MICROBIOME-BASED RHIZOSPHERE ENGINEERING

FOR MITIGATION OF SALINITY STRESS

IN VIGNA RADIATA

SHUBHAM DUBEY

DEPARTMENT OF BIOCHEMICAL
ENGINEERING AND BIOTECHNOLOGY

INDIAN INSTITUTE OF TECHNOLOGY DELHI

NOVEMBER 2023



© Indian Institute of Technology Delhi (IITD), New Delhi, 2023



MICROBIOME-BASED RHIZOSPHERE ENGINEERING
FOR MITIGATION OF SALINITY STRESS
IN VIGNA RADIATA

by
SHUBHAM DUBEY
Department of Biochemical Engineering and Biotechnology

Submitted
In fulfillment of the requirements of the degree of

DOCTOR OF PHILOSOPHY

Indian Institute of Technology Delhi

November 2023



-

\_

Dedicated

this and will not read it

~

To my Grandparents, who inspired

/




CERTIFICATE

This is to certify that the thesis entitled “Microbiome-based rhizosphere engineering for
mitigation of salinity stress in Vigna radiata” being submitted by Mr. Shubham Dubey is
worthy of consideration for the award of the degree of Doctor of Philosophy. The thesis has
been prepared under my supervision and guidance in conformity with the rules and regulations
of Indian Institute of Technology Delhi, and is a record of the original bonafide research work.
The results presented in this thesis have not been submitted in part or full to any other

universities or institutes for the award of any other degree or diploma.

Prof. Shilpi Sharma

Professor,

Department of Biochemical Engineering
and Biotechnology,

Indian Institute of Technology Delhi
New Delhi-110016

INDIA



ACKNOWLEDGEMENTS

“guIiHATYH 39 SeamEy |
AT 9 R g it i |

First Shloka from Sri Ramcharitmanas

By the Grace of God, | have successfully completed my Ph.D. thesis work. As | stand at the
crossroads, on the verge of thesis submission, | am fondly ready to take a walk down memory lane,
remembering with gratitude, all the individuals who have supported me throughout this journey
and beyond.

Life during Ph.D. can be called a roller coaster ride, but | am immensely fortunate to have
been guided by my Supercool Mentor, who has nurtured and cared for me, guarded and shielded
me under all circumstances, steered me through the crests and troughs elegantly, and always
ensured with her excellent instincts and decisions, that all kinds of problems and worries are at
bay. | take this opportunity to sincerely Thank my Guru, my Ph.D. Mentor, Prof. Shilpi Sharma,
for her kind guidance, tireless efforts to set things right for me, constant support, cooperation and
understanding. During Ph.D., she has been the major pillar of strength for me and rescued me from
all troublesome situations. During this phase, there has been so much to learn from her. Her
precision, commitment towards perfection, focused and meticulous work approach, systematic
time management, exceptional ability to strike a balance in work and life, have been exemplary.
She has been extremely supportive of all my endeavours. It is because of her that | happened to
get opportunities to interact with superb researchers in different parts of the world. Her superfast
and accurate solutions to all our doubts have rescued us time and again. She is a wonderful Group
Leader and amazing Scientist, the Best Mentor, | have known in my life. | cannot thank her enough,
but I am ever grateful to her for everything that she has done for me. This journey has become
possible because of her patience, her firmness and resilience, her valuable suggestions and constant
endeavours to help me become a better version of myself. Whatever | have achieved in my Ph.D.
tenure is all because of her continued perseverance. Indeed, | am glad to owe the success of this
journey to her.

Due to kind initiatives taken by my Mentor, | was fortunate to have got a chance to pursue
a five months’ research exchange program at University of Fribourg, Switzerland under the

mentorship of Prof. Laure Weisskopf. | am grateful to Prof. Laure for hosting me in her lab, for



providing me with valuable guidance during my research endeavours and supporting me
throughout.

| am grateful to my SRC members, Prof. Preeti Srivastava, Prof. Ravikrishnan
Elangovan and Prof. P. Hariprasad, for their valued suggestions and support throughout my
Ph.D. tenure. Special thanks to Preeti Ma’am for kindly permitting me to set up my final
experiments in plant growth chamber in her lab. I thank our Departmental Heads, Prof. Ritu
Kulshreshtha (present) and Prof. D. Sundar (former), for providing us with excellent research
facilities in Department of Biochemical Engineering and Biotechnology, at IIT Delhi. I am really
grateful and convey my sincere thanks to Prof. Yashbir S. Shivay, Principal Scientist at Indian
Agricultural Research Institute, for kindly allowing me to conduct some of my crucial experiments
in his laboratory. I also thank Prof. Charaya, my teacher at Chaudhary Charan Singh University,
Meerut, for his valued suggestions and constant encouragement during my research work. | am
immensely grateful to Dr. Manoj Tripathi (Manoj Mama, my Maternal Uncle) for his valuable
advice and kind support at all times, in research and life in general.

