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ABSTRACT

Agriculture, one of the major factors of the uprising Indian economy, is under immense
pressure to fulfil the necessities of increasing population. Due to rapid industrialization and
urbanization, deleterious impacts have been seen on the ecosystem. Moreover, there is a
continuous threat to the ecosystem and environmental health with the practice of conventional
agriculture (viz., application of agrochemicals, heavy tillage, use of high-yielding crop
varieties, and irrigation). This calls for an urgent requirement for sustainable agricultural
practices that can boost crop production and prevent environmental deterioration. The
alternative agri-management practices focus on the application of green and animal manure,
integrated pest management, reduced tillage, crop rotation and diversification. Such practices
like conservation agriculture (centres on minimum or zero-tillage, crop rotation, and inclusion
of dead organic soil covers, especially the inclusion of legume) and organic agriculture
(concentrates on the omission of synthetic and chemical inputs) propagate the use of eco-
friendly alternatives to improve crop production, and soil health and fertility along with the
elimination of conventional farming methods.

The present work focused on the impacts of different agri-management practices (conventional
agriculture, conservation agriculture and organic agriculture) on soil health, which drives
rhizospheric soil bacterial communities both structurally (in terms of bacterial composition)
and functionally (bacterial communities involved in important biogeochemical cycles such as
N and P cycles). This, in turn, was correlated to the impact on plant growth and crop yield
under the three agri-management practices. The study was performed to assess crop-specific
differences (pigeonpea and soybean), seasonal variations [two consecutive years (2017 and
2018) for soybean and three consecutive years for pigeonpea (2017, 2018, and 2019)], plant
stage-specific differences (flowering and harvest stages), and different crop management

approaches (tillage, beds, fertilizers, wheat crop residues, and bio-fertilizers). Subsequently,



for the mitigation of stress induced by agrochemicals such as biopesticides on resident soil
bacterial communities, bacterial inoculants were applied as microbe-based approach. To meet
the research goal, traditional microbiology tools together with advanced molecular
microbiology techniques were employed. The responses of different agricultural practices on
rhizospheric soil bacterial communities were studied quantitatively and qualitatively by
implementing molecular methods such as, quantitative polymerase chain reaction (qPCR),
denaturing gradient gel electrophoresis (DGGE), and amplicon sequencing of 16S rRNA gene
(MiSeq Illumina sequencing). Abundances of specific bacterial groups dominant in the
rhizosphere  (a-Proteobacteria,  fp-Proteobacteria, Acidobacteria, Firmicutes, and
Actinobacteria) were targeted by qPCR. Additionally, to assess the functional potential of
bacterial communities, bacterial guilds involved in nitrogen and phosphorus cycles were
targeted. This was achieved by quantification of genes involved in major steps of the nitrogen
cycle [nitrogen fixation (nifH), nitrification (amoA) and denitrification (narG and nirK)], and
phosphorus cycle [solubilization (pgqC), mineralization (phoD)] by qPCR. The effect of
azadirachtin biopesticide in the presence of bacterial inoculants was assessed on total bacterial
community and specific bacterial groups by employing DGGE and qPCR of 16S rRNA gene.
High-performance liquid chromatography (HPLC) was used to estimate the residual
concentration of azadirachtin in the soil.

It was concluded that the alternative agri-management practice, conservation agriculture,
competed well with conventional agriculture in terms of improving plant growth attributes and
crop yield at field level. The strong positive impact of conservation agriculture was visible on
the resident rhizospheric bacterial community, and bacterial guilds involved in nitrogen and
phosphorus cycles. It was also inferred that shifts in rhizospheric bacterial community structure
and function were dependent on agri-management practices and crop systems, whereas,

cropping seasons had minimal impact. Also, the strategically selected bacterial inoculants

Vi



proved to be efficient in reducing residual concentration of azadirachtin biopesticide from soil,
thereby improving plant growth, mitigating biopesticide stress and enriching rhizospheric soil
bacterial community structure. The study enhanced the understanding that better manipulation
of rhizospheric microbiome under different agri-management practices is not only beneficial
for plant growth promotion but also helpful in mitigation of stress induced by conventional

methods and in improvement of soil fertility.
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indicate to the proportion variation due to each ordination axis. Red arrows
represent the correlation between plant stages and PCA axes. ICM1-ICM4:
conventional agriculture, ICM5-ICM8: conservation agriculture, [CM9: organic
agriculture, and Bulk: bulk soil.

