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ABSTRACT

Soil salinization is a major global constraint that severely hampers crop productivity and
threatens agricultural sustainability. Microbiome-based rhizosphere engineering strategies for
salinity stress mitigation have emerged as viable and eco-friendly alternatives to conventional
methods. This study aimed to develop a salt stress-acclimatized rhizosphere microbiome
followed by designing a synthetic microbial community (SMC) capable of enhancing plant
growth and physiological resilience under salinity stress. A salt stress-acclimatized rhizosphere
microbiome was generated through successive passaging of the rhizosphere soil in a salt-
susceptible tomato (Solanum lycopersicum) cultivar over multiple plant growth cycles (PGCs)
under ramping up of salt concentrations. The efficiency of salt stress-acclimatized rhizosphere
microbiome on different plant model systems was evaluated through rhizosphere microbiome
transplantation (RMT). It demonstrated a significant enhancement of plant growth in tomato
as well as in other plant model systems, viz., brinjal, chilli, bell pepper, and okra. There was an
enhancement in salinity stress mitigation across all plant model systems. The prominent effect
was observed in chilli and okra. Further, prokaryotic community composition along the process
of acclimatization of the rhizosphere microbiome was analyzed. The tomato rhizosphere soil
with microbiome+salt (PMS) treatment exhibited a similar prokaryotic community across
different PGCs. The phyla Proteobacteria (now Pseudomonadota) and Bacteroidota increased
along the process of acclimatization in the PMS set compared to only salt-treated set. In the
case of genus, Pseudomonas played an important role in mitigating salinity stress in tomato
through the acclimatization process. Interestingly, the relative abundance of Pseudomonas was
also found to be the highest in the rhizosphere soil inoculated with salt stress-acclimatized
microbiome of tomato in okra under salt stress compared to other treatment sets. Following
this, a culture bank was generated from the salt stress-acclimatized rhizosphere microbiome of

tomato. The bacterial strains were screened for salt tolerance and plant growth promoting
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(PGP) traits, including 1-aminocyclopropane-1-carboxylate (ACC) deaminase activity,
siderophore production, phosphate solubilization, and indole-3-acetic acid (IAA) production,
followed by their plant growth promotion activity under salinity stress in controlled conditions.
Three salt stress-acclimatized bacterial isolates, viz., Pseudomonas sp. SP16.1, Pseudomonas
furukawaii SP16.16, and Microbacterium resistens SP16.19 were shortlisted for designing
SMC. Further, whole-genome sequencing of three bacterial strains was performed to elucidate
genetic mechanisms underpinning stress adaptation. Genome annotation revealed several
biosynthetic gene clusters (BGCs) encoding nonribosomal peptide synthetases (NRPS-like),
betalactones, terpenes, and redox cofactors associated with antioxidative defence,
osmoprotection, and microbial communication within the rhizosphere. Further, untargeted
metabolomics of these three bacterial strains was performed to understand the presence of
metabolite features in the presence and absence of salt stress. It was found that the metabolite
production was species-specific, irrespective of salt stress. Then, the efficacy of the three-
membered SMC for salinity stress mitigation on tomato was evaluated in natural conditions.
The SMC treatment significantly improved plant height, dry weight, membrane stability index
(MSI), chlorophyll, and carotenoid levels while reducing osmotic and oxidative stress markers
such as proline and malondialdehyde (MDA). The observed synergistic effects reflected
metabolic cooperation and resource sharing among SMC members, reinforcing the importance
of microbial interactions in conferring stress tolerance. Overall, the study provides compelling
evidence that the SMC of salt stress-acclimatized rhizosphere microbiome can be effectively
integrated to develop biologically robust inoculants to mitigate salinity stress in sustainable

agriculture.
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HR/ARTIR
el Aquiietl T TE AfYe S1eT § Sl had SdTaddl &I THR =0 ¥ a1ferd &Rl 8
3R BTV FRRAT P! WRT UGN € | FAAUIAT I-Td (salt stress) IR0 & fTT AT IETAN-
MUTRA ASTIRBITR NI (microbiome-based rhizosphere engineering) YOIl
IRUR® dRid! & gaer 3R TafaRUl- 3G d fadwed & U H IU T 3700 H1 362
SdUT TG o Ui SpIerd ASTARDITR HIZHISTIH BT [dhT BT T, [T ugTq Uh
HET Gersial G (SMC) T FaTor fosar 7, St aqurar a-ra &1 fufa & ol &1 gfs
3R RIS TRl & 9g | F&rd 81| vl igdT | gig & dgd &s Uiey faer
! (PGCs) H AGUI-Hag-RN (salt-susceptible) THIER (Solanum lycopersicum) ¥t fared
T ISP RR (rhizosphere) gl & Hl® AN & ATed ¥ TH d@UT d-1G- 3B e
SRR ATSHIEM (salt stress-acclimatized rhizosphere microbiome) 3@d fdbaT

a1 41| fafie iy Aisd vunferil IR daur dH1a- b cid IFSIRD IR HIZh ISy o1

G&dT BT i SO IR AISHITH YIRIYU (RMT) & H1eqH ¥ fovar mam| g9+
THCR & TIY-IY 37 UTey Hisd yonferdl, S8 &, e, R fnd ok fist & urey

