons. T-tests were performed
in Microsoft Excel to examine statistical differences in genera between genotypes and across locations. Pearson’s
correlation analysis was conducted using PAST to assess correlations among soil parameters and diversity indices.
To assess the influence of agricultural practices on the rhizosphere microbiome of wheat information on the
cropping system was collected at the time of sampling. Out of eight samples from eight districts, six samples were
from the rice-wheat cropping system, one from cotton-wheat system and one from sugarcane-wheat system.
To find out statistical differences among rhizospheric microbial communities in different cropping systems, a
principal coordinate analysis was performed. Venn diagrams were generated with Venny 2.1'%, and heat maps
were created using ClustVis'.

Results

Soil characteristics

The pH of the soil ranged from 6.72 to 7.44 in genotype HD3086, while it ranged from 6.72 to 7.38 in genotype
PBW343. Electrical conductivity ranged from 69 to 168 (usiemens/cm) for HD3086 and 65-177 (usiemens/cm)
for PBW343. Organic carbon ranged from 0.556 to 0.865% and 0.562-0.756%, respectively, in genotype HD3086
and PBW343 (Table 2). Available N, P, K, Fe, S ranged 137.2-495.2 mg/kg, 38.2-99.8 mg/kg, 66.3-213 mg/kg,
4.15-8.88 mg/kg and 477.5-1165 mg/kg respectively, in the samples of HD3086, while it ranged 144.8-252.8 mg/
kg, 38.2-99.8 mg/kg, 120-197.3 mg/kg, 5.15-6.88 mg/kg and 655.4-1043 mg/kg respectively, in the samples of
PWB343 (Table 3). Similarly total N, P, K, Fe, S ranged 1523-4676 mg/kg, 355.6-688 mg/kg, 2286-7287 mg/kg,
113.8-278 mg/kg and 1768-3788 mg/kg respectively, in the samples of HD3086, while it ranged 2392-3611 mg/
kg, 355.6-688 mg/kg, 2286-5487 mg/kg, 107.8-231.3 mg/kg and 1807-3497 mg/kg respectively, in the samples
of PWB343 (Supplementary Table 2).
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EC (Mosiemens/cm) | pH Organic carbon (%)

Location | HD3086 | PBW343 | HD3086 | PBW343 | HD3086 PBW343

Mansa 168+4.4 | 177123 | 7.12+0.3 | 7.15+0.2 | 0.641+0.02 | 0.641+0.03
Ludhiana 69.0+3.7 | 65.0+3.7 | 6.98+£0.2 | 6.93+£0.4 | 0.767+0.03 | 0.607+0.03
Faridkot 107+7.2 | 103+£5.9 |6.72+0.3 | 6.72+0.5 | 0.562+0.01 | 0.562+0.01
Jind 135+6.3 | 134+£7.8 |7.05%£0.2 | 7.02+0.2 | 0.724+0.05 | 0.624+0.04
Amritsar 112+5.1 | 107+4.3 |7.03+£0.2 | 7.38+0.2 | 0.556+0.03 | 0.756+0.02
Saharanpur | 93.1+£2.9 |102+6.3 |7.18+0.3 | 7.31+0.4 | 0.653+0.02 | 0.753+0.02
Ambala 103+8.2 | 109+8.8 |7.32+0.2 | 7.25+0.4 | 0.857+0.01 | 0.657+0.05
Hoshiarpur | 155+7.3 | 153+11.0 | 7.44+0.4 | 7.25+0.5 | 0.865+0.04 | 0.665+0.03

Table 2. Electrical conductivity, pH and organic carbon content of rhizospheric soil of genotype HD3086 and
PBW343. The data are mean of three replicates + standard error.

Available Fe (mg/
Available N (mg/kg) Available P (mg/kg) | Available K (mg/kg) kg) Available S (mg/kg)

Location HD3086 PBW343 HD3086 | PBW343 | HD3086 PBW343 HD3086 | PBW343 | HD3086 PBW343

Mansa 204474 |188.8+83 |56.2+39 |56.2+3.2 | 161.5+11.6 | 131.5+85 |[6.42+0.3 | 6.42+0.3 | 1062.6+43.2 | 918.6+27.3
Ludhiana 173.8+£5.6 144.8+6.5 |64.4+4.2 |43.7+£2.7 | 180.6+8.4 |1204+2.4 |4.85+0.2 |515+0.2 |733.94+44.7 |712.4+18.7
Faridkoot 1372429 | 149.5+52 |382+1.9 [382+1.6 | 73.1+52 |123.4+94 |415+0.4 |536+0.2 | 655.4+31.6 | 655.4+37.2
Jind 166.2+7.9 | 197.6+12.7 | 43.7+£3.6 | 64.4+43 | 663+32 |139.5+74 |436+0.2 |585+02 | 817.9+46.3 | 773.4£56.7
Amritsar 181.2+6.3 |241.5+13.9 | 68.8£2.5 | 99.8+£6.6 | 122.3+7.5 197.3+11.2 | 5.88+0.3 | 6.88+0.4 | 477.5+13.7 | 498.1+13.2
Saharanpur | 260.4+13.2 | 233.9+82 |61.2+59 |92.8+3.4 | 140.4+2.8 |190.4+8.6 |5.12+0.5 |6.62+0.4 | 529.6+28.4 | 554.1+31.8
Ambala 434.1+£19.8 | 252.8+7.5 |92.8+6.4 | 68.8+4.1 | 213.2+6.2 |181.2+9.7 [6.75+£0.2 | 6.65+0.3 | 918.6+53.8 | 943.5+57.2
Hosiyarpur | 495.2+12.4 | 249.4+£15.6 | 99.8+6.5 | 61.3+5.2 | 186.2+9.5 | 166.2+11.5 | 8.88+0.6 | 6.38+0.5 1165+67.4 | 1043+32.6

Table 3. Available N, P, K, Fe and S of rhizospheric soil of genotype HD3086 and PBW343. The data are mean
of three replicates + standard error.