| am indeed grateful to my lab members at University of Fribourg, especially my senior
colleague Dr. Floriane L’Haridon for her kind help and valuable suggestions during my stay
there. |1 was impressed with the disciplined working style of my young intern, Viviane, and | thank
her for supporting me during my experiments. | also thank Abhishek Anand and Tashi for their
constant support in lab, as well as throughout my stay in Switzerland. Life would have been tough
there if such wonderful friends like them were not around. Back home, I am grateful to Dr. Vijay
Wardhan, my friend at NIPGR for his kind help and valued input in successfully completing my
plant growth experiments. | convey my thanks to Srinivas and Keerti Ranjan, friends at 1ARI,
for helping me in times of need.

| thank 11T Delhi for the award of research fellowship and providing financial assistance
to attend national and international conferences. | am grateful to all members of the Department
of Biochemical Engineering and Biotechnology, 11T Delhi for their kind support. | would also
like to thank members of the Central Instrumentation Facility and Liquid Nitrogen Facility for
extending their help, whenever required. I sincerely thank Mukesh Bhaiya and Santram Ji for
their help, whenever required. I am really grateful to Ram Prakash Bhaiya and especially Omkar
Bhaiya and associated IIT Delhi nursery staff for helping me to conduct my plant growth

experiments under natural conditions during my Ph.D. years.



| am really fortunate to be a part of Sharma et al. at EGL, IIT Delhi. Lab life has always
been fun, with knowledgeable seniors, wonderful batchmates and vibrant young colleagues.
Agreed that there have been ups and downs during this long journey, but the best part is that we
stood together during challenging and happy moments. When | joined lab in 2017, | was greeted
by a group of very cordial lab members. Firstly, | am deeply indebted to Vasu Goel, who initiated
the rhizosphere engineering work and delivered promising results. His genuine efforts and
cooperation in work is really appreciated, as it helped me carry forward the research in this frontier
with relative ease. | wholeheartedly thank Gautam Sir, for helping and supporting me, and also
for patiently teaching me the basics of DGGE after | joined lab. I am really thankful to my seniors
and colleagues, Richa Ma’am, Sakshi Ma’am, Monica Ma’am, Nidhi, Prashant and Prasun,
who are alumni now. It has been great to have received their support and cooperation, always. |
extend my sincere thanks to Upma Ma’am and Swati Ma’am, for always being there to help me
out, whenever | needed their inputs and cooperation. Their goodwill for me is gratefully
appreciated. | am grateful to Late Shiv Bhaiya (Lab Assistant) for all his help. It’s unfortunate
that we lost him so early in life, due to his kidney ailments.

| take the opportunity to thank my present EGL colleagues and seniors for their constant
support. Many thanks to Somal Ma’am, Shweta Ma’am, and Amitava Sir for their
encouragement and kind cooperation in all my endeavors. It is amazing to work with bright young
juniors. 1 am thankful to Rashi, Salila, Rituraj, Kanika, Soumya, Priya, Argha, Vaibhav,
Gorika, Sakshi, and Sriya for their kind help. It has been a long association with some labmates
and friends during my Ph.D. | thank Priyanka Ma’am, Vijal Ma’am, Shivani, Kanika, Salila
and Anu didi (Annapurna Ma’am in lab), for their motivation and great support. | cherish the
times that I spent with Shivani and Vijal Ma’am, during lab hours as well as the memorable tea
breaks at Amul, where we used to share our hearts out. We had great fun moments and candid
talks during chai-pe-charcha sessions. On a serious note, | am grateful to Vijal Ma’am for
enlightening me about the basics of lab work, during my initial phase. Shivani, a very good friend
of mine, and great batchmate, has been a tremendous support. | cannot thank her enough as words
fall short, for the help that she has extended to me, during all the critical stages of my experiments.
| am grateful to her for giving valuable suggestions during my work and for motivating me to do
my best always. We have been through the best and worst of times in lab together and am really

grateful to Shivani for her constant support and goodwill. Special mention of gratitude to Salila,



for extending her help at all times and carrying out the plant growth experiments for me, when |
was away. | would like to specially thank Dr. Annapurna Bhattacharjee, my go-to person for
all the support and guidance whenever the need be. She helped me with almost all the experiments
and planning. This Ph.D. journey would have been really difficult without her support and help.
Anu Didi has been like the sports physios, who runs around during all the activities on ground to
ensure that cricketers are fit enough to perform well and give their best in the matches..:-)