Jfs o Iwie-d g UaiRid @11 9t ureu Ared yunferdl & @aurar a1 (salt stress)
e ¥ gig <t w1 it ofR RS § suet wiw uviE g ATl 6 S,
SRR ATSHISIA (rhizosphere microbiome) & %A ! Ufhdl & Y
Mo RAfed TR T &1 fazayur faar 7| AIghIe (microbiome) +THE® (PMS)

JUAR gTcl! eHTER JIFSIRWBIR (rhizosphere) gt 7 fafiid PGCs & To ToM MidsRaifes

(prokaryotic) e UefRid faaT | Had adul-3UaTRd e &I ga-1 8§ PMS I & 3G
3! ufshar & Ty MfeAeaiar (Proteobacteria/Pseudomonadota) 3R aﬁ?ﬁ?ﬁﬁﬂ
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UfohdT & HIH ¥ cHICR H daurdl d-1d (salt stress) I &Y B H Tgaqul YD
feraey 91 98 § T SN (Pseudomonas) @1 TT0E TERAT 370 SUDR Hel &1 o
T % q1d & dgd cHIeR & THSD d-1d- IR crd AIZHIaIT o 1Y Il A 7Y
ASSIBRR (rhizosphere) ST T Taq 3ifeie U8 151 TP §1G, THICY & THG d-Id-
3IH T USSP IR HIZHIETAIA (rhizosphere microbiome) ¥ T T¥Hid o daR foha
T Y71 1-UHAISHAI O - 1-leifaiers TRIE (ACC) S Tfdfd, qseimR
I, Bhrthe gaRiadT 3R Sa1d-3-Tfifesd This (1AA) Tfafafer afgd 0 afgsd
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S IR-TZENH 9PTss RAYTT (NRPS-like), dleTaiaeld (betalactone), eXUIA (terpene)
3R VST (redox) YEHR®! B! Heag B &, Off ASSIWPRR (rhizosphere) F HiaR

TESAHTRAST (antioxidant) I&fT, TRTERUT TREMT, 3R A TR A IS § | 39D 3T,
39 I 9aTd TAl (bacterial strains) @1 3FCHicS HeA™® (untargeted
metabolomic) @I T8 dlfds TAUN TG (salt stress) &I IURUfA MR Srfufufy o
Hscraersc [aRIVAISH (metabolite features) B SURRIA Dl FHS ST Fab | AT 74T fdb

Heraidrse 3die Uelfd-fafIy (species-specific) YT, dTe AUl d-1d 81 a1 9 811 b
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&S, T UR, et RRAT GEabie (Msl), TRIBA (chlorophyll) 3R dRICHITS
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(malondialdehyde) S TRIRRUY 3R TRITSEd (oxidative) T1d gt & &1 fawa|
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SRR HIZHIATAI (salt stress-acclimatized rhizosphere microbiome) & THTHIT
(SMC) & fe®hT3 BV (sustainable agriculture) & eI AUIAT 14 (salt stress) Bl HH
IR & ol g T § Tolgd S (inoculant) fAHRId B & forg gurdt =0 9
UHIgd [T off el g |



List of content

Certificate i
Acknowledgements 1i-v
Abstract vi-vii
AR /ARIE viii-x
List of figures XV-XX
List of tables Xxi
Abbreviations Xxii-xxiv
1. INTRODUCTION AND OBJECTIVES 1-7
1.1. Introduction 2-6
1.1.1. Soil salinization 2-6
1.1.2. Model crops used in this study 6
1.2. Objectives 7
2. REVIEW OF LITERATURE 8-33
2.1. Arable land under salinity stress 9-10
2.2. Impact of salinity stress on plants 10-14
2.2.1. Physiological responses 10-11
2.2.2. Biochemical responses 11-13
2.2.3. Molecular mechanisms in plants to combat salinity stress 13-14
2.3. Need for sustainability in agriculture 14-15
2.4. Traditional approaches for combating salinity stress 15-16
2.5. Limitations of bioinoculant application 16-17
2.6. Rhizosphere microbiome and its importance in agriculture 17-18
2.7. Rhizosphere engineering for stress mitigation 19
2.8. Different ways of rhizosphere engineering 20-30
2.8.1. Plant-based rhizosphere engineering 20-21
2.8.2. Metaorganism-based rhizosphere engineering 22-23
2.8.3. Microbiome-based rhizosphere engineering 23-30
2.8.3.1. Top-down rhizosphere engineering 23-28
2.8.3.2. Bottom-up rhizosphere engineering 28-30
2.9. Challenges in microbiome-based rhizosphere engineering 30-31
2.10. Plant model systems used in this study 31-33
2.10.1. Tomato as a plant model system for microbiome-based rhizosphere 31-32
engineering