Effect of genotypes and location on the abundance and diversity of the wheat rhizosphere
microbiota

OTU counts varied from 6760 to 10,708 in the rhizospheric soil collected from genotype HD3086, and it ranged
from 2687 to 13,571, in the rhizospheric soil collected from the genotype PBW343 (Supplementary Table 4).
The t-test revealed a significant difference (p <0.05) in the abundance (Chao-1) and diversity (Shannon Index)
between the genotype and among the different locations (Fig. 1a-b). The abundance and diversity were highest in
the soils collected from Hoshiarpur, Punjab, and Ambala Punjab respectively. The abundance and the diversity
were lowest in the soil collected from the Faridkoot, Punjab, and Ludhiana, Punjab, respectively (Fig. 1a-b).

Effect of wheat genotypes on the rhizosphere Microbiome at the phyla and genera level

We observed significant effects of the two genotypes on the wheat rhizosphere microbiome in the study area. Out
of the top 10 most abundant phyla (together constituting 95% of the relative abundance), a significant difference
was observed in the relative abundance of four phyla between the genotypes. They include Proteobacteria,
Verrucomicrobia, Firmicutes, and Planctomyces - the first three were found to have higher relative abundance
in the genotype HD3086, while the relative abundance of Planctomyces was higher in PBW343 (Supplementary
Table 4; Fig. 2a-b). Among the top 50 genera, 18 showed a significant difference (p<0.05) in their mean
relative abundance between the genotypes (Table 4). These genera include UTCFX1, Luteolibacter, Terrimonas,
Pseudomonas, AKYG587, Gemmata, Altererythrobacter, Stenotrophobacter, Devosia, Pseudarthrobacter,
Algoriphagus, Noviherbaspirillum, Mariniflexile, Gaiella, Lacibacter, Nitrosospira, Luteimonas, and Aridibacter.
Among these 18 genera, 10 recorded a higher relative abundance in the rhizosphere of HD3086, and eight
recorded a higher relative abundance in PBW343 (Supplementary Table 5; Fig. 3).

Rhizosphere microbial taxa distribution across the genotypes and locations

The number of genera recorded was 492, and the number of genera varied in relation to both genotypes and
locations. A total of 421 genera were recorded in the rhizosphere of HD3086, while the rhizosphere of PBW343
recorded 321 genera. Of the total 492 genera recorded 251 (51%) were recorded in the rhizosphere of both
the genotypes; 170 (34.6%) were recorded only in the rhizosphere of HD3086 and 71 (14.4%) were recorded
only in the rhizosphere of PBW343 (Fig. 4). Across the location, number of genera recorded in the rhizosphere
of both the genotypes were 92 (47.4%), 68 (37.4%), 56 (35%), 90 (39.3%), 114 (39%), 110 (46%), 92 (36.8%)
and 79 (34.3%), respectively in the soil samples collected from the Mansa, Ludhiana, Faridkot, Jind, Amritsar,
Saharanpur, Ambala and Hoshiarpur. Number of genera exclusively recorded in the rhizosphere of HD3086,
under the eight locations in order above respectively were, 68 (35.1%), 88 (48.4%), 81 (50.6%), 102 (44.5%),
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Fig. 1. (a) Alpha diversity indices in terms of Shannon Index in HD3086 and PBW 343 rhizopsheric soil
collected from eight districts of lower IGP. Data presents replicates mean + standard error, values followed by
the same letter are not significantly different (p <0.05) according to Duncan’s multiple range test. (b) Alpha
diversity indices in terms of Chao-1 in HD3086 and PBW343 rhizopsheric soil collected from eight districts of
lower IGP. Details as mentioned in Fig. 1a.
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Fig. 2. (a) Relative abundance (%) of bacterial phyla present in HD3086 rhizopsheric soil collected from eight
districts of lower IGP. (b) Relative abundance (%) of bacterial phyla present in the PBW343 rhizopsheric soil
collected from eight districts of lower IGP.

60 (20.5%), 61 (25.5%), 99 (39.6%) and 105 (45.7%), while in the rhizosphere of PBW343, number of genera
exclusively were 34 (17.5%), 26 (14.3%), 23 (14.4%), 37 (16.2%), 118 (40.4%), 68 (28.5%), 59 (23.6%) and 46
(20%) (Fig. 4).

The relative abundance of the top 10 microbial phyla (in terms of relative abundance) in the rhizospheres of
HD3086 and PBW343 is presented in Supplementary Table 4. Among them, the 10 most abundant microbial phyla
with their relative abundance in the rhizosphere of HD3086 included Proteobacteria (22.12%), Bacteroidetes
(16.80%), Chloroflexi (16.23%), Verrucomicrobia (10.24%), Planctomycetes (9.03%), Acidobacteria (6.38%),
Actinobacteria (4.94%), Patescibacteria (3.62%), Gemmatimonadetes (3.40%), and Firmicutes 2.35%.
Similarly top 10 phyla recorded in the rhizosphere of PBW343 were Chloroflexi (17.70%), Proteobacteria
(17.68%), Bacteroidetes (16.40%), Planctomycetes (14.70%), Verrucomicrobia (7.71%), Acidobacteria (7.59%),
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UTCFX1 13.9 19.6 0.025
Luteolibacter 8.49 4.71 0.032
Terrimonas 1.79 3.20 0.029
Pseudomonas 2.28 1.01 0.038
AKYG587 0.68 2.34 0.000
Gemmata 0.99 2.02 0.000
Altererythrobacter 1.73 1.11 0.003
Stenotrophobacter | 0.68 1.13 0.032
Devosia 1.43 0.27 0.004
Pseudarthrobacter 1.03 0.61 0.046
Algoriphagus 1.27 0.00 0.016
Noviherbaspirillum | 1.19 0.11 0.000
Mariniflexile 1.12 0.02 0.035
Gaiella 0.37 0.57 0.019
Lacibacter 0.07 0.85 0.000
Nitrosospira 0.80 0.12 0.007
Luteimonas 0.65 0.21 0.024
Aridibacter 0.18 0.52 0.006

Table 4. Relative abundance of genera that showed significant differences between the varieties.

