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Abstract
Intensive cropping degrades soil quality and disrupts the soil microbiome. To understand the effect of rice monocropping 
on soil-microbiome, we used a comparative 16S rRNA metagenome sequencing method to analyze the diversity of soil 
microflora at the genomic level. Soil samples were obtained from five locations viz., Chamarajnagara, Davangere, Ganga-
vathi, Mandya, and Hassan of Karnataka, India. Chemical analysis of soil samples from these locations revealed significant 
variations in pH (6.00–8.38), electrical conductivity (0.17–0.69 dS m−1), organic carbon (0.51–1.29%), available nitrogen 
(279–551 kg ha−1), phosphorous (57–715 kg ha−1) and available potassium (121–564 kg ha−1). The 16S metagenome analysis 
revealed that the microbial diversity in Gangavathi soil samples was lower than in other locations. The soil sample of Gan-
gavathi showed a higher abundance of Proteobacteria (85.78%) than Mandya (27.18%). The Firmicutes were more abundant 
in Chamarajnagar samples (36.01%). Furthermore, the KEGG pathway study revealed enriched nitrogen, phosphorus, and 
potassium metabolism pathways in all soil samples. In terms of the distribution of beneficial microflora, the decomposers 
were more predominant than the nutrient recyclers such as nitrogen fixers, phosphorous mineralizers, and nitrifiers. Further-
more, we isolated culturable soil microbes and tested their antagonistic activity in vitro against a fungal pathogen of rice, 
Magnaporthe oryzae strain MG01. Six Bacillus sp. and two strains of Trichoderma harzianum showed higher antagonistic 
activity against MG01. Our findings indicate that metagenome sequencing can be used to investigate the diversity, distribu-
tion, and abundance of soil microflora in rice-growing areas. The knowledge gathered can be used to develop strategies for 
maintaining soil quality and crop conservation to increase crop productivity.
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Introduction

In recent times, soil regeneration is gaining importance due 
to reduced crop yields due to loss of soil health and fertility 
(Zhang and He 2004). The soil has an enormous diversity 
of microbial communities affected by geographical location 
(Dubey et al. 2019) and cropping pattern (Wieland et al. 
2001). The soil surrounding the rhizosphere zone is a hot 
spot for microbial interactions, as the exudates released from 
plant roots serve as a primary food source for microbes. 
Such interactions may have deleterious or beneficial effects 
on the plant (Bais et al. 2006). While India is among the 
leading rice producers globally, Karnataka state contributes 
significantly to India’s rice production. Rice productivity 
is influenced by both abiotic and biotic factors. Rice blast 
disease caused by the fungus Magnaporthe oryzae is the 
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most severe and widespread rice disease and reduces crop 
yields up to 70%. Rice blast disease is more frequent and 
severe in areas with high agro-fertilizer use, particularly the 
high nitrogenous fertilizer-based rice cultivation, wherein it 
has been reported previously that the microbial diversity is 
poor in the rhizosphere (Long et al. 2000; Dai et al. 2018). 
The rhizospheric region allows both parasitic and mutual-
istic plant-microbe interactions (Raaijmakers et al. 2009).

Intensive monocropping and excessive use of agrochemi-
cals reduces diversity and facilitates the prevalence of one 
or few microbial communities (Geisseler and Scow 2014; 
Xuan et al. 2012; Wu et al. 2013). However, the Indian 
subcontinent is known for the rice-based cropping system, 
the information on rice-soil-microbial community struc-
ture and diversity is limited. Furthermore, the comparative 
data on soil microbial diversity and the physicochemical 
properties of diverse rice soil samples are limited. Under-
standing soil microbial diversity and species abundance are 
essential in modifying the agro-inputs recommendations 
in terms of quantity, frequency of application for enhanc-
ing crop productivity, and maintaining overall soil health. 
Recent advances in genomics and extensive data analysis 
have facilitated the study of soil metagenomics more com-
prehensively. This approach has made it possible to identify 
untapped microbial reservoirs of soil in terms of abundance 
and diversity of both culturable and unculturable microbes 
(Arjun and Harikrishnan 2011; Anderson et al. 2018).

This study was undertaken to generate soil metagenomic 
data. Variation across the five selected rice-growing regions 
and wet-lab experiments were also carried out to identify 
putative antagonistic and biocontrol agents against the M. 
oryzae pathogen. This study highlights the Spatio-temporal 
variability in microbial communities, which in turn corre-
lated with soil chemical properties. The genomic resources 
developed in this study will provide valuable information 
regarding the impact of soil chemical properties on soil 
microbial communities. Furthermore, culturable microbes 
with potential antagonistic action against M. oryzae patho-
gen were also identified, and they can be employed as a 
biocontrol agent in managing rice blast disease of rice.