2.10.2. Brinjal, chilli, bell pepper, and okra as plant model systems for 32-33
rhizosphere microbiome transplantation (RMT)

3. MATERIALS AND METHODS 34-61
3.1. Plant model systems 36-39
3.1.1. Characteristics of procured tomato cultivars 36-37
3.1.2. Characteristics of plant model systems selected for rhizosphere 38-39
microbiome transplantation (RMT)

3.2. Salt tolerance assay 39-40
3.3. Composite soil preparation and its characterization 40-41
3.4. Acclimatization of rhizosphere microbiome to salinity stress 41-43
3.5. Sampling 44-50
3.5.1. Plant samples 44-47

Xi




3.5.1.1. Proline estimation 44-45
3.5.1.2. MDA estimation 45
3.5.1.3. Chlorophyll and carotenoid estimation 45
3.5.1.4. MSI value 46
3.5.1.5. Quantification of sodium and potassium ions 46
3.5.1.6. Quantification of salt stress responsive markers 46-47
3.5.1.7. Root system architecture 47
3.5.2. Application of acclimatized rhizosphere soil/microbiome on other plant 48
model systems

3.5.3. Analysis of collected rhizosphere soil samples 49-50
3.5.3.1. Analysis of prokaryotic community diversity in rhizosphere soil 49-50
samples along the process of tomato rhizosphere acclimatization to salt stress

3.5.3.2. Analysis of prokaryotic community diversity in rhizosphere soil 50
samples of different treatment sets in okra

3.6. Culture bank generation from salt stress-acclimatized rhizosphere soil 50-60
3.6.1. Isolation and identification of bacterial strains from salt stress- 50-52
acclimatized soil

3.6.2. Assessment of quantitative and qualitative plant growth promoting 52-56
(PGP) traits of shortlisted bacterial strains

3.6.2.1. Quantitative and qualitative estimation of siderophore production 52-53
3.6.2.2. Quantitative and qualitative estimation of phosphate solubilization 53-54
3.6.2.3. Quantitative and qualitative estimation of 1-aminocyclopropane-1- 54-56
carboxylate (ACC) deaminase activity

3.6.2.4. Quantitative and qualitative estimation of indole 3-acetic acid (IAA) 56-57
activity

3.6.3. Set up of plant growth experiment with the best PGP scoring bacterial 57
isolates under controlled conditions

3.6.4. Whole genome sequencing (WGS) of selected salt stress-acclimatized 57-58
bacterial strains

3.6.5. Metabolomic analysis of shortlisted salt stress-acclimatized bacterial 58-59
strains

3.6.6. Generation of SMC and its application on tomato plants under natural 59-60
conditions

3.7. Statistical analysis 61
4. RESULTS 62-126
4.1. Acclimatization of rhizosphere microbiome by multi-passaging, to 64-73
mitigate salinity stress in a salt-susceptible tomato cultivar

4.1.1. Selection of salt-susceptible tomato cultivar for salt stress- 64
acclimatization study

4.1.2. Characterization of composite soil for set up of multi-passaging 65
experiment for salt stress-acclimatization of rhizosphere microbiome

4.1.3. Impact of salinity stress during the first plant growth cycle (PGC) 65-66
4.1.4. Impact of salinity stress on plant morphological parameters along the 66-69
process of rhizosphere microbiome acclimatization

4.1.5. Impact of salinity stress on plant stress markers along the process of 69-73
acclimatization of rhizosphere microbiome

4.2. Impact of salt stress-acclimatized rhizosphere microbiome on different 73-87

plant model systems

Xii




4.2.1. Salt tolerance levels of other plant model systems, for rhizosphere 73-74
microbiome transplantation

4.2.2. Impact of salt stress-acclimatized rhizosphere microbiome on different 74-82
plant systems

4.2.3. Impact of RMT on fruit yield in different plant systems 82-87
4.3. Effect on prokaryotic community composition in rhizosphere soil 87-106
4.3.1. Prokaryotic community dynamics along the process of rhizosphere 87-99
microbiome acclimatization

4.3.2. 16S rRNA amplicon sequencing of the rhizosphere soil in different 99-106
treatment sets of the okra plant system

4.4. Culture bank generation from the salt stress-acclimatized rhizosphere | 106-111
microbiome

4.4.1. Identification and PGP trait characterization of shortlisted salt stress- | 106-109
acclimatized rhizosphere microbiome

4.4.2. Effects of salt stress-acclimatized bacterial strains on tomato plant | 109-111
growth under salinity stress

4.5. SMC generation and testing its efficacy for the mitigation of salinity stress | 112-126
in tomato

4.5.1. Whole genome sequencing of salt stress-acclimatized bacterial strains 112-115
4.5.2. Untargeted metabolomic analysis of salt stress-acclimatized bacterial | 116-118
strains in the presence and absence of salt stress

4.5.3. Impact of SMCs on the mitigation of salinity stress and plant growth | 119-126
promotion in tomato plants under natural conditions