Correlation between treatments as represented by PCA using Margalef Species
richness (a), and Shannon-Wiener (b) indices obtained from the DGGE profiles
generated from the soybean rhizospheric samples at flowering (F), and harvest
(H) stages of consecutive cropping seasons (2017 and 2018). The x- and y-axis
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4.9

4.10

4.11

4.12

indicate PC1 and PC2, respectively. The percentages in the parentheses indicate
to the proportion variation due to each ordination axis. Red arrows represent the
correlation between plant stages and PCA axes. ICM1-ICM4: conventional
agriculture, ICMS5-ICMS: conservation agriculture, ICM9: organic agriculture,
and Bulk: bulk soil.

Effect of agri-management practices on the abundance of a-Proteobacteria in
the rhizosphere of pigeonpea for three consecutive seasons [2017 (a), 2018 (b),
and 2019 (¢)] and soybean during two consecutive seasons [2017 (d), and 2018
(e)] at flowering and harvest stages. ICM1-ICM4: conventional agriculture,
ICMS5-ICMS: conservation agriculture, ICM9: organic agriculture, and BULK:
bulk soil. Error bars represented standard deviations (n=3). The lowercase
letters (a-e) indicate a significant difference (P < 0.05) between the treatments
for the abundance of a-Proteobacteria for a particular sampling point in each
cropping season. For abbreviations, refer to the legend for Figure 4.8.

Effect of agri-management practices on the abundance of f-Proteobacteria in
the rhizosphere of pigeonpea for three consecutive seasons [2017 (a), 2018 (b),
and 2019 (¢)] and soybean during two consecutive seasons [2017 (d), and 2018
(e)] at flowering and harvest stages. Error bars represent standard deviations
(n=3). The lowercase letters (a-f) indicate a significant difference (P < 0.05)
between the treatments for the abundance of f-Proteobacteria for a particular
sampling point in each cropping season. For abbreviations, refer to the legend
for Figure 4.8.

Effect of agri-management practices on the abundance of Acidobacteria in the
rhizosphere of pigeonpea for three consecutive seasons [2017 (a), 2018 (b), and
2019 (c)] and soybean during two consecutive seasons [2017 (d), and 2018 (e)]
at flowering and harvest stages. Error bars represent standard deviations (n=3).
The lowercase letters (a-g) indicate a significant difference (P < 0.05) between
the treatments for the abundance of Acidobacteria for a particular sampling
point in each cropping season. For abbreviations, refer to the legend for Figure
4.8.

Effect of agri-management practices on the abundance of Firmicutes in the
rhizosphere of pigeonpea for three consecutive seasons [2017 (a), 2018 (b), and
2019 (c)] and soybean during the two consecutive seasons [2017 (d), and 2018
(e)] at flowering and harvest stages. Error bars represent standard deviations
(n=3). The lowercase letters (a-f) indicate a significant difference (P < 0.05)
between the treatments for the abundance of Firmicutes for a particular
sampling point in each cropping season. For abbreviations, refer to the legend
for Figure 4.8.
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Effect of agri-management practices on the abundance of Actinobacteria in the
rhizosphere of pigeonpea for three consecutive seasons [2017 (a), 2018 (b), and
2019 (¢)] and soybean during two consecutive seasons [2017 (d), and 2018 (e)]
at flowering and harvest stage. Error bars represent standard deviations (n=3).
The lowercase letters (a-g) indicate a significant difference (P = 0.05) between
the treatments for the abundance of Actinobacteria for a particular sampling
point in each cropping season. For abbreviations, refer to the legend for Figure
4.8.

Rarefaction curve of the normalized OTUs at similarity of 97%. The treatments
are CT: conventional agriculture, CA: conservation agriculture and OA: organic
agriculture. C1, C2, C3: replicates of CT, CA module, and OA practice,
respectively.

Effect of agri-management practices on the relative abundance of different
bacterial phyla in the pigeonpea rhizosphere. The relative abundances of
bacterial phyla (a), major phyla (b), and minor phyla (c¢). ICM3: conventional
agriculture, ICM7: conservation agriculture, and ICM9: organic agriculture.
Error bars depict standard deviations (n=3).