Materials and methods

Study area

In India, Karnataka state is located at 15.3173° N and 
75.7139° E. We selected five districts across Karnataka viz., 
Chamarajanagar (CHM) (12.142634° N and 77.081752° 
E), Davanagere (DVG) (14.557998° N and 75.821886° E), 
Hassan (HSN) (12.774781° N and 76.319256° E), Mandya 
(MND) (12.665881° N and 76.955810° E) and Gangavathi 
(GVT) (15.335556° N and 76.305555° E) where rice is 

being cultivated since many years. All these locations are 
geographically separated from each other with different 
agro-climatic conditions. Hence, variations in the microbial 
diversity and size at a genomic level across these different 
locations can be determined (Fig S1).

Soil sampling and analysis of soil chemical 
properties

Approximately, 50 g of soil from each of the five rice-grow-
ing regions was collected by randomly selecting 10–12 spots 
near the rhizosphere zone; then, the 10–12 sample of each 
location was pooled, from which a representative sample 
of 50 g was collected as described previously (https://​cals.​
arizo​na.​edu/​backy​ards/​sites/​cals.​arizo​na.​edu.​backy​ards/​files/​
p16-​17). Half of the collected sample (25 g) was used for 
soil metagenomic analysis. The remaining half was used to 
analyze the soil chemical properties and isolate antagonistic 
microbes. All the five samples were analyzed following the 
previously described protocol for their chemical character-
istics viz., pH, electrical conductivity (EC) (Jackson 1973), 
percent organic carbon (OC) (Walkley and Black 1934), 
available nitrogen (N) (Subbiah and Asija 1956) available 
phosphorus (P) (Dickman and Bray 1940) and total potas-
sium (K) (Barnes et al. 1945).

Genomic DNA extraction and 16S metagenome 
sequencing

The total genomic DNA was extracted from five soil sam-
ples using the Soil DNA isolation kit (DNeasy Power Soil 
Kit, QIAGEN, Hamburg, Germany) following the manu-
facturer’s instructions. The quality and quantity of the 
DNA were determined by 0.8% agarose gel and Nanodrop 
(DeNovix, USA). The genomic DNA was fragmented to 
obtain ≈ 500 bp fragments using Covaris M220 (Cova-
ris, Inc. USA), and resultant fragments were end-repaired. 
The paired-end libraries were prepared using TruSeq DNA 
PCR-Free High Throughput Library Prep Kit (Illumina, San 
Diego, California, USA). Libraries were further enriched by 
nine PCR cycles and purified with Agencourt® AMPure® 
XP beads (Beckman Coulter Life Sciences, USA). The 
paired-end library was sequenced on the Illumina MiSeq 
platform using 2 × 300 bp sequencing chemistry (Illumina, 
California, USA).

Pre‑processing of sequence data, taxonomic 
classification, and diversity assessment

The raw FastQ paired-end reads were initially assessed 
for quality using the FastQC program (http://​www.​bioin​
forma​tics.​babra​ham.​ac.​uk/​proje​cts/​fastqc/). With the 
parameters such as PHRED score cut off ≥ 30 and read 

https://cals.arizona.edu/backyards/sites/cals.arizona.edu.backyards/files/p16-17
https://cals.arizona.edu/backyards/sites/cals.arizona.edu.backyards/files/p16-17
https://cals.arizona.edu/backyards/sites/cals.arizona.edu.backyards/files/p16-17
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
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length cut off of a minimum of 20 bases, the raw reads 
were trimmed using TrimGalore (https://​github.​com/​Felix​
Krueg​er/​TrimG​alore). After trimming, the high-qual-
ity reads were merged into a single file using pandaseq 
(https://​bmcbi​oinfo​rmati​cs.​biome​dcent​ral.​com/​artic​les/​
10.​1186/​1471-​2105-​13-​31) with parameters “-B -A sim-
ple_bayesian” followed by the creation of a mapping file, 
and later qiime labels were added using add_qiime_labels.
py. The Operational Taxonomic Units (OTUs) were identi-
fied using pick_closed_reference_otus.py wrapper avail-
able as a part of the Quantitative Insights Into Microbial 
Ecology, QIIME v1.9.1 (Caporaso et al. 2010) with qiime 
default reference (gg_13_8_97_outs.fa). Furthermore, 
taxa summaries were obtained till the species level using 
summarize_taxa.py script with otu_table_mc2_w_tax_no_
pynast_failures.biom as input and “-L 2, 3, 4, 5, 6, 7” as 
option. Later, the summarized taxa were visualized using 
plot_taxa_summary.py with the option “-c pie, bar.” Alpha 
rarefactions were also analyzed to observe the sampling-
depth versus species identification across all the samples. 
Beta diversity was analyzed using UniFrac (https://​github.​
com/​bioco​re/​unifr​ac).