4.5.3.1. Impact of SMC on plant growth parameters in tomato under salinity | 119-121
stress

4.5.3.2. Impact of SMC on plant stress markers in tomato under salinity stress | 121-126
5. Discussion 127-152
5.1. Acclimatization of the rhizosphere microbiome through successive | 129-134
passaging to enhance salinity tolerance in a salt-susceptible tomato cultivar

5.1.1. Impact on plant growth parameters of tomato along the process of | 131-132
rhizosphere microbiome acclimatization

5.1.2. Impact on stress markers of tomato along the process of rhizosphere | 132-134
microbiome acclimatization

5.2. Impact of salt stress-acclimatized rhizosphere microbiome on different | 134-138
plant model systems

5.2.1. Impact on plant growth parameters in different plant systems 136-138
5.2.2. Impact on plant stress markers in different plant systems 138
5.3. Evaluation of prokaryotic community dynamics in rhizosphere soil 139-144
5.3.1. Effect of acclimatization with ramping up of salinity stress on | 139-140
prokaryotic community dynamics in various PGCs

5.3.2. Effect of RMT on the rhizosphere microbiome in different treatment | 141-144
sets of okra, in comparison to salt stress-acclimatized rhizosphere microbiome

5.4. Salt stress-acclimatized rhizosphere bacterial strains and their plant | 144-146
growth promoting (PGP) traits

5.5. Effect of SMC in comparison to individual strains and dual bacterial strain | 146-152
inoculation in tomato under natural environment

6. SUMMARY AND CONCLUSIONS 153-162
6.1. Summary 154-160
6.2. Conclusions 161-162

Xiii




7. BIBLIOGRAPHY

163-185

APPENDIX

186-189

Curriculum Vitae

190-192

Xiv




List of figures

Figure
no.

Legend

Page
number

2.1

Various ways of engineering the rhizosphere include (a) plant-based,
(b) metaorganism-based, and (c) microbiome-based approaches
(Pradhan et al., 2022).

20

2.2

Top-down rhizosphere engineering approach (1) rhizosphere soils from
multiple sources are pooled to create a composite soil (starter
microbiome), (2) composite soil is used in 1% PGC, (3) the host plant is
evaluated based on phenotypic traits to determine the impact of
microbiome inoculation, (4) the rhizosphere microbiome is collected
from the phenotypically best performing plant and used as the inoculum
for the next PGCs, (5) this cycle of selection and inoculation is repeated
across successive PGCs until the acclimatized rhizosphere microbiome
is achieved (Dubey and Sharma, 2021).

24

23

The propagule method involves selecting a single parental community
from a larger group and then generating multiple new communities
from this selected parent. This process is repeated independently across
several distinct lines. In contrast, the migrant pool method selects
multiple parental communities from the group, combines them into a
mixed pool, and uses this mixture to create new communities. This
approach is implemented as a single line using the mixed parental units
to produce all offspring communities (Raynaud et al., 2019).

27

24

Processes for developing SMC, their application, and the associated
challenges (Pradhan et al., 2022).

29

3.1

Overall experimental layout.

35

3.2

Experimental set up of the salt tolerance assay with a tomato cultivar
showing increasing salt concentrations from 0 mM to 200 mM (left to
right).

39

33

Tomato nursery setup with salt-susceptible cultivar for top-down
microbiome-based rhizosphere engineering approach.

41

3.4

Plant growth experiment set up under controlled condition

42

3.5

Ramping up of salt concentration during the process of acclimatization

42

3.6

Plant growth experiment set up with brinjal, bell pepper, chilli, and okra
under natural conditions at IIT Delhi nursery.

48

3.7

Plant growth set up with salt-susceptible tomato cultivar under natural
environment in IIT Delhi nursery

60

4.1

Effect of varying concentrations of salt on the germination of different
tomato cultivars. The graph illustrates the percentage of seed
germination under control conditions (0 mM NaCl) and varying levels
of salinity stress (50-200 mM NaCl). The error bars indicate the
standard deviation among the replicates (n = 20).

64

4.2

Plant growth attributes and stress markers after the 1% PGC, (a) shoot
length, (b) root length, (c) dry weight, (d) proline level, (¢) MDA level,
(f) MSI, and contents of (g) chlorophyll a, (h) chlorophyll b, and (i)
carotenoids. Here, error bars represent standard deviation within a set
of plants (n = 3). P: PKM1 tomato cultivar, C: control, S: salt-treated.
*indicates statistically significant difference (*p < 0.05, ****p <
0.0001).

66

XV




4.3

Plant growth parameters along the PGCs with ramping up of salt
concentration, (a) plant height, and (b) dry weight. Error bars represent
the standard deviation within a set of plants (n = 3). P: PKM1 tomato
cultivar, C: Control, S: salt-trecated, PM: microbiome-treated, PMS:
microbiome+salt-treated.

67

4.4

Effect of acclimatized microbiome on tomato plants harvested 21 days
after transplantation (vegetative stage), after 16" PGC. Salinity stress
of 140 mM NaCl was applied to plants in the 16® PGC. P: PKM1 tomato
cultivar, C: control, S: salt-treated, M: microbiome-treated, and MS:
microbiome+salt-treated.