Principal component analysis biplots for analysing the effect of agri-
management practices on bacterial community composition at different
taxonomic levels in the pigeonpea rhizosphere, phyla (a), classes (b), orders (c),
families (d), and genera (e). The x- and y-axis indicate component 1 and
component 2, respectively. Red arrows represent the correlation between
different bacterial groups and PC axes. ICM3: conventional agriculture, ICM7:
conservation agriculture, and ICM9: organic agriculture.

Bacterial community diversity among different agri-management practices at
phyla level (a), genera level (b). a-diversity was measured by Shannon and
Simpson indices. ICM3: conventional agriculture, ICM7: conservation
agriculture, and ICM9: organic agriculture.

Heatmaps of the relative abundances of the rhizospheric bacterial community at
different taxonomic levels, phyla (a), class (b), order (c), family (d), and genera
(e) under different agri-management practices. The colour scale shows the
relative abundance values, Colour key: yellow (low abundance), red (medium
abundance), and green (high abundance). ICM3: conventional agriculture,
ICMT7: conservation agriculture, and ICM9: organic agriculture.

Effect of agri-management practices on the abundance of nifH gene copies in
the rhizosphere of pigeonpea during three consecutive seasons [2017 (a), 2018
(b), and 2019 (c)] and soybean during two consecutive seasons [2017 (d), and
2018 (e)] at flowering and harvest stages. ICM1-ICM4: conventional
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4.20

4.21

4.22

4.23

4.24

agriculture, ICMS5-ICMS: conservation agriculture, ICM9: organic agriculture,
and Bulk: bulk soil. Error bars represent standard deviations (n=3). The
lowercase letters (a-f) indicate a significant difference (P < 0.05) between the
treatments for the abundance of nitrifiers for a particular sampling point in each
cropping season. For abbreviations, refer to the legend for Figure 4.18.

Effect of agri-management practices on the abundance of amoA gene copies in
the rhizosphere of pigeonpea during three consecutive seasons [2017 (a), 2018
(b), and 2019 (c)] and soybean during two consecutive seasons [2017 (d), and
2018 (e)] at flowering and harvest stages. Error bars represent standard
deviations (n=3). The lowercase letters (a-f) indicate a significant difference (P
< 0.05) between the treatments for the abundance of nitrifiers for a particular
sampling point in each cropping season. For abbreviations, refer to the legend
for Figure 4.18.

Effect of agri-management practices on the abundance of narG gene copies in
the rhizosphere of pigeonpea during three consecutive seasons [2017 (a), 2018
(b), and 2019 (c)] and soybean during two consecutive seasons [2017 (d), and
2018 (e)] at flowering and harvest stages. Error bars represented standard
deviations (nN=3). The lowercase letters (a-f) indicate a significant difference (P
< 0.05) between the treatments for the abundance of denitrifiers for a particular
sampling point in each cropping season. For abbreviations, refer to the legend
for figure 4.18.

Effect of agri-management practices on the abundance of nirK gene copies in
the rhizosphere of pigeonpea during three consecutive seasons [2017 (a), 2018
(b), and 2019 (c)] and soybean during two consecutive seasons [2017 (d), and
2018 (e)] at flowering and harvest stages. Error bars represented standard
deviations (nN=3). The lowercase letters (a-f) indicate a significant difference (P
< 0.05) between the treatments for the abundance of denitrifiers for a particular
sampling point in each cropping season. For abbreviations, refer to the legend
for Figure 4.18.

Effect of agri-management practices on the abundance of pqqC gene copies in
the rhizosphere of pigeonpea during three consecutive seasons [2017 (a), 2018
(b), and 2019 (c)] and soybean during two consecutive seasons [2017 (d), and
2018 (e)] at flowering and harvest stages. Error bars represented standard
deviations (N=3). The lowercase letters (a-g) indicate a significant difference (P
< 0.05) between the treatments for the abundance of P solubilizing bacterial
community for a particular sampling point in each cropping season. For
abbreviations, refer to the legend for Figure 4.18.