Function prediction

The resulting biom file from QIIME pick_open_refer-
ence_otus.py was further normalized using normalize_
by_copy_number.py script, which is part of PICRUSt 
(https://​picru​st.​github.​com/​picru​st/), and function pre-
dictions were carried out using predict_metagenome.py 
and metagenome_contribution.py available in the same 
PICRUSt package. The total number of pathways to each 
nitrogen, phosphorus, and potassium metabolism was 
ranged from 150 to 300 KEGG (Kyoto Encyclopedia of 
Genes and Genomes) pathways per sample, whereas the 
topmost abundant KEGG IDs were considered and ana-
lyzed. Furthermore, custom Python scripts were used to 
extract particular KEGG IDs using the KEGG database.

Mapping of microbial community and soil chemical 
properties

Computerized geostatistical tools such as Kriging (Krige 
1951) was employed using ArcGIS 10.4 version software 
(https://​www.​arcgis.​com/​index.​html) to provide the maps 
which pictorially represents the abundance and diversity 
of the microbial community and soil chemical proper-
ties at a scale of several hundreds of meters to kilometers 
and revealing the heterogeneous and spatially structured 

distribution of microbial biomass (Constancias et al. 2015) 
(Fig S2B).

Isolation and in vitro antagonistic assay

Isolation and identification of the potential biocontrol 
agents were carried out using the serial dilution method for 
all five soil samples. The dilutions of 10–3–10–7 were used 
to isolate the microbes on potato dextrose agar (10–3 and 
10–4) and nutrient agar (10–5, 10–6, and 10–7) for fungi and 
bacteria, respectively. Based on morphological features, 
unique genera/species/strains were selected and stored at 
− 80 °C as glycerol stocks (50% v/v) for further in vitro 
studies. The bio-efficacy of all the isolated bacterial and 
fungal strains was tested against rice blast pathogen M. 
oryzae strain MG01 (Accession no- AYPX01000000) 
using the dual culture technique (Vincent et al. 1947). 
The best antagonistic genera/species/strain was identified 
based on percent inhibition calculated as per the formula 
below.

where, I = percentage inhibition of mycelia growth; 
C = growth of the pathogen in the control plate (cm); 
T = growth of the pathogen in the treatment plate (cm)

Taxonomic identification of potential antagonistic 
microbes

Molecular identification of bacteria and fungi was car-
ried out by amplification of genomic DNA using 16S 
rDNA universal primers (for bacteria) 5′-GAG​TTT​
GAT​CCT​GGTCA-3′ (forward primer, fD1) and 5′-ACG​
GCT​ACC​TTG​TTA​CGA​CTT-3′ (reverse primer, rP2) 
and ITS regions (for fungi) ITS-1: 5′-CTT​GGT​CAT​
TTA​GAG​GAA​GTAA-3′ and ITS-4 5′-TCC​TCC​GCT​
TAT​TGA​TAT​GC-3′). The PCR amplification was per-
formed using Eppendorf Thermal Cycler (Eppendorf-AG 
22331, Eppendorf, Hamburg, Germany), and amplifica-
tion was checked on 1% agarose gel. The amplified PCR 
product was purified using QiaQuick reagents (Qiagen, 
Germany) and sequenced by the Sanger sequencing 
method at a commercial facility (Eurofins Genomics 
India Pvt. Ltd, Bengaluru, India). The low-quality bases 
were trimmed using the BioEdit platform. The identity 
of culturable soil microbes was identified by matching 
(> 98% similarity) sequences to the NCBI-nr database 
using BLAST.

I = 100(C − T)∕C,

https://github.com/FelixKrueger/TrimGalore
https://github.com/FelixKrueger/TrimGalore
https://bmcbioinformatics.biomedcentral.com/articles/10.1186/1471-2105-13-31
https://bmcbioinformatics.biomedcentral.com/articles/10.1186/1471-2105-13-31
https://github.com/biocore/unifrac
https://github.com/biocore/unifrac
https://picrust.github.com/picrust/
https://www.arcgis.com/index.html
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Results

Correlating the soil chemical properties 
and weather parameters with taxonomic 
classifications across the five selected rice‑growing 
regions

Analysis of soil chemical properties, such as pH, EC (ds 
m−1), OC (%), N (kg ha−1), P (kg ha−1), and K (kg ha−1), 
revealed that soil pH varied between acidic (6.00) and alka-
line (8.38) in the five samples studied. At CHM, high EC 
(0.69) and low OC (0.51%) were recorded; similar variation 
was also seen in the DVG location. Available N and available 
K were found to be lowest in CHM (279 and 121 kg ha−1), 
and the lowest available P was found in DVG (57 kg ha−1). 
In contrast, high N (551 kg ha−1) and P (714 kg ha−1) were 
recorded in GVT rice soil samples, and a high amount of 
total K was recorded in HSN (564 kg ha−1) (Table 1).