Fig. 3. Top 50 genera heat-map showing the relative abundance (%) present in HD3086 and PBW343
rhizopsheric soil collected from eight districts of lower IGP.

Patescibacteria (4.37%), Actinobacteria (4.32%), Gemmatimonadetes 2.70%), and Firmicutes (1.73%). The order
of top 10 genera in the rhizosphere of HD3086 were UTCFX1 (13.88%) > Luteolibacter (8.49%) > Sphingomonas
(2.93%) > Massilia
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Fig. 4. Venn diagram showing distribution pattern of genera in HD3086 and PBW 343 rhizopsheric soil
collected from eight districts of lower IGP.

(3.67%) > Massilia (3.35%) > Bacillus (3.34%) > Terrimonas (3.21%) > ADurb.Bin063-1 (2.56%) and AKYG587
(2.35%) (Supplementary Table 5).

Effect of cropping system on rhizosphere microbial communities

The principal coordinates explained 71.9% (PC1) and 12.5% (PC2) of the variation in the microbial communities
among the cropping systems. Group 1 comprises one sample of rice-wheat cropping system and one sample of
cotton-wheat system; group 2 comprises two samples of rice-wheat system; group 3 comprises one sample of
rice-wheat system, and group 4 comprises 2 samples of rice-wheat system and one sample of sugarcane-wheat
system (Fig. 5a). To find out the statistical differences among the microbial communities in two genotypes and
different cropping systems, a principal coordinate analysis was performed. The principal coordinates explained
54.4% (PC1) and 24.4% (PC2) of the variation in the microbial communities (Fig. 5b). The results of both
analyses revealed cropping system does not have any significant control in selecting the microbial communities.

Core taxa and their abundance

Core taxa of the wheat rhizosphere microbiome were identified based on the criteria of the presence of the
OTU in all the soil samples. This prevalence criterion enabled the identification of the wheat rhizosphere core
microbiota across the location and wheat genotype. We observed that the number of core taxa was 27 across
both genotypes (Supplementary Table 6). These represent 5.48% of the total taxa and 62% of the total relative
abundance. The number of core taxa recorded in genotype HD3086 was 47 (Supplementary Table 7) while it was
37 in PBW343 (Supplementary Table 8); these represent 9.55% and 7.50% of total taxa and 69.6% and 73% of
total relative abundance, respectively.

Correlation between soil parameters and microbial community diversity

Correlation analysis was performed among soil parameters and microbial community diversity in terms of the
Shannon index for both varieties separately. In case of genotype HD3086, it was observed that the microbial
diversity index was significantly correlated with soil parameters like pH (P=0.002), total N (P=0.000), available
N (P=0.023), total K (P=0.007), available K (P=0.016), available P (P=0.020), total P (P=0.013), available Fe
(P=0.043), and OC content (P=0.003), (Fig. 6a-b, supplementary Table 2). While in case of genotype PBW343
microbial diversity index was significantly correlated with soil parameters like pH (P=0.002), total N (P=0.010),
available N (P=0.001), total K (P=0.032), available K (P=0.003), available P (P=0.002), total P (P=0.032),
available Fe (P=0.001), and OC content (P=0.010), (Fig. 6a-b).

Co-occurrence network analysis

To further compare the interactions and associations of microbiomes in the rhizospheric soil of HD3086 and
PBW343 from all the sites, we assessed the co-occurrence patterns of microbial communities and calculated
microbial network parameters in terms of distance, including node and edge. Microbial network analysis
had demonstrated that with respect to the sampling location nodes representing both varieties, the microbial
abundance of the single location was very close to each other (Fig. 7).

Discussion

The primary goal of wheat crop breeding has historically been to identify wheat varieties that are tolerant to pests
and diseases. However, root features and their ability to attract beneficial bacterial populations have received
less attention?’. Considering the crucial role that bacterial communities play in enhancing crop productivity?!,
further investigation is needed to understand how beneficial bacteria are recruited in the wheat rhizosphere.

In this study, we employed an integrative approach to investigate the rhizosphere microbiome of two wheat
varieties, HD3086 and PBW343. Our analysis included evaluating the comprehensive microbial diversity,
encompassing bacteria, across soils collected from various locations in the trans Indo-Gangetic Plain (IGP).
The abundance of microbial communities associated with plants generally depends on factors such as soil
characteristics, plant growth stage, variety cultivated, weather conditions of the crop-growing area, and cropping

history?2-24,
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Fig. 5. (a)P diversity of bacteria associated with HD3086 and PBW343 wheat rhizosphere across eight
districts of lower IGP based on weighted unifrac distances. (b)p diversity of bacteria associated with HD3086
and PBW343 wheat rhizosphere across eight districts of lower IGP based on weighted unifrac distances in
replicates.

By growing the two wheat varieties in eight different soils, we found a significant varietal impact on diversity
(Shannon Index) and abundance (Chao-1). The variability between the same locations under both genotypes
was larger than the average variability of both genotypes. These results contrast with the findings of Simonin et
al.?®, who did not find a significant varietal impact on the abundance and diversity of microbial populations in
eight diverse soils cultivated under three different varieties. However, our findings align with previous reports
indicating that wheat genotypes affect microbial abundance*?%%”. The observed varietal impact in our study may
be highlighted by the differential recruitment of microbiota in the wheat rhizosphere concerning soil properties
and wheat variety.