I am very lucky to have been associated with very enthusiastic young B.Tech. and M.Tech.
trainees during my tenure in lab. | especially thank Pratibha and Parth for their unwavering
support and affection. I am really thankful to Abhay, for his dedicated efforts, kind support and
cooperation. My most recent trainees, Mohita and Jaskeen have been amazing to work with. I am
really grateful to all my mentees for their contributions in my research endeavors. They all have
been great mentees with whom | got a chance to work. | wholeheartedly thank my labmates for
extending their help and support whenever | needed.

Beyond lab life, in IIT Delhi, I have been blessed to have had the companionship and
support of great friends. Abhay Tiwari (CRDT), my very dear friend has been throughout there
to boost my morale and hear me out patiently, in most difficult times. | am thankful to Abhijit
(DBEB), Durai Sir, Himanshu Arora and Amir (CRDT) for always standing by my side,
whenever | needed. Jagat and Tanmay have been very good friends and roommates in my [T
Delhi abode, Kumaon Hostel, at different phases of my tenure. Their affection for me is ever
cherished. Special thanks and photo credits to Tanmay for clicking some wonderful pictures
related to my final experiments. | would also like to thank my dear juniors, Rohit and Harsh, for
their continued support and motivation. It has been great being with all of them. They were just
one call away and really, we spent some memorable times together. | thank all my batchmates,
hostel friends, and college friends for their overwhelming support and goodwill. I would also like
to thank my seniors from Hindu College (Delhi University), Swetanshu Shekhar, Akashdeep
Roy, Kunal Kaudan, Bharat Khanna, Pratyush Rai and Vivek Kapoor for their constant
support. I am also grateful to my seniors Dr. Ashu Tyagi, Dr. Amit Saini, Gourav Chaudhir,
Nivedita Vats, and friend Prashant Tyagi at CCS University Meerut for all the support and help.

Friends play a pivotal role in our lives, shaping our present and future in the most beautiful
ways. | am especially thankful to my dearest school friend, Shivam Verma, for always being there

for me. | am also grateful to my best buddies, Akhilesh Kumar Mishra and Deeksha Singh in



Hindu College, Delhi University, for their staunch support and unflinching faith in me, whenever
| have been down and out. They patiently stood by me at all times and motivated me. Their
goodwill means a lot to me, and their kind concern is always appreciated.

The support of my Family has been tremendous at all times in my life. I wholeheartedly
thank all my family members for their blessings and crucial contributions. The blessings and
affection of my Grandparents, Dada Ji-Dadi Ji and Nana Ji-Nani Ji, is ever cherished. Since
my childhood, | have nurtured a very special bond with my paternal Grandmother. It is because
of the love and blessings of my Dadi Ji (Smt. Prabha Devi), that this journey has been so
enriching and fulfilling. I am grateful for her affection always. My heart is filled with gratitude for
my beloved Parents, Naresh Kumar Dubey and Sadhana Dubey, for their motivation and
constant support. My Father has played a key role in smooth execution of my field experiments.
My Mother has stood by me at all times and her unfathomable love, and faith, keeps me in good
stead, always. | can never thank my Parents enough, for their unconditional love, blessings and
support. My Sisters, Dr. Soumya Dubey, Shubhangi Dubey (Shubhi Didi) and Dr. Annapurna
Bhattacharjee (Anu Didi), have been incredible support systems for me. Their care and concern
for me is ever cherished. | am grateful to Shubhi Didi and my Brother-in-Law, Rajat Dwivedi Ji,
for their encouragement, support and kind understanding. | also thank my Tauji Vinay Kumar
Dubey and Chachaji Sanjiv Kumar Dubey for their guidance and support. My cousins Prashant,
Mayur, Siddharth, and Tanu have all been there to support me during all the ups and downs of
my Ph.D. life. It means a lot to me. | am grateful to all my Buajis, Chachiji, Taiji, Masi and
Mamajis for their care and kind consideration. Special thanks to