Furthermore, high genomic read contents were found at 
CHM and GVT. Single-tailed Pearson’s correlation indicated 
that plant growth-promoting rhizobacteria (PGPR) abun-
dance was correlated positively with pH and N (Table 3; 
Table S1).

16S Metagenome sequencing and Taxonomic 
classification

From a summarized count of 1,12,116 reads across samples, 
a total of 1880 operational taxonomic units (OTUs) were 
identified as a result of closed reference OTU picking.

Variations in the microbial diversity

The Shannon diversity index, alpha diversity index, and beta 
diversity index were calculated to determine the species 

richness and evenness in the samples. The alpha diversity 
of the GVT samples (which had the highest N, P, and K) 
showed the lowest species richness and diversity at each 
rarefying depth and among the soil samples from all the 
rice-growing areas. The Shannon diversity index was used 
to estimate the microbial diversity within the samples and 
showed a significantly lower (p ≤ 0.05) microbial diversity 
at GVT (1.650) compared to other locations, followed by 
MND (2.980), CHM (3.02), HSN (3.06), and DVG (3.06) 
(Table S2). The beta diversity index indicated that the high-
est UniFrac distance (far clustering) was observed in the 
MND, HSN, CHM, DVG, and GVT samples, indicating 
variations in genomic diversity among the five samples from 
different rice-growing regions (Fig. 1a, b).

Bacterial community structure

The sequence analysis indicated that Proteobacteria was 
abundant in all the five soil samples and ranged from 85.78% 
in GVT to 27.18% in MND; the exception was CHM, where 
Firmicutes (36.01%) were recorded as abundant. However, 
Bacilli in CHM (25.78%) and HSN (19.34%) and Gam-
maproteobacteria (82.83%) in GVT, followed by Alphapro-
teobacteria in DVG (14.41%) and Halobacteria in MND 
(14.18%) were the most abundant classes of microflora. 
Hence, the abundant orders and families were Bacillales 
and Bacillaceae in CHM (24.39% and 21.50%) and HSN 
(17.72% and 16.81%), followed by Pseudomonadales and 
Moraxellaceae in GVT (70.39% and 70.38%) and Flavobac-
teria and Flavobacteriaceae in DVG (12.50% and 12.50%), 
whereas in the MND location, an abundance of Halobacteri-
ales (14.18%) and Halobacteriaceae (14.18%) were recorded. 
The most abundant genus was Bacillus in CHM (15.72%) 
and HSN (14.96%), followed by Lawinella, Psychrobacter, 
and Balneola in DVG (4.38%), GVT (69.98%), and MND 
(4.44%), respectively. Bacillus boronophilus, Methylonatrum 

Table 1   The results of soil chemical properties and the top five organisms identified at each location through metagenomics

CHM Chamarajnagara, DVG davangere, HSN hassan, MND mandya, GVT gangavathi, EC electrical conductivity, OC organic carbon, N avail-
able nitrogen, P available phosphorous, K total potassium

Soil sampled 
regions

pH EC
(dS/m)

OC
(%)

Mean
N (kg ha−1)

Mean
P (kg ha−1)

Mean 
K
(kg ha−1)

Top five microbes

CHM 8.38 0.69 0.51 279 82 121 Bacillus boroniphilus, B. selenatarsenatis, B. aquima-
ris, Vibrio rotiferianus, B. niacini

DVG 6.00 0.17 1.29 379 57 158 B. selenatarsenatis, B. boroniphilus
V. rotiferianus, B. aquimaris, Nitrosococcus halophilus

HSN 6.52 0.26 1.11 329 518 564 V. rotiferianus, B. selenatarsenatis
B. aquimaris, B. boroniphilus, B. thioparans

MND 7.80 0.62 0.60 360 311 252 B. selenatarsenatis, B. boroniphilus
N. halophilus, B. thioparans

GVT 7.11 0.35 0.84 551 715 182 V. rotiferianus, V. parahaemolyticus
V. owensii, V. xuii, B. selenatarsenatis
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sp, Psychrobacter celery, Vibrio rotiferianus, and Balneola 
vulgaris were abundant at CHM (3.31%), DVG (2.52%), 
GVT (66.71%), HSN (3.99%), and MND (3.33%), respec-
tively (Table S3, Fig. 2).