Effect of agri-management practices on the abundance of phoD gene copies in
the rhizosphere of pigeonpea during three consecutive seasons [2017 (a), 2018
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4.25

4.26

4.27

4.28

(b), and 2019 (c)] and soybean during two consecutive seasons [2017 (d), and
2018 (e)] at flowering and harvest stages. Error bars represented standard
deviations (N=3). The lowercase letters (a-f) indicate a significant difference (P
< 0.05) between the treatments for the abundance of P mineralizing bacterial
community for a particular sampling point in each cropping season. For
abbreviations, refer to the legend for Figure 4.18.

PCA for the impact of agri-management practices (CA, CT and OA) on the plant
parameters of pigeonpea crop at flowering (a), and harvest (b) stages and
soybean crop at flowering (c), and harvest (d) stages of consecutive cropping
seasons (2017, 2018, and 2019). The x- and y-axis indicate PC1 and PC2,
respectively. The percentages in the parentheses indicate to the proportion
variation due to each ordination axis. Red arrows represent the correlation
between plant parameters and PCA axes. CT: conventional agriculture, CA:
conservation agriculture, and OA: organic agriculture; F: flowering stage, and
H: harvest stage.

PCA for the impact of agri-management practices (CA, CT and OA) on the
structure of bacterial community in the rhizosphere of pigeonpea at flowering
(a), and harvest (b) stages, and soybean at flowering (c), and harvest (d) stages
of consecutive cropping seasons (2017, 2018, and 2019). Beta: -
Proteobacteria, Alpha: «a-Proteobacteria, Firmi: Firmicutes, Acido:
Acidobacteria, Actino: Actinobacteria. The x- and y-axis indicate PC1 and PC2,
respectively. The percentages in the parentheses indicate to the proportion
variation due to each ordination axis. Red arrows represent the correlation
between bacterial groups and PCA axes. CT: conventional agriculture, CA:
conservation and OA: organic agriculture. F: flowering stage, and H: harvest
stage.

PCA biplots on the impact of agri-management practices (CA, CT and OA) on
the functional markers of bacterial communities involved in nitrogen cycle
(nifH, amoA, narG, and nirK) and phosphorus cycle (phoD and pqqC) in the
rhizospheres of pigeonpea at flowering (a), and harvest (b) stages, and soybean
at flowering (c), and harvest (d) stages of consecutive cropping seasons (2017,
2018 and 2019). The x- and y-axis indicate PC1 and PC2, respectively. The
percentages in the parentheses indicate to the proportion variation due to each
ordination axis. Red arrows represent the correlation between gene markers of
bacterial guilds involved in N and P cycles and PCA axes. CT: conventional
agriculture, CA: conservation agriculture, and OA: organic agriculture. F:
flowering stage, and H: harvest stage.

Box-Whisker plots illustrating the impact of agri-management practices (CT,
CA, and OA) on specific bacterial groups at three cropping seasons [2017 (a),
2018 (b), and 2019 (c)] and functional markers of bacterial guilds involved in N
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4.29

4.30

4.31

4.32

and P cycles across three cropping seasons [2017(d), 2018 (e), and 2019 (f)] in
the pigeonpea rhizosphere. Boxes represent the interquartile ranges (Q1-Q3),
thick line represents median, and lines extending from the boxes (whiskers)
represent non-outlier range.

Box-Whisker plots illustrating the impact of agri-management practices (CT,
CA, and OA) on specific bacterial groups at two cropping seasons [2017 (a),
and 2018 (b)] and functional markers of bacterial guilds involved in N and P
cycles at two cropping seasons [2017(c), and 2018 (d)] in the soybean
rhizosphere. Boxes represent the interquartile ranges (Q1-Q3), thick line
represents median, and lines extending from the boxes (whiskers) represent non-
outlier range.

NMDS illustrating differences in plant growth attributes and bacterial
community structure and functional potential of rhizospheric bacterial
communities of pigeonpea and soybean crops according to Bray-Curtis distance.
Pigeonpea in planting seasons 2018 (a), and 2019 (b); and soybean in planting
seasons 2017 (c), and 2018 (d). Lines in the NMDS plot demonstrated the
distance of each module to its group (agri-management practice) centroids in
the multivariate space. The x- and y-axis indicate NMDS1 and NMDS2,
respectively. Different color arrows represent the correlation between different
variables and NMDS axes. Blue dots and ellipse: CT, green dots and ellipse:
CA, and orange dot: OA. Light red arrow: plant growth attributes, Brown arrow:
dominant bacterial phyla, and yellow arrow: functional genes of guilds involved
in N cycle (nifH, amoA, narG and nirK) and P cycle (phoD and pqqC). Beta: -
Proteobacteria, Alpha: «a-Proteobacteria, Firmi: Firmicutes, Acido:
Acidobacteria, Actino: Actinobacteria.