Principal Coordinates Analysis (PCoA) in our study did not show any consistent grouping patterns, with
no fixed grouping based on soil location, wheat variety, or cropping system. These findings are parallel to our
earlier reports where we did not find any fixed grouping pattern of soil across different locations?®. However, the
grouping pattern based on cropping systems was contrary to a previous report where we found separation based
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Fig. 6. (a) Pearson correlations in terms of the Shannon Index between the physicochemical characteristics
of the soil and the bacterial diversity of the wheat rhizosphere in variety HD3086. (b) Pearson correlations in
terms of the Shannon Index between the physicochemical characteristics of the soil and the bacterial diversity
of the wheat rhizosphere in variety PBW343.

on cropping systems?. This discrepancy might be due to differences in the number of samples from cropping
systems, as six soils were from the rice-wheat cropping system, while only one soil each was from the cotton-
wheat and sugarcane-wheat cropping systems. Additionally, this segregation could be attributed to variations in
soil parameters, particularly those identified as primary influencers of wheat microbiomes®.

Plants continuously attract certain taxa, known as the core microbiome, which are essential for plant nutrition
and health!*. Furthermore, in the manipulation of plant-associated microbiomes, it is crucial to identify
taxa that contribute beneficial functions to plants. We observed yet the distinct soils from multiple varieties,
from diverse altitude and longitude showed significant effects on the microbial communities abundance and
composition in the rhizosphere of wheat, it was constantly enriched with lesser number of microbial taxa
within the phyla Proteobacteria, Chloroflexi, Bacteroidetes, Planctomycetes, Verrucomicrobia, Acidobacteria
and Actinobacteria, which together comprises more than 80% phyla, paralleling results in other studies”?’.
Proteobacteria predominated in both varieties (HD3086 and PBW343), a typical finding consistent with other
reports in soil samples and diverse plant environments, particularly the rhizosphere, owing to the copiotrophic
traits of many members within this phylum?3*!. This phylum is vital in various biogeochemical cycles, notably
those concerning carbon and nitrogen>2.
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Fig. 7. Co-occurrence network graph, pink color nodes present variety HD3086 while green nodes presents
variety PBW343. KM1, KM2, KM5, KM6, KM9, KM10, KM13, KM14, KM17, KM18, KM21, KM22, KM25,
KM26, KM29, and KM30 presents Mansa, Ludhiana, Faridkot, Jind, Amritsar, Saharanpur, Ambala and
Hoshiarpur in duplicates for variety HD3086 while KM3, KM4, KM7, KM8, KM1, KM12, KM15, KM16,
KM19, KM20, KM23, KM24, KM27, KM28, KM31, and KM32 presents Mansa, Ludhiana, Faridkot, Jind,
Amritsar, Saharanpur, Ambala and Hoshiarpur in duplicates for variety PBW343.

The presence of the phyla Chloroflexi, Bacteroidetes, Planctomycetes, Verrucomicrobia, Acidobacteria, and
Actinobacteria, is consistent with earlier reports in the different crops***%. Members of the Bacteroidetes phylum
encode a unique constitutive alkaline phosphatase PafA, implying that their inclusion as core microbiota in
crops could be significant for phosphorus mobilization. Conversely, Actinobacteria and Firmicutes emerge
as the dominant phyla in the rhizosphere of different wheat varieties, characterized as K-strategists, a finding
supported by several other studies?®*. In our current findings, we reported that important factors of the
microbial community’s population and abundance in the rhizosphere of wheat are the soil location and wheat
variety, although, cropping system showed very little impacts. In eight diverse soils spanning the trans IGP
region and two wheat varieties, we identified 47 prokaryotic taxa at the genus level consistently associated
with the HD3086 wheat rhizosphere, 37 taxa with PBW343 wheat rhizosphere, and common core taxa that
constitute the core microbiome of both varieties were 27, constituting a core microbiome. As our findings of
varietal effects on microbial community, earlier reports also showed that the selection of a specific genotype
of wheat for cultivation influence and regulates the population and abundance of bacterial community in the
rhizosphere®. Dilla-Ermita et al.* recently reported field and growth chamber findings in which they utilized
eight distinct cultivars of wheat under the same soil and found that the major factor which affects rhizospheric
microbial communities was the cultivar used. The core taxa which had a significant effect on growth and
productivity of crops are in general represents more than 50% of relative abundance of microbial population
and it has host specific activity'?. Our present findings facilitated the selection of a concise list of taxa for future
wheat microbiome explorations. These will serve as important findings for culturomics, genomic, and synthetic
community analyses, advancing microbiome engineering in agriculture.

Many factors that influence the rhizospheric soil bacterial community structure include physicochemical
characteristics and the geographical location of the soil. Plant rhizosphere exudates and other elements interact
with the soil’s preexisting microbiota to recruit and alter the microbiome in the rhizosphere for the plants’
benefit’’. Many reports on multiple crops are available, which showed the soil characteristics of the rhizospheric
microbiota®*”. In our current study, correlation analyses showed significant relationships between the diversity
index (Shannon Index) and soil physicochemical properties, including soil pH, organic carbon content, and the
availability of nutrients such as N, P, K, and Fe, as well as total N, P, and K, were significantly correlated in both
the varieties, hence, these parameters drive the diversity of microbial population of wheat rhizosphere grown
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in trans IGP. Our results supported the findings of Rascovan et al.’’, and Wu et al.%, as they discussed how
rhizospheric microbial communities are affected by pH, organic carbon concentration, and other soil nutrient
variables. pH and OC are critical factors which determine the composition of microbial communities in the
s0il*$%. Qur research clearly shows that the available nutrients, particularly N, P, and Fe, have a significant
impact on bacterial diversity. The most significant primary nutrient that limits crop growth and output is
nitrogen, which is regulated by the microbial populations in the soil. It is commonly known that nitrogen affects
rhizospheric microbial populations®#3#3%. The current study’s substantial positive association between accessible
nitrogen and diversity is consistent with these previous findings. Like nitrogen (N), phosphorus (P) is a vital soil
element that limits crop growth by limiting the capacity of crop plants to use available P to increase productivity.
Research has documented the reciprocal influence between available phosphorus and rhizosphere microbial
communities in various cropsi®!. The available P has a positive correlation with microbial abundance and
uniformity throughout the wheat rhizosphere in the present study, which is consistent with previous findings on
other crops in addition to wheat**2. Additionally, we also recorded a significant relationship between diversity
index and available Fe content, which is similar to the earlier findings of Wu et al.*°.