Core functional gene analysis

The KEGG pathway predictions of metagenome-assembled 
contigs revealed the OTUs of metabolic pathways such as 

Fig. 1   a Alpha diversity and b Beta diversity of the soil sample locations

Fig. 2   Chromo chart representing the hierarchical microbial abundance in five rice soil
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amino acid metabolism (16.24–17.97% of OTUs), carbo-
hydrate metabolism (13.60–15.15% of OTUs), and energy 
metabolism (8.58–9.94% of OTUs). Among other pathways, 
membrane transporters were abundant. The remaining path-
ways, such as cell motility, cell growth/cell death, transport/
catabolism, signaling molecules, and their interactions, were 
least abundant (Table S4, Fig S3).

Pathways linked to the availability of major soil 
nutrients

The KEGG analysis revealed that the pathways, viz., 
the nitrogen fixation protein NifU and related proteins 
(K04488), nitrogen regulatory protein P-II 2 (K04752), 
two-component system, NtrC family, nitrogen regulation 
sensor histidine kinase GlnL (K07708) were abundant in 
GVT. The remaining four rice soil samples, CHM, DVG, 
HSN, and MND, had abundances in two pathways, viz., the 
PTS system nitrogen regulatory IIA component (K02806) 
and nitrogen regulatory protein P-II 1 (K04751), but these 
two pathways were found to be less abundant at GVT (4.37 
and 6.03%) (Table S5, Fig. 3a).

The KEGG pathway analysis for phosphate metabo-
lism revealed that all the pathways were abundant at the 
GVT location except for geranylgeranyl diphosphate syn-
thase, type I (K13787), and adenosylcobinamide kinase 
(K02231), whereas geranylgeranyl diphosphate synthase, 
type I (K13787) was abundant at MND (13.21%) and DVG 
(10.77%). The abundance of the remaining pathways was 
less than 10% (Table S6, Fig. 3b). Similarly, KEGG analysis 
of potassium metabolism pathways revealed that Trk system 
potassium uptake protein TrkH (K03498) was abundant in 
DVG (40.24%), and Trk system potassium uptake protein 
TrkA (K03499) was abundant in MND (56.32%). The potas-
sium efflux system protein KefB (K05802) was abundant in 

GVT (24.70%), whereas the abundance of the other path-
ways was insignificant (Table S7; Fig. 3c).

Categorization of beneficial microbes

The comparison of eight different beneficial microbes 
indicated that cellulose (15.47–27.87%) and hemicel-
lulose decomposing microbes (12.90–27.26%), organic 
matter decomposers (12.92–27.26%), and phosphorus sol-
ubilizers (5.62–14.73%) were abundant, while the remain-
ing microbes, nitrogen fixers (0.84–10.80%), nitrifiers 
(0.03–1.29%), and phosphate mineralizers (0.10–1.67%) 
were less abundant at all five rice-growing locations 
(Table 2). A similar comparison was made across the five 
rice-growing locations and revealed that GVT was enriched 
with cellulose- and hemicellulose-degrading microbes and 
organic matter decomposers. The MND and DVG loca-
tions were found to harbor nitrogen fixers (Rhodospirillum 
rubrum), nitrifiers (Nitrosococcus halophilus), and phos-
phate solubilizers (Leucothrix mucor). Moreover, phosphate 
mineralizers (B. selenatarsenatis and B. boroniphilus) and 
PGPR were abundant in CHM and DVG, respectively.

Linking soil chemical properties and the microbial 
community

Cellulose, hemicellulose, and organic matter decomposers 
were abundant in GVT, followed by HSN and CHM, which 
recorded the neutral soil pH (6.50–7.00), moderate EC (< 0.5 
dSm−1), and high OC content (0.5–1%). A high abundance 
of nitrogen fixers and nitrifiers was found in MND, followed 
by DVG, which had N contents of 360 and 379 kg ha−1, 
respectively. A low abundance of nitrogen fixers and nitri-
fiers was found in GVT, where N content was observed (N: 
552 kg ha−1). The phosphorus solubilizers and phosphorous 

Fig. 3   Nitrogen metabolism pathways a Phosphate metabolism pathways, b Potassium metabolism pathways, c diversity and abundance across 
selected five rice regions
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mobilizers were indirectly proportional to each other rela-
tive to the available phosphorus content; hence, phosphorous 
mobilizers were highly abundant, and phosphorus solubiliz-
ers were least abundant in MND (P: 311 kg ha−1) followed by 
HSN (P: 518 kg ha−1). Phosphorus solubilizers were highly 
abundant in CHM (P: 81 kg ha−1) and GVT (P: 714 kg ha−1). 
The PGPR abundance was high in CHM (pH: 8.38; EC: 0.69 

dsm−1; OC: 0.51%; N: 279.10 kg ha−1; P: 81.85 kg ha−1; 
K: 121.08  kg  ha−1), followed by MND (pH: 8.02; EC: 
0.62; OC: 0.60; N: 360.64 kg ha−1; P: 311.05 kg ha−1; K: 
252.00 kg ha−1) (Fig. 4). Single-tailed Pearson’s correlation 
was performed using SPSS 16.0 at significance levels of 
p < 0.05 and p < 0.01 for the five rice-growing locations and 
indicated that pH and EC were positively correlated with 