Box-Whisker plots illustrating the impact of tillage on specific bacterial groups
at two cropping seasons [2017 (a), and 2018 (b)] and functional markers of
bacterial communities involved in N and P cycles at two cropping seasons
[2017(c), and 2018 (d)] in the soybean rhizosphere. ZT: zero tillage, CtT:
conventional tillage. Boxes represent the interquartile range (Q1-Q3), thick line
represents median, and lines extending from the boxes (whiskers) represent non-
outliers range.

Box-Whisker plots illustrating the impact of tillage on specific bacterial groups
at three cropping seasons [2017 (a), 2018 (b), and 2019 (c)] and functional
markers of bacterial communities involved in N and P cycles at three cropping
seasons [2017(d), 2018 (e), and 2019 ()] in the pigeonpea rhizosphere. ZT: zero
tillage, CtT: conventional tillage. Boxes represent the interquartile ranges (Q1-
Q3), thick line represents median, and lines extending from the boxes (whiskers)
represent non-outlier range.
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4.34
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4.38

Box-Whisker plots illustrating the impact of crop residue retention (CRR) on
specific bacterial groups at two cropping seasons [2017 (a), and 2018 (b)] and
functional markers of bacterial guilds involved in N and P cycles at two
cropping seasons [2017(c), and 2018 (d)] in the soybean rhizosphere. Boxes
represent the interquartile ranges (Q1-Q3), thick line represents median, and
lines extending from the boxes (whiskers) represent non-outlier range.

Box-Whisker plots illustrating the impact of crop residue retention (CRR) on
specific bacterial groups at three cropping season [2017 (a), 2018 (b), and 2019
(c)] and functional markers of bacterial guilds involved in N and P cycle at three
cropping seasons [2017(d), 2018 (e), and 2019 ()] in the pigeonpea rhizosphere.
Boxes represent the interquartile ranges (Q1- Q3), thick line represents median,
and lines extending from the boxes (whiskers) represent non-outlier range.

Box-Whisker plots illustrating the impact of crop bedding patterns on specific
bacterial groups at two cropping seasons [2017 (a), and 2018 (b)] and functional
markers of bacterial guilds involved in N and P cycle at two cropping seasons
[2017(c), and 2018 (d)] in the soybean. FB: flat-bed, RB: raised-bed and PRB:
permanent raised-bed. Boxes represent the interquartile ranges (Q1-Q3), thick
line represents median, and lines extending from the boxes (whiskers) represent
non-outlier range.

Box-Whisker plots illustrating the impact of crop bedding pattern on specific
bacterial groups at three cropping seasons [2017 (a), 2018 (b), and 2019 (c)] and
functional markers of bacterial guilds involved in N and P cycle at three
cropping seasons [2017(d), 2018 (e), and 2019 ()] in the pigeonpea rhizosphere.
FB: flat-bed, RB: raised-bed and PRB: permanent raised-bed. Boxes represent
the interquartile ranges (QI1-Q3), thick line represents median, and lines
extending from the boxes (whiskers) represent non-outlier range.

Box-Whisker plots illustrating the impact of nutrient management on specific
bacterial groups at two cropping seasons [2017 (a), and 2018 (b)] and functional
markers of bacterial guilds involved in N and P cycle at two cropping seasons
[2017(c), and 2018 (d)] in the soybean rhizosphere. RDF: 100% recommended
dose of fertilizers, RDF/NPKmf: 75% RDF and NPK microbial formulation, and
AMT/NPKmf: AM fungi and NPK microbial formulation. Boxes represent the
interquartile ranges (Q1-Q3), thick line represents median, and lines extending
from the boxes (whiskers) represent non-outlier range.