More exclusively, 27 genera have been identified as core taxa of the wheat rhizosphere of varieties HD3086
and PBW343, in all soil samples. These core taxa exhibited high prevalence and abundance, defying expectations
since we did not establish a relative abundance threshold for their identification. Together, identified 27 taxa
(5.50% of the identified taxa) represent 62% of the relative abundance, putting forward a significant presence of
these bacterial populations in the rhizosphere. These results imply that wheat interacts with the same bacterial
populations, suggesting that these microbes and wheat may have co-evolved. This finding aligns with a prior
study on the wheat microbiome, which showed that cropping practices did not affect highly co-occurring taxa
or possible core taxa?®. The identified core taxa exhibit significant prevalence and abundance, indicating their
ecological relevance.

Among the core 27 genera, genera with relative abundance more than 1% include UTCFX1, Sphingomonas,
Luteolibacter, Flavisolibacter, Bacillus, Pirellula, RB41, Terrimonas, Gemmata, MND1, and Pir4_lineage. UTCFX1
were the most abundant genera identified in the present study; similarly Chen et al.*, also reported these genera
as the most abundant in the multiple cropping system. Recently, Xia et al.*5, suggested the role of these genera
in salt stress tolerance. The genus Sphingomonas not only promotes plant growth?, but also increases plant
resistance to pathogens. Sphingomonas have been shown to improve plant response to a variety of pathogens*,
including fungi and bacteria. The average relative abundance of this genera in the present study was 8%. The
genera Luteolibacter, Flavisolibacter, and Bacillus, are the genera which are commonly known for their plant
growth promoting properties for a long time?. Therefore, their abundance in the current findings suggests their
positive contribution to wheat plant growth independent of the wheat variety. MNDI comprises a cluster of
ammonia-oxidizing bacteria (AOB) crucial for soil nitrogen cycling via nitrification and nitrogen fixation in
agricultural soils?’. RB41 is widely acknowledged as a vital genera of soil microbiomes and agroecosystems,
with the ability to selectively influence decomposition of soil organic matter and carbon cycling in agricultural
soils*®. The increase in these bacteria’s abundance after the nitrogen fertiliser was reduced might have improved
the soil’s capacity to sequester carbon and nitrogen, which would have improved overall health through a
variety of processes like nutrient cycling, soil structure, and biological interactions. Dai et al.*’, reported genera
Terrimonas, was significantly accumulated in the rhizopheric soil of wheat, and their significance in disease
resistance was evidenced. Similarly, we also noted the abundance of these genera in the rhizosphere of the wheat.
The Gemmata, which was found in abundance in the present study, belongs to the phylum Planctomycetes and
is universally disseminated in wide environments, and its diversity is sensitive to soil management history. The
sole member of this phylum identified was Gemmata, a genus newly found in the rhizosphere of corn. Gemmata
possesses the ability to perform heterotrophic nitrification and anaerobic ammonia oxidation (anammox)*°.
Pir4 lineage (Pirellulaceaea) anaerobic ammonia oxidizing bacteria were present in abundance in both varieties
in the present study, suggesting their significant involvement in ammonia oxidation®!. In addition to this, the
genus has been well established for sulphur oxidation. The abundance of this genus in the wheat rhizosphere can
be linked to the rich sulfur content in the rhizosphere of both wheat varieties.

Conclusion

In conclusion, this study provides a comprehensive characterization of the wheat rhizosphere microbiota across
the trans-Indo-Gangetic Plain, detailing core microbial taxa. The rhizospheric soil exhibited distinct bacterial
community compositions and diversity, which were influenced by variations in soil parameters. We extensively
investigated the impacts of wheat variety and geographical location on these microbial communities. The
number of shared and unique genera differed significantly between the two wheat varieties. These findings
enhance our knowledge of bacterial diversity in intensive agricultural settings, offering insights for sustainable
agriculture practices through biological management strategies. Future research should focus on culturing
these wheat-associated microorganisms to unlock their potential in enhancing crop productivity and disease
resistance sustainably. A holistic approach considering the plant holobiont, beyond bacteria alone, is essential
for advancing these efforts.

Data availability
The sequence data generated was submitted to NCBI database with project number (Project number: PRJ-
NA1128054; SRA ID: SRR29548375 to SRR29548382).

Received: 17 July 2025; Accepted: 14 January 2026
Published online: 25 March 2026

Scientific Reports |

(2026) 16:14953 | https://doi.org/10.1038/s41598-026-36646-4 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

References

1.

2.

3.

10.

11.

12.

13.
14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Arora, N. K., Fatima, T., Mishra, I. & Verma, S. Microbe-based inoculants: role in next green revolution. In Environmental Concerns
and Sustainable Development (eds Shukla, V. & Kumar, N.) 191-246 (Springer, Singapore, 2020).

Durén, P. et al. Screening and characterization of potentially suppressive soils against Gaeumannomyces Graminis under extensive
wheat cropping by Chilean Indigenous communities. Front. Microbiol. 8 https://doi.org/10.3389/fmicb.2017.01552 (2017).
Ziarovska, ]., Medo, J., Kysel, M., Zamieskova, L. & Ka¢aniov4, M. Endophytic bacterial Microbiome diversity in early developmental
stage plant tissues of wheat varieties. Plants 9 https://doi.org/10.3390/plants9020266 (2020).

. Dilla-Ermita, C. J., Lewis, R. W,, Sullivan, T. S. & Hulbert, S. H. Wheat genotype-specific recruitment of rhizosphere bacterial

microbiota under controlled environments. Front. Plant. Sci. 12 https://doi.org/10.3389/fpls.2021.718264 (2021).

. Abdullaeva, Y. et al. Domestication impacts the wheat-associated microbiota and the rhizosphere colonization by seed- and soil-

originated microbiomes, across different fields. Front. Plant. Sci. 12. https://doi.org/10.3389/fpls.2021.806915 (2022).

. Bender, S. E, Wagg, C. & van der Heijden, M. G. An underground revolution: biodiversity and soil ecological engineering for

agricultural sustainability. Trends Ecol. Evol. 31 https://doi.org/10.1016/j.tree.2016.02.016 (2016).

. Mahoney, A. K., Yin, C. & Hulbert, S. H. Community structure, species variation, and potential functions of rhizosphere-associated

bacteria of different winter wheat (Triticum aestivum) cultivars. Front. Plant. Sci. https://doi.org/10.3389/fpls.2017.00132 (2017).

. Fan, K. et al. Rhizosphere-associated bacterial network structure and Spatial distribution differ significantly from bulk soil in

wheat crop fields. Soil. Biol. Biochem. 113 https://doi.org/10.1016/j.s0ilbio.2017.06.020 (2017).

. Burns, J. H., Anacker, B. L., Strauss, S. Y. & Burke, D. J. Soil microbial community variation correlates most strongly with plant

species identity, followed by soil chemistry, Spatial location and plant genus. AoB Plants. 7 https://doi.org/10.1093/aobpla/plv030
(2015).

Sergaki, C., Lagunas, B., Lidbury, I, Gifford, M. L. & Schifer, P. Challenges and approaches in Microbiome research: from
fundamental to applied. Front. Plant. Sci. 9. https://doi.org/10.3389/fpls.2018.01205 (2018).

Zhalnina, K. et al. Dynamic root exudate chemistry and microbial substrate preferences drive patterns in rhizosphere microbial
community assembly. Nat. Microbiol. 3 https://doi.org/10.1038/541564-018-0129-3 (2018).

Zheng, Y. et al. Core root-associated prokaryotic community and its relationship to host traits across wheat varieties. J. Exp. Bot.
74. https://doi.org/10.1093/jxb/erad066 (2023).

Toju, H. et al. Core microbiomes for sustainable agroecosystems. Nat. Plants. 4 https://doi.org/10.1038/s41477-018-0139-4 (2018).
Busby, P. E. et al. Research priorities for Harnessing plant microbiomes in sustainable agriculture. PLoS Biol. 15. https://doi.org/10
.1371/journal.pbio.2001793 (2017).

Lemanceau, P, Blouin, M., Miiller, D. & Moénne-Loccoz, Y. Let the core microbiota be functional. Trends Plant. Sci. 22 https://do
i.0rg/10.1016/j.tplants.2017.04.008 (2017).

Zheng, Y. et al. Wheat-root associated prokaryotic community: interplay between plant selection and location. Plant. Soil. 464
https://doi.org/10.1007/s11104-021-04945-6 (2021).

Martin-Laurent, E. et al. DNA extraction from soils: old bias for new microbial diversity analysis methods appl. Environ. Microbiol.
67. https://doi.org/10.1128/ AEM.67.5.2354-2359.2001 (2001).

Oliveros, J. C. Venny. An interactive tool for comparing lists with Venn’s diagrams (2015). Available at: http://bioinfogp.cnb.csic.e
s/tools/venny/

Metsalu, T. & Vilo, J. ClustVis: a web tool for visualizing clustering of multivariate data using Principal Component Analysis and
heatmap. Nucleic acids Res. 43 https://doi.org/10.1093/nar/gkv468. (2015).

Cappelli, S. L., Domeignoz-Horta, L. A., Loaiza, V. & Laine, A. L. Plant biodiversity promotes sustainable agriculture directly and
via belowground effects. Trends Plant. Sci. 27 https://doi.org/10.1016/j.tplants.2022.02.003 (2022).

Suman, A. et al. Microbial community and function-based synthetic bioinoculants: a perspective for sustainable agriculture. Front.
Microbiol. 12 https://doi.org/10.3389/fmicb.2021.805498 (2022).

Acunia, J. J. et al. Diversity, community structure, and potential functions of root-associated bacterial communities of different
wheat (Triticum aestivum) cultivars under field conditions. Agronomy 13 https://doi.org/10.3390/agronomy13051392 (2023).
Berg, G. & Smalla, K. Plant species and soil type cooperatively shape the structure and function of microbial communities in the
rhizosphere. FEMS Microbiol. Ecol. 68. https://doi.org/10.1111/j.1574-6941.2009.00654.x (2009).

Walters, W. A. et al. Large-scale replicated field study of maize rhizosphere identifies heritable microbes. Proc. Natl. Acad. Sci. 115
https://doi.org/10.1073/pnas.1800918115 (2018).

Simonin, M. et al. Influence of plant genotype and soil on the wheat rhizosphere Microbiome: evidences for a core Microbiome
across eight African and European soils. FEMS microbiol. Ecol 96 https://doi.org/10.1093/femsec/fiaa067 (2020).

Donn, S., Kirkegaard, J. A., Perera, G., Richardson, A. E. & Watt, M. Evolution of bacterial communities in the wheat crop
rhizosphere. Environ. Microbiol. 17 https://doi.org/10.1111/1462-2920.12452 (2015).

Yin, C. et al. Bacterial communities on wheat grown under long-term conventional tillage and no-till in the Pacific Northwest of
the united States. Phytobiomes 1 https://doi.org/10.1094/PBIOMES-09-16-0008-R (2017).

Kumar, M. et al. Core microbiota of wheat rhizosphere under upper indo-gangetic plains and their response to soil physicochemical
properties. Front. Plant. Sci. 14. https://doi.org/10.3389/fpls.2023.1186162 (2023).

Ansari, W. A. et al. Influence of rice-wheat and sugarcane-wheat rotations on microbial diversity and plant growth promoting
bacteria: insights from high-throughput sequencing and soil analysis. Microbiol. Res. 278. https://doi.org/10.1016/j.micres.2023.1
27533 (2024).

Zhang, X., Liu, S., Jiang, Z., Wu, Y. & Huang, X. Gradient of microbial communities around seagrass roots was mediated by
sediment grain size. Ecosphere 13 https://doi.org/10.1007/s10.1002/ecs2.3942 (2022).