Table 2   Beneficial microbial categorization in five rice soil samples of Karnataka

CHM Chamarajnagara, DVG davangere, HSN hassan, MND mandya, GVT gangavathi, CDM cellulose degrading microbes, HDM hemicellulose 
degrading microbes, OMD organic matter decomposers, Nfixers nitrogen fixers, Nfiers nitrifiers, PS phosphorous solubilizers, PM phosphorous 
mobilizers, PGPR plant growth producing rhizobacteria

Sampled district CDM (%) HDM (%) OMD (%) Nfixers (%) Nfiers (%) PS (%) PM (%) PGPR (%)

CHM 17.12 (8155) 16.60 (7905) 16.60 (7905) 3.22 (1532) 0.44 (208) 14.73 (7018) 0.10 (50) 14.29 (6807)
DVG 14.87 (1663) 13.77 (1540) 13.78 (1541) 10.71 (1198) 1.00 (112) 12.57 (1405) 0.80 (90) 11.56 (1293)
HSN 20.07 (5303) 19.69 (5203) 19.70 (5204) 2.04 (540) 0.11 (29) 12.46 (3291) 0.90 (238) 12.14 (3207)
MND 15.47 (686) 12.90 (572) 12.92 (573) 10.80 (479) 1.29 (57) 14.09 (625) 1.67 (74) 11.95 (530)
GVT 27.87 (6967) 27.26 (6815) 27.26 (6815) 0.84 (211) 0.03 (8) 5.62 (1404) 0.13 (32) 5.43 (1358)

Fig. 4   Distribution of a available nitrogen, b nitrifiers, c nitrogen fixers, d organic carbon, e organic matter decomposers and f plant growth-
promoting rhizobacteria in rice soils
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all the beneficial microbial categories, whereas these two 
parameters have a highly positive correlation with P solu-
bilizers and PGPR. The P and K were positively correlated 
with only CDM, HDM, and OMD. Although the N has a 
negative correlation with all beneficial microbes, it posi-
tively correlates with P mobilizers. The OC showed a nega-
tive correlation with all the beneficial microbes. The results 
indicated that high N (through inorganic fertilizers) impacts 
the most beneficial soil microbes (Table 3).

In vitro assay of culturable microbes against the M. 
oryzae strain MG01

Culturable bacteria and fungi were isolated from the soil 
samples collected in five rice-growing areas. Following iso-
lation, we selected 40 microbes from all 5 regions. All the 
selected microbes were tested in vitro against MG01. The 
molecular identification indicated that the best antagonistic 
microbes were Bacillus wiedmannii strain C2d, B. siamensis 
strain H1a and B. wiedmannii strain M1a, which showed 
high antagonistic activity. Among eight fungal isolates, 
Trichoderma harzianum strain G1a and T. harzianum strain 
H4b were highly antagonistic to MG01 (Tables S8 and S9; 
Figs S4 and S5).

Discussion

Soil chemical characteristics, cropping patterns or systems, 
and the microbiome is interlinked factors, and these factors 
influence crop productivity in every cropping system. There-
fore, their management is important to maintain overall soil 
health and sustain crop productivity (Song et al. 2018). In 
the present study, a systematic investigation was carried out 
to understand rice monocropping effects on soil chemical 
properties and microbial diversity and abundance across five 
selected regions of Karnataka, India.

In line with previous studies, reports from the cur-
rent study suggest that the chemical properties associated 
with soil and cropping patterns contribute significantly to 

enhancing soil microbial diversity. We observed differences 
in microbiota within the same cropping pattern, which could 
be attributed to variations in the soil physicochemical char-
acteristics. We collected and studied three different types 
of soils from rice-growing areas, viz., red soil with a low 
concentration of ionic bases and less water-holding capac-
ity at MND (http://​cgwb.​gov.​in/​Distr​ict_​Profi​le/​karna​taka/​
Mandya_​brouc​here.​pdf), HSN (http://​cgwb.​gov.​in/​Distr​
ict_​Profi​le/​karna​taka/​2012/​HASSAN-​2012.​pdf) and DVG 
(http://​cgwb.​gov.​in/​Distr​ict_​Profi​le/​karna​taka/​DAVAN​
AGERE_​BROCH​URE.​pdf); brownish-black forest soil with 
high water holding capacity at CHM (http://​cgwb.​gov.​in/​
Distr​ict_​Profi​le/​karna​taka/​CHAMA​RAJNA​GARA_​BROCH​
URE.​pdf); and a black soil at GVT (http://​cgwb.​gov.​in/​Distr​
ict_​Profi​le/​karna​taka/​KOPPAL_​BROCH​URE.​pdf). Previous 
studies have reported pH as a key parameter influencing the 
soil microbiome (Zhalnina et al., 2014). In the present study, 
the pH of the samples varied from acidic to basic, based on 
which the soil microbiota also varied. Proteobacteria was 
abundant in slightly acidic (DVG and HSN) to neutral pH 
(GVT and MND) soil samples, whereas Firmicutes were 
abundant in the soil with an alkaline pH (CHM). This find-
ing is in line with those of an earlier report (Anderson et al. 
2018), which showed that rapid increases in soil pH strongly 
stimulate microorganisms of Firmicutes phylum.