67

4.5

Morphology of root structure of different treatment sets in (a) 12" PGC
and (b) 16™ PGC. P: PKM1 tomato cultivar, C: Control, S: salt-treated,
PM: microbiome-treated, PMS: microbiome-+salt-treated, 12:12" PGC,
16:16"™ PGC.

68

4.6

Root system architecture parameter analysis (a) number of root tips in
12" PGC, (b) number of branch points in 12" PGC, (c) total root length
(px) in 12" PGC, (d) (c) branching frequency (px'') in 12" PGC, (e)
number of root tips in 16" PGC, (f) number of branch points in 161
PGC, (g) total root length (px) in 16" PGC, (h) (c) branching frequency
(px") in 16™ PGC. Error bars represent the standard deviation within a
set of plants (n = 3). *indicates statistically significant difference (*p <
0.05, **p < 0.01, ***p < 0.001, ****p <0.0001).

69

4.7

Stress marker levels in different treatment sets across PGCs with
ramped up salinity stress (a) proline level, and (b) MDA level. Error
bars represent standard deviation within a set of plants (n = 3).
Lowercase alphabet indicates significant differences. For abbreviations,
refer to the legend of Figure 4.3.

70

4.8

Heatmaps showing levels of stress markers in different treatment sets
along the process of acclimatization (a) chlorophyll a content, (b)
chlorophyll b content, (c) carotenoid content, and (d) MSI level. For
abbreviations, refer to the legend of Figure 4.3.

71

4.9

The relative expression levels of salt stress responsive genes in plant
roots for the 12" PGC are shown as follows: (a) SINHX4, (b) SIHKTI;1,
and (c) SIHKTI ;2. For the 16™ PGC, the expressions are represented as
follows: (d) SINHX4, (e) SIHKTI;1, and (f) SIHKTI;2. Error bars
indicate the standard deviation (n = 3). Lowercase letters indicate
statistically significant differences. For abbreviations, refer to the
legend of Figure 4.3.

72

4.10

Sodium ions, potassium ions, and potassium to sodium ion content in
16™ PGC (a) shoot and (b) root. Error bars indicate the standard
deviation (n = 3). Lowercase letters indicate statistically significant
differences. For abbreviations, refer to the legend of Figure 4.3.

73

4.11

Effects of varying concentrations of salt on the % germination in (a)
brinjal, (b) chilli, (c) bell pepper, and (d) okra. The graph illustrates the
percentage of seed germination under control conditions (0 mM NaCl)
and varying levels of salinity stress (50-200 mM NacCl). The error bars
indicate the standard deviation among the replicates (n = 20).

74

4.12

Effect of tomato salt stress-acclimatized rhizosphere microbiome on
different plant systems (a) brinjal, (b) chilli, (c¢) bell pepper, and (d)

75

XVi




okra. Here, Br: brinjal, Ch: chilli, BP: bell pepper, O: okra, C: control,
S: salt, M: microbiome, MS: microbiome+salt.

4.13

Plant growth parameters among treatment sets in different plant
systems. Plant height in (a) brinjal, (b) chilli, (c) bell pepper, (d) okra,
and dry weight in (e) brinjal, (f) chilli, (g) bell pepper, (h) okra.
Lowercase alphabets indicate statistically significant difference. For
abbreviations, refer to the legend of Figure 4.12.

76

4.14

Root system architecture among different treatment sets in (a) chilli, and
(b) bell pepper. For abbreviations, refer to the legend in Figure 4.12.

77

4.15

Root system architecture parameter analysis in chilli (a) number of root
tips, (b) number of branch points, (c) branching frequency (px'), (d)
network area (px?), (e) perimeter (px), and (f) surface area (px?). Error
bars represent standard deviation (n = 3). Lowercase alphabets indicate
statistically significant difference. For abbreviations, refer to the legend
of Figure 4.12.

78

4.16

Root system architecture parameter analysis in chilli (a) number of root
tips, (b) number of branch points, (c) branching frequency (px!), (d)
network area (px?), (e) perimeter (px), and (f) surface area (px?). Error
bars represent standard deviation (n = 3). Lowercase alphabets indicate
statistically significant difference. For abbreviations, refer to the legend
of Figure 4.12.

79

4.17

Stress marker levels in the plants after RMT in (a) brinjal, (b) chilli, (c)
bell pepper, (d) okra, and MSI level in (e) brinjal, (f) chilli, (g) bell
pepper, and (h) okra. Error bars represent standard deviation (n = 3).
Lowercase alphabets indicate statistically significant difference. For
abbreviations, refer to the legend of Figure 4.12.

81

4.18

K*/Na" ratio after RMT approach in different plant model systems (a)
brinjal, (b) chilli, (c) bell pepper, and (d) okra. Error bars represent
standard deviation (n = 3). Lowercase alphabets indicate statistically
significant difference. For abbreviations, refer to the legend of Figure
4.12.