Astorga-El6, M. et al. Composition, predicted functions and co-occurrence networks of rhizobacterial communities impacting
flowering desert events in the Atacama desert. Chile Front. Microbiol. 11. https://doi.org/10.3389/fmicb.2020.00571 (2020).

Jiang, C., Sun, X. R, Feng, ], Zhu, S. E & Shui, W. Metagenomic analysis reveals the different characteristics of microbial
communities inside and outside the Karsttiankeng. BMC Microbiol. 22 https://doi.org/10.1186/s12866-022-02513-1 (2022).
Bziuk, N. et al. Tillage shapes the soil and rhizosphere Microbiome of barley-but not its susceptibility towards Blumeria Graminis
f. sp. hordei. FEMS microbiol. Ecol 97 https://doi.org/10.1093/femsec/fiab018 (2021).

Dhondge, H. V. et al. Exploring the core microbiota in scented rice (Oryza sativa L.) rhizosphere through metagenomics approach.
Microbiol. Res. 263. https://doi.org/10.1016/j.micres.2022.127157 (2022).

Xu, T. et al. Characterization of the microbial communities in wheat tissues and rhizosphere soil caused by Dwarf bunt of wheat.
Sci. Rep. 11. https://doi.org/10.1038/s41598-021-85281-8 (2021).

Pérez-Jaramillo, J. E., Mendes, R. & Raaijmakers, J. M. Impact of plant domestication on rhizosphere Microbiome assembly and
functions. Plant. Mol. Biol. 90 https://doi.org/10.1007/s11103-015-0337-7 (2016).

Rascovan, N. et al. Integrated analysis of root microbiomes of soybean and wheat from agricultural fields. Sci. Rep. 6 https://doi.o
rg/10.1038/srep28084 (2016).

Wu, A. L. et al. Effect of continuous sorghum cropping on the rhizosphere microbial community and the role of Bacillus
amyloliquefaciens in altering the microbial composition. Plant. Growth Regul. 89 https://doi.org/10.1007/s10725-019-00533-y
(2019).

Wu, T, Qin, Y. & Li, M. Intercropping of tea (Camellia sinensis 1.) and Chinese chestnut: variation in the structure of rhizosphere
bacterial communities. J. Soil. Sci. Plant. Nutr. 21. https://doi.org/10.1007/s42729-021-00513-0 (2021).

Scientific Reports |

(2026) 16:14953 | https://doi.org/10.1038/s41598-026-36646-4 nature portfolio


https://doi.org/10.3389/fmicb.2017.01552
https://doi.org/10.3390/plants9020266
https://doi.org/10.3389/fpls.2021.718264
https://doi.org/10.3389/fpls.2021.806915
https://doi.org/10.1016/j.tree.2016.02.016
https://doi.org/10.3389/fpls.2017.00132
https://doi.org/10.1016/j.soilbio.2017.06.020
https://doi.org/10.1093/aobpla/plv030
https://doi.org/10.3389/fpls.2018.01205
https://doi.org/10.1038/s41564-018-0129-3
https://doi.org/10.1093/jxb/erad066
https://doi.org/10.1038/s41477-018-0139-4
https://doi.org/10.1371/journal.pbio.2001793
https://doi.org/10.1371/journal.pbio.2001793
https://doi.org/10.1016/j.tplants.2017.04.008
https://doi.org/10.1016/j.tplants.2017.04.008
https://doi.org/10.1007/s11104-021-04945-6
https://doi.org/10.1128/AEM.67.5.2354-2359.2001
http://bioinfogp.cnb.csic.es/tools/venny/
http://bioinfogp.cnb.csic.es/tools/venny/
https://doi.org/10.1093/nar/gkv468
https://doi.org/10.1016/j.tplants.2022.02.003
https://doi.org/10.3389/fmicb.2021.805498
https://doi.org/10.3390/agronomy13051392
https://doi.org/10.1111/j.1574-6941.2009.00654.x
https://doi.org/10.1073/pnas.1800918115
https://doi.org/10.1093/femsec/fiaa067
https://doi.org/10.1111/1462-2920.12452
https://doi.org/10.1094/PBIOMES-09-16-0008-R
https://doi.org/10.3389/fpls.2023.1186162
https://doi.org/10.1016/j.micres.2023.127533
https://doi.org/10.1016/j.micres.2023.127533
https://doi.org/10.1007/s10.1002/ecs2.3942
https://doi.org/10.3389/fmicb.2020.00571
https://doi.org/10.1186/s12866-022-02513-1
https://doi.org/10.1093/femsec/fiab018
https://doi.org/10.1016/j.micres.2022.127157
https://doi.org/10.1038/s41598-021-85281-8
https://doi.org/10.1007/s11103-015-0337-7
https://doi.org/10.1038/srep28084
https://doi.org/10.1038/srep28084
https://doi.org/10.1007/s10725-019-00533-y
https://doi.org/10.1007/s42729-021-00513-0
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

40. Lang, M., Christie, P,, Zhang, J. & Li, X. Long-term phosphorus application to a maize monoculture influences the soil microbial
community and its feedback effects on maize seedling biomass. Appl. Soil. Ecol. 128. https://doi.org/10.1016/j.apso0il.2018.01.005
(2018).

41. Zhuang, W. et al. Diversity, function and assembly of Mangrove root-associated microbial communities at a continuous fine-scale.
Biofilms Microbiomes. 6 https://doi.org/10.1038/541522-020-00164-6 (2020).

42. Wang, C. et al. Integrated organic and inorganic fertilization and reduced irrigation altered prokaryotic microbial community
and diversity in different compartments of wheat root zone contributing to improved nitrogen uptake and wheat yield. Sci. Total
Environ. 842. https://doi.org/10.1016/j.scitotenv.2022.156952 (2022).

43. Hamonts, K. et al. Field study reveals core plant microbiota and relative importance of their drivers. Environ. Microbiol. 20. https:
//doi.org/10.1111/1462-2920.14031 (2018).

44. Chen, T. et al. Soil bacterial community in the multiple cropping system increased grain yield within 40 cultivation years. Front.
Plant. Sci. 12. https://doi.org/10.3389/fpls.2021.804527 (2021).

45. Xia, F et al. Effect of salt stress on Microbiome structure and diversity in chamomile (Matricaria Chamomilla L.) rhizosphere soil.
Agronomy 13 https://doi.org/10.3390/agronomy13061444 (2023).

46. Luo, Y. et al. Complete genome sequence of Sphingomonas sp. Cra20, a drought resistant and plant growth promoting rhizobacteria.
Genomics 112 https://doi.org/10.1016/j.ygeno.2020.04.013 (2020).

47. Yu, M. et al. Bacterial community structure and putative nitrogen-cycling functional traits along a charosphere gradient under
waterlogged conditions. Soil. Biol. Biochem. 162 https://doi.org/10.1016/j.s0ilbi0.2021.108420 (2021).

48. Banerjee, S., Schlaeppi, K. & van der Heijden, M. G. Keystone taxa as drivers of Microbiome structure and functioning. Nat. Rev.
Microbiol. 16 https://doi.org/10.1038/s41579-018-0024-1 (2018).

49. Dai, Y. et al. Wheat-associated microbiota and their correlation with Stripe rust reaction. J. Appl. Microbiol. 128. https://doi.org/1
0.1111/jam.14486 (2020).

50. Morales, M. E. et al. Rhizospheric Microbiome responses to cover crop suppression methods. Agronomy 12 https://doi.org/10.339
0/agronomy12102246 (2022).

51. McDonald, M. D., Lewis, K. L., Blazier, J. C. & Gentry, T. ]. Semi-arid soil bacterial communities are refined by altered plant
selection pressure under conservation management practices. Appl. Soil. Ecol. 194. https://doi.org/10.1016/j.aps0il.2023.105191
(2024).

52. Muwawa, E. M. et al. 16S rRNA gene amplicon-based metagenomic analysis of bacterial communities in the rhizospheres of
selected Mangrove species from mida creek and Gazi Bay, Kenya. PLoS One. 16 https://doi.org/10.1371/journal.pone.0248485
(2021).

Acknowledgements

The authors are highly thankful to Centre for Agricultural Bioinformatics (CABin), and Network Project on Ag-
ricultural Bioinformatics and Computational Biology under which fund has been received from Indian Council
of Agricultural Research (ICAR). Authors also express gratitude to the Director, ICAR-National Bureau of Agri-
culturally Important Microorganisms, Mau, India, for infrastructure facilities.

Author contributions

MK: Conceptualization, Supervision, Writing - review & editing. WAA: Soil sampling, Investigation, Formal
analysis, Visualization, Writing - original draft. ASi: Formal analysis, Writing - review & editing. HC: Writing
- review & editing. SCK and MTZ: Soil biochemical analysis. MSE, AS, SS, and GKJ: did statistical analysis, bio-
informatics analysis, and interpretation of the data. AKS: Resources, Writing - review & editing.

Funding
Network Project on Agricultural Bioinformatics and Computational Biology, Indian Council of Agricultural
Research.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/1
0.1038/541598-026-36646-4.

Correspondence and requests for materials should be addressed to M.K.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports|  (2026) 16:14953 | https://doi.org/10.1038/s41598-026-36646-4 nature portfolio


https://doi.org/10.1016/j.apsoil.2018.01.005
https://doi.org/10.1038/s41522-020-00164-6
https://doi.org/10.1016/j.scitotenv.2022.156952
https://doi.org/10.1111/1462-2920.14031
https://doi.org/10.1111/1462-2920.14031
https://doi.org/10.3389/fpls.2021.804527
https://doi.org/10.3390/agronomy13061444
https://doi.org/10.1016/j.ygeno.2020.04.013
https://doi.org/10.1016/j.soilbio.2021.108420
https://doi.org/10.1038/s41579-018-0024-1
https://doi.org/10.1111/jam.14486
https://doi.org/10.1111/jam.14486
https://doi.org/10.3390/agronomy12102246
https://doi.org/10.3390/agronomy12102246
https://doi.org/10.1016/j.apsoil.2023.105191
https://doi.org/10.1371/journal.pone.0248485
https://doi.org/10.1038/s41598-026-36646-4
https://doi.org/10.1038/s41598-026-36646-4
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives
4.0 International License, which permits any non-commercial use, sharing, distribution and reproduction in
any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide
a link to the Creative Commons licence, and indicate if you modified the licensed material. You do not have
permission under this licence to share adapted material derived from this article or parts of it. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence
and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to
obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommo
ns.org/licenses/by-nc-nd/4.0/.

© The Author(s) 2026

Scientific Reports|  (2026) 16:14953 | https://doi.org/10.1038/s41598-026-36646-4 nature portfolio


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.nature.com/scientificreports

	﻿Impact of genotype and soil fertility on wheat rhizosphere microbiota under the trans-gangetic plain
	﻿Materials and methods
	﻿Soil sampling and seed sowing
	﻿Physicochemical and nutritional properties of soil
	﻿Soil DNA isolation, amplification of 16 S rRNA gene, and amplicon sequencing
	﻿Data processing, community profiling, and diversity analyses
	﻿Core microbiota and network analyses
	﻿Statistical analysis

	﻿Results
	﻿Soil characteristics
	﻿Effect of genotypes and location on the abundance and diversity of the wheat rhizosphere microbiota
	﻿Effect of wheat genotypes on the rhizosphere Microbiome at the phyla and genera level
	﻿Rhizosphere microbial taxa distribution across the genotypes and locations
	﻿Effect of cropping system on rhizosphere microbial communities
	﻿Core taxa and their abundance
	﻿Correlation between soil parameters and microbial community diversity
	﻿Co-occurrence network analysis

	﻿Discussion
	﻿Conclusion
	﻿References