The variations in the total carbon mineralizers were 
correlated with the pH of the soil samples. Total carbon 
mineralizers, viz., cellulose degraders, and organic matter 
decomposers were more abundant in the neutral pH soil 
(GVT) than in the acidic soil samples of MND. The rice soil 
samples from CHM were brownish, with a pH of 8.38 (alka-
line) and low N and P (which could be due to lower usage 
of inorganic fertilizers by the farmers) and were found to 
have high GC content (56%), gene diversity, and abundance 
of PGPR and P solubilizers such as B. boronophilus. The 
higher abundance of P solubilizers, such as B. boronophilus, 
in soil samples with pH values of 6.3–9.0 have been reported 
in earlier studies (Ahmed et al. 2007; Baldrian 2017). Crop 
husbandry at CHM was still mainly based on small quanti-
ties of inorganic fertilizers; therefore, this location harbors a 

Table 3   Correlation of soil 
chemical properties with 
different beneficial microbial 
abundance across selected rice 
growing regions of Karnataka

CDM Cellulose degrading microbes, HDM hemicellulose degrading microbes, OMD organic matter 
decomposers, Nfixers nitrogen fixers, Nfiers nitrifiers, PS phosphorous solubilizers, PM phosphorous mobi-
lizers, PGPR Plant growth producing rhizobacteria

Soil properties CDM HDM OMD Nfixers Nfiers PS PM PGPR

pH 0.55 0.54 0.54 0.31 0.43 0.81 0.26 0.82
EC 0.58 0.58 0.58 0.32 0.40 0.83 0.39 0.84
OC − 0.46 − 0.46 − 0.46 − 0.21 − 0.33 − 0.73 − 0.36 − 0.73
N − 0.08 − 0.86 − 0.86 − 0.41 − 0.37 − 0.69 0.04 − 0.69
P 0.35 0.36 0.36 − 0.74 − 0.70 − 0.38 − 0.20 − 0.37
K 0.35 0.36 0.36 − 0.74 − 0.70 − 0.38 − 0.20 − 0.37

http://cgwb.gov.in/District_Profile/karnataka/Mandya_brouchere.pdf
http://cgwb.gov.in/District_Profile/karnataka/Mandya_brouchere.pdf
http://cgwb.gov.in/District_Profile/karnataka/2012/HASSAN-2012.pdf
http://cgwb.gov.in/District_Profile/karnataka/2012/HASSAN-2012.pdf
http://cgwb.gov.in/District_Profile/karnataka/DAVANAGERE_BROCHURE.pdf
http://cgwb.gov.in/District_Profile/karnataka/DAVANAGERE_BROCHURE.pdf
http://cgwb.gov.in/District_Profile/karnataka/CHAMARAJNAGARA_BROCHURE.pdf
http://cgwb.gov.in/District_Profile/karnataka/CHAMARAJNAGARA_BROCHURE.pdf
http://cgwb.gov.in/District_Profile/karnataka/CHAMARAJNAGARA_BROCHURE.pdf
http://cgwb.gov.in/District_Profile/karnataka/KOPPAL_BROCHURE.pdf
http://cgwb.gov.in/District_Profile/karnataka/KOPPAL_BROCHURE.pdf
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larger microbial population. In contrast, the microbial popu-
lation had low abundance in GVT, where the ecosystem is 
known for rice followed by rice monocropping and a higher 
dose of inorganic fertilizers. This finding is also reflected 
in the soil chemical analysis in the present study, wherein 
available N and P of the GVT sample were high compared 
to samples of other rice-growing areas. In our findings, low 
GC content, low abundance of nitrogen fixers and nitrifiers, 
and low gene diversity were observed in the GVT soil sam-
ples. Our results were well supported by previous reports 
(Orr et al. 2011). The KEGG pathway analysis revealed that 
nitrogen metabolism in the rice soil samples of GVT had 
a low abundance of nitrogen metabolism-related pathways 
mapped to Cyanobacteria, Azospirillum, and Azotobac-
ter (nitrogen fixers), which could be due to the impact of 
excessive nitrogenous fertilizers, monocropping, and lack 
of good crop management practices, as reported previously 
(Liu et al. 2009; Shen et al. 2010). Excessive application 
of nitrogenous fertilizers also led to the accumulation of 
only one kind of cyanobacteria, Synechocystis sp., which 
is nondiazotrophic and originally possessed the ability to 
fix nitrogen gas. However, it has lost the genes required to 
regulate the nitrogen fixation (nif gene cluster). Interestingly, 
we did not identify Synechocystis sp. in high-nitrogen soil 
samples such as GVT. Furthermore, we report that nitrogen 
fixers and nitrifiers are abundant at the DVG and MND loca-
tions in soils with moderate levels of available nitrogen, a 
condition related to the abundance of nitrogen-associated 
microbial diversity (Ollivier et al. 2011).