Box-Whisker plots illustrating the impact of nutrient management on specific
bacterial groups at three cropping seasons [2017 (a), 2018 (b), and 2019 (¢)] and
functional markers of bacterial guilds involved in N and P cycle at three
cropping seasons [2017(d), 2018 (e), and 2019 ()] in the pigeonpea rhizosphere.
RDF: 100% recommended dose of fertilizers, RDF/NPKmf: 75% RDF and NPK
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4.39

4.40

4.41

4.42

4.43

microbial formulation, and AMf/NPKmf: AM fungi and NPK microbial
formulation. Boxes represent the interquartile ranges (Q1-Q3), thick line
represents median, and lines extending from the boxes (whiskers) represent non-
outlier range.

Quantification of residual concentration of azadirachtin in azadirachtin
supplemented bacterial culture by HPLC. Error bars represent standard
deviations (N=3).

Effect of bacterial strains on plant growth parameters; shoot length (a), dry
weight (b), root length (¢), and pod numbers (d), under azadirachtin application
at 40 DAS and 65 DAS. Error bars represented standard deviations (n=3). The
lowercase letters indicate a significant difference (P < 0.05) between the
treatments for each plant attribute for a particular sampling point.
Abbreviations: P: plant, A9 and A11: bacterial strains, Az: 300 ppm, and 3xAz:
900 ppm of azadirachtin.

Quantification of residual concentration of azadirachtin in azadirachtin treated
soil in the presence of bacterial strains A9 and All, with 300 ppm of
azadirachtin (a), and 900 ppm of azadirachtin (b). Error bars represent standard
deviations (n=3). Abbreviations: C+Az, A9+Az, Al11+Az and A9+Al1+Az:
control (soil without bacterial strains inoculation) soil, soils with mono
inoculation of A9, A11, and soil with dual inoculation A9 and A11, respectively,
with the recommended dose of azadirachtin (300 ppm) application; C+3xAz,
A9+3xAz, A11+3xAz and A9+A11+3xAz: control soil, soil having mono
inoculation of A9, All, and soil having dual inoculation A9 and All,
respectively, with 3x of the recommended dose of azadirachtin.

Bacterial community profiles generated by DGGE using 16S rRNA gene of
mungbean rhizospheric soil samples under the application of azadirachtin and
bulk soil at 40 DAS (a), and 65 DAS (c). Lane L: ladder, lane Bulk: bulk soil,
lane P: plant soil, lane P+Az: plant having 300ppm of azadirachtin, lane
P+3xAz: plant having 900 ppm of azadirachtin, Lane A9 and All: single
inoculation of bacterial isolates, Lane A9+A11: dual inoculation of bacterial
isolates, Lanes A9+Az, A11+Az and A9+A11+Az: single and dual inoculations
of bacterial isolates with azadirachtin application (300 ppm), lanes A9+3xAz,
Al11+3xAz and A9+AI11+3xAz: single and dual inoculations of bacterial
isolates with 900 ppm of azadirachtin application. (c¢) and (d) Clustering
analyses for DGGE profiles obtained in part (a) and (b), respectively. Scale
shows % similarity among soil samples from different treatments and bulk soil.
The cophenetic correlation values with 1% tolerance have been presented at
branch nodes of the dendrogram.

Heatmap depicting Margalef Species richness (a), and Shannon-Wiener (b)
indices obtained from DGGE profiles generated from the mungbean
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4.44

4.45

6.1

rhizospheric soil samples at 40 DAS and 65 DAS. For abbreviations, refer to
the legends for figure 4.42.

Abundance of 16S rRNA gene copies within various treatments for the total
bacterial community at two time points, 40 DAS and 65 DAS. Error bars
represent standard deviations (n=3). The lowercase letters (a-g) indicate a
significant difference (P < 0.05) between the treatments for a particular
sampling point. For abbreviations, refer to the legend for Figure 4.42.

Effects of bacterial strains with azadirachtin applications on the abundances of
dominant bacterial groups, viz., a-Proteobacteria (a), p-Proteobacteria (b),
Firmicutes (c), Acidobacteria (d), and Actinobacteria (e) in the rhizosphere of
mungbean at 40 DAS and 65 DAS. Error bars represent standard deviations
(n=3). The lowercase letters (a-h) indicate a significant difference (P < 0.05)
between the treatments for a particular sampling point. For abbreviations, refer
to the legend for Figure 4.42.

Summary and Conclusions
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