82

4.19

Number of fruits obtained in different treatment sets after RMT in chilli
(a) ChC, (b) ChM, and (c) ChMS plants. For abbreviations, refer to the
legend of Figure 4.12.

83

4.20

Number of fruits obtained in different treatments in BPMS set of bell
pepper. For abbreviations, refer to the legend in Figure 4.12.

85

4.21

Fruits obtained from different treatment sets in okra (a) OC, (b) OS, (c)
OM, and (c) OMS plants. For abbreviations, refer to the legend of
Figure 4.12

86

4.22

Rarefaction curve for prokaryotic diversity in different treatment sets of
salt-susceptible tomato cultivar along the process of acclimatization (a)
observed features, and (b) Shannon. Here, P: PKM1 tomato cultivar, C:
Control, S: salt-treated, PM: microbiome-treated, @ PMS:
microbiome+salt-treated, 1C: composite soil, 1: 13 PGC, 5: 5 PGC, 10:
10" PGC, 12: 12" PGC, and 16: 16™ PGC.

88

4.23

Violin plots illustrating the a-diversity of prokaryotic communities in
the rhizosphere soil (n = 3) across treatment sets of various PGCs during
the acclimatization process: (a) Shannon Index, and (b) Simpson Index.
For abbreviations, please refer to the legend of Figure 4.22.

89

XVii




4.24

The principal coordinate analysis (PCoA) plot on the unweighted
UniFrac distance matrix illustrates the [-diversity patterns of
rhizosphere prokaryotic communities across different treatment sets of
various PGCs during the acclimatization process. In this plot, each point
represents a specific treatment set, and the distance between the points
indicates the phylogenetic dissimilarities in community composition.
For abbreviations, please refer to the legend of Figure 4.22.

90

4.25

Relative abundance (%) at (a) phylum, and (b) genus levels along the
process of acclimatization in composite soil, 1% PGC, 5" PGC, 10"
PGC, and 16™ PGCs. Phylum level composition is depicted in chord
diagram, and genus level composition is depicted in stacked bar plot.
For abbreviations, please refer to the legend of Figure 4.22.

94

4.26

Venn diagrams illustrating the shared and unique ASVs among different
treatment sets at four PGCs: (a) 1% PGC, (b) 5" PGC, (c) 10" PGC, and
(d) 16™ PGC. Each diagram reflects the similarity and specificity of
rhizosphere microbial communities across treatment sets in different
PGCs. For abbreviations, please refer to the legend of Figure 4.22.

96

4.27

Heatmap depicting the predicted highest functional profiles of
rhizosphere microbial communities across treatment sets of different
PGCs along the process of acclimatization, based on the highest
abundance of KOs. For abbreviations, please refer to the legend of
Figure 4.22.

98

4.28

Heatmap depicting the predicted highest functional profiles of
rhizosphere microbial communities across treatment sets of different
PGCs along the process of acclimatization, based on the highest
abundance of MetaCyc pathways. For abbreviations, please refer to the
legend of Figure 4.22.

99

4.29

Rarefaction curve for prokaryotic diversity in different treatment sets of
okra plant. For abbreviation, please refer to the legend in Figure 4.12.

100

4.30

Alpha diversity in different treatment sets in the okra plant. Error bars
represent standard deviation (n = 3). For abbreviations, please refer to
the legend of Figure 4.12.

101

431

Percentage relative abundance of prokaryotic community in the
rhizosphere soil of different treatment sets in okra after RMT approach
at (a) phylum level and (b) genus level. For abbreviations, refer to the
legend of Figure 4.12.

102

4.32

Venn diagram showing shared and unique bacterial taxa among
different treatment sets in the rhizosphere soil of okra after the RMT
approach. For abbreviations, refer to the legend of Figure 4.12.

104

4.33

Heatmap showing relative abundance of KOs across treatments of okra
after RMT. The colour gradient from blue to red represents low to high
relative abundance values, respectively. For abbreviations, refer to the
legend of Figure 4.12.

105

4.34

Heatmap showing the relative abundance of metabolic pathways (based
on KEGG predictions) across treatments of okra after RMT. The colour
gradient from blue to red represents low to high relative abundance
values, respectively. For abbreviations, refer to the legend of Figure
4.12.

106

4.35

Quantitative PGP trait assessment of bacterial isolates (a) [AA
production, (b) % siderophore production, (¢) phosphate solubilization

108

xviii




activity, and (d) ACC deaminase activity. Error bars represent standard
deviation among different treatment sets of plants (n = 3). Here, SP16.1:
Pseudomonas sp. SP16.1, SP16.6: Leucobacter sp., SP16.13:
Microbacterium sp., SP16.16: Pseudomonas furukawaii SP16.16,
SP16.17:  Pseudomonas  plecoglossicida ~ SP16.17, SP16.18:
Pseudomonas plecoglossicida SP16.18, and SP16.19: Microbacterium
resistens SP16.19. The lowercase alphabets denote significant
differences among bacterial strains.

4.36

Phenotypic differences in individual strain inoculation experiment. P:
PKMI1, C: control, S: salt-treated, MS: microbiome+Salt, SP16.1:
Pseudomonas sp. SP16.1, SP16.16: Pseudomonas furukawaii SP16.16,
SP16.17:  Pseudomonas  plecoglossicida  SP16.17,  SP16.18:
Pseudomonas plecoglossicida SP16.18, SP16.19: Microbacterium
resistens SP16.19.

109

4.37

Effect of individual bacterial strain inoculation on plant performance
among different treatment sets (a) plant height, (b) dry weight, (c)
proline level, and (d) MDA level. Error bars represent standard
deviation among different treatment sets of plants (» = 3). For
abbreviations, refer to the legend of Figure 4.36.

110

4.38

Effect of individual bacterial strain inoculation on plant performance
among different treatment sets (bottom to top): chlorophyll a,
chlorophyll b, and carotenoid content. For abbreviations, refer to the
legend of Figure 4.36.

111

4.39

Bacterial genome annotation of (a) Pseudomonas sp. SP16.1, (b)
Pseudomonas furukawaii SP16.16, and (c) Microbacterium resistens
SP16.19.

113

4.40

Number of biosynthetic gene clusters (BGCs) predicted in three
bacterial strains using antiSMASH software (a) Pseudomonas sp.
SP16.1, (b) Pseudomonas furukawaii SP16.16, and (c) Microbacterium
resistens SP16.19.

115

4.41

Principal component axis (PCA) representation of untargeted
metabolomic analysis in three different bacterial strains, viz.,
Pseudomonas sp. SP16.1, Pseudomonas furukawaii SP16.16, and
Microbacterium resistens SP16.19, in the presence and absence of salt
stress at (a) day 3 and (b) day 7. Here, n = 3, the salt stress was 140 mM.

117

4.42

Untargeted metabolomic analysis in three different bacterial strains at
day 3, (a) Pseudomonas sp. SP16.1 (SP16.1), (b) Pseudomonas
Sfurukawaii SP16.16 (SP16.16), and (c) Microbacterium resistens
SP16.19 (SP16.19), in the presence and absence of salt (S). The
heatmap illustrates the statistically significant metabolite features
detected across all samples. Each row represents an m/z feature, and
each column corresponds to a biological replicate within a treatment (n
= 3). The accompanying panel on the right lists the detected m/z values
for these features, facilitating visualization of ion mass distribution and
comparison across strains and treatments. Here, *indicates common
features present in both Pseudomonas strains. ** indicates common
features in Pseudomonas sp. SP16.1 and Microbacterium resistens
SP16.19.

118

4.43

Effect of SMC, dual inoculation, and individual bacterial strain
inoculation on plant performance among different treatment sets (a)

120

XiX




plant height, and (b) dry weight. Error bars represent standard deviation
among different treatment sets of plants (n = 3). Here, P: PKM1 tomato
cultivar, C: control, S: salt-treated, MS: microbiome+tsalt-treated,
SP16.1: Pseudomonas sp. SP16.1, SP16.16: Pseudomonas furukawaii
SP16.16, SP16.17: Pseudomonas plecoglossicida SP16.17, SP16.18:
Pseudomonas plecoglossicida SP16.18, SP16.19: Microbacterium
resistens SP16.19. The lowercase alphabets denote significant
differences among different treatment sets.

4.44

Effect of SMC, dual inoculation, and individual bacterial strain
inoculation on plant performance among different treatment sets (a)
proline, (b) MDA, and (c) MSI. Error bars represent standard deviation
among different treatment sets of plants (n = 3). For abbreviations, refer
to the legend of Figure 4.43.

123

4.45

Effect of SMC, dual inoculation, and individual bacterial strain
inoculation on plant performance among different treatment sets
(bottom to top): chlorophyll a, chlorophyll b, and carotenoid contents
(n = 3). For abbreviations, refer to the legend of Figure 4.43.

126

6.1

Summary of the salient outcomes from the research work. (a)
acclimatization of rhizosphere microbiome to higher salinity stress, (b)
application of acclimatized rhizosphere microbiome in different plant
model systems, (c) prokaryotic community analysis to identify potential
taxa responsible for mitigation of salinity stress in plants, (d) isolation,
identification, characterization and application of shortlisted bacterial
strains, () whole genome sequencing of bacterial strains, design SMC
and application of SMC on salt-susceptible tomato cultivar to mitigate
salinity stress.

160

XX




List of tables

Table Legend Page
no. no.

2.1 Studies on top-down rhizosphere engineering by host-mediated | 25
microbiome engineering (HMME).

3.1 Characteristics of procured tomato cultivars. 37

3.2 Characteristics of procured cultivars for rhizosphere microbiome | 38-39
transplantation (RMT).

33 Primers for studying the expression of salt stress responsive genes in | 47
tomato roots.

4.1 Fruit yield after rhizosphere microbiome transplantation (RMT) in different | 84-85
sets of chilli.

4.2 Details of fruit yield after rhizosphere microbiome transplantation (RMT) | 85
in different treatment sets of bell pepper.

4.3 Fruit yield after rhizosphere microbiome transplantation (RMT) in different | 87
treatment sets of okra.

4.4 Evaluation of qualitative plant growth promoting (PGP) traits of bacterial | 109

isolates obtained from the salt stress-acclimatized rhizosphere microbiome.

XXi




Abbreviations

Formula/Abbreviation Media, molecules and chemicals
MeOH Methanol
(NH4)2SO4 Ammonium sulfate
Caz(PO4)> Calcium phosphate
CO2 Carbon dioxide
CTAB Cetyltrimethylammonium bromide
CuS04.5H,0 Copper (II) sulfate pentahydrate
FeCl3 Ferric chloride
FeCls-6H20 Ferric chloride hexahydrate
FeSO4.7H,0 Ferrous sulfate heptahydrate
H3BO3 Boric acid
HCI Hydrochloric acid
KCl Potassium chloride
KH>POg4 Potassium dihydrogen phosphate
MgCl,.6H,O Magnesium chloride hexahydrate
MgS04.7H,0 Magnesium sulfate heptahydrate
MnSO4.H,0 Manganese (II) sulfate monohydrate
MoO;3 Molybdenum trioxide
Na,HPOg4 Disodium hydrogen phosphate
NaCl Sodium chloride
NaOCl Sodium hypochlorite
NaOH Sodium hydroxide
NH4Cl Ammonium chloride
tris-HCl Tris(hydroxymethyl)aminomethane hydrochloride
ZnS04.7H,0O Zinc sulfate heptahydrate

Terminology used in the study

Terminology description

1C

Composite soil

ACC 1-aminocyclopropane-1-carboxylic acid
ANOVA One-way analysis of variance

ASV Amplicon sequencing variant

BGCs Biosynthetic gene clusters

BP Bell pepper

Br Brinjal

C Control

CAS Chrome azurol sulphonate

CDSs Coding sequences

CFU Colony forming units

Ch Chilli

CTAB Cetyltrimethylammonium bromide
DADA Divisive amplicon denoising algorithm
DDA Data-dependent acquisition

df Dilution factor

DF Dworkin and Foster

DNP 2,4-Dinitrophenol

FBMN Feature based molecular networking

XXii




FDR False discovery rate

GNPS Global natural products social molecular networking

HCN Hydrogen cyanide

IAA Indole-3-acetic acid

IARI Indian Agricultural Research Institute

1Cso Half-maximal inhibitory concentration

1T Indian Institute of Technology

ITVR Indian Institute of Vegetable Research

KO KEGG ortholog

LB Luria bertani

LC-MS Liquid chromatography mass spectrometry

M Microbiome

MCT Microcentrifuge tube

MS Microbiome+Salt

m/z Mass/charge ratio (ion mass)

NAGGN N-acetylglutaminnylglutamine amide

NBRIP National Botanical Research Institute's phosphate
medium

NCBI National Center for Biotechnology Information

NRPS Nonribosomal peptide synthetase

0 Okra

OD Optical density

ONT Oxford nanopore technology

PCA Principal component analysis

PCoA Principle coordinate analysis

PCR Polymerase chain reaction

PERMANOVA Permutational multivariate analysis of variance

PGAP Prokaryotic genome annotation pipeline

PGC Plant growth cycle

PGP Plant growth promoting

PIPES Piperazine-N,N'-bis(2-ethanesulfonic acid)

QIIME Quantitative insights into microbial ecology

qRT-PCR Quantitative reverse transcriptase polymerase chain
reaction

RIPP Ribosomally synthesized and post-translationally
modified peptides

RMT Rhizosphere microbiome transplantation

RO Reverse osmosis

ROS Reactive oxygen species

RSA Root system architecture

S Salt

SDS Sodium dodecyl sulphate

SMC Synthetic microbial community

sORFs Small open reading frames

SPSS Statistical Package for Social Sciences

T3PKS Type III polyketide synthase

TCA Trichloroacetic acid

xXiii




Tris-EDTA Tris(hydroxymethyl)aminomethane and
ethylenediaminetetraacetic acid

TSB Tryptone soy broth

UHPLC Ultra-high-performance liquid chromatography

Elements/ions formula

Elements/ions name

H>0, Hydrogen peroxide
Oy Superoxide
o~ Oxide
OH" Hydroxide
Ca?" Calcium
CI- Chloride
HCO3~ Bicarbonate ion
K" Potassium
Mg?* Magnesium
Na* Sodium
NO;~ Nitrite
SO+ Sulfate
Units Description of units
% Percent
°C Degree Celsius
ug Micro gram
ul Micro litre
CFU Colony forming units
cm Centi meter
df Dilution factor
dS/m deciSiemens per meter
EC Electrical conductivity
ESP Exchangeable sodium percentage
g Gram
h Hour
IAA Indole-3-acetic acid
IBA Indole-3-butyric acid
min Minutes
ml Milli litre
mM Milli molar
ng Nano gram
nm Nano meter
ppm Parts per million
psu Percentage siderophore unit
rpm Revolution per minute
ug Micro gram

XXiV