Plants absorb phosphorus primarily as orthophosphate 
(H2PO4

−), predominantly found in soil samples with pH 
values below 7.2, and secondarily as (HPO4

−2), which is 
prevalent in soil samples with pH values above 7.2. The 
pH of the soil samples from CHM and MND ranged from 
7.8 to 8.3 and may have facilitated the rapid availability of 
H2PO4- to plants and soil microbes, which could be the rea-
son for the abundant phosphorus-related metabolic pathways 
in these locations (Barrow 2017). The abundant phosphorus 
mineralizers/solubilizers in these locations were B. borono-
philus, followed by B. selenatarsenatis. Interestingly, B. 
selenatarsenatis, a facultative anaerobe and selenate- and 
arsenate-reducing bacterium that inhabits the soil with a pH 
of 7.5–9.0, was also found in the soil samples from the CHM 
and HSN locations. In a report by Yamamura et al., this 
organism was isolated from selenium-contaminated sedi-
ment formed by the effluent drain of a glass-manufacturing 
industry in Japan (Yamamura et al. 2007).

Soil potassium pathway analysis revealed that among 
eight selected pathways, the trk system potassium uptake 
protein TrkH and the trk system potassium uptake protein 
TrkA were abundant across all locations except GVT. The 
trk system potassium uptake protein TrkA was abundant at 
MNDs where the pH was acidic (7.84) and, hence, the soil 

harbored halophilic bacteria, as reported earlier (Kraegeloh 
et al. 2005; Oren 2013). Compared to other nitrogen fixers, 
R. rubrum, a phototrophic nitrogen fixer and anaerobic bac-
teria (Nordlund et al. 1997), was abundant in the MND and 
DVG locations. Furthermore, nitrifiers, such as N. halophi-
lus, an ammonia-oxidizing halophilic bacterium (Bano and 
Hollibaugh 2000), were predominant in the soil samples of 
all the rice-growing areas (CHM, DVG, MND, and HSN) 
except GVT. The phosphorus solubilizer Leucothrix mucor, 
a marine algal epiphyte (Bland and Brock 1973), was abun-
dant in acidic soil (DVG).

In the present investigation, an attempt was made to 
identify antagonistic soil microbes for application against 
plant fungal pathogens. We found that Bacillus was the pre-
dominant bacteria, followed by Trichoderma harzianum, in 
the rice soil samples, as described previously as biocontrol 
agents (Ding et al. 2019). Among the Bacillus genera, B. 
wiedmannii, B. siamensis, and B. subtilis were found in the 
soil samples and confirmed by metagenomics and validated 
through isolation and plating. The B. licheniformis and B. 
methylotrophicus were confirmed only through isolation. 
Their antagonism was confirmed in vitro against one of the 
major rice pathogens, M. oryzae, and all the species tested 
exhibited a relatively high potential to be employed as biope-
sticides for controlling M. oryzae in field conditions.

Conclusion

In the present study, we have validated the results obtained 
by conventional methods, which are otherwise time-con-
suming, cumbersome, and less accurate in enumerating 
microbial diversity and abundance analysis. We explored 
five major rice cultivation areas of Karnataka by employing 
metagenomics. Our results suggest that the monocropping 
of rice with improper use of fertilizers and poor land man-
agement practices reduces the beneficial microbial diversity 
and prevalence. In addition, we found variations in the accu-
mulation of nitrogen, phosphorus, and potassium metabo-
lism pathways in all five rice monocropping regions. The 
microbes identified by conventional methods were compared 
with the microbes identified through metagenomics, and 
we found similarities between the results obtained by these 
two methods. We identified several microbes that showed 
antagonistic potential against M. oryzae, which could serve 
as potential biocontrol agents for effective management of 
rice blast disease.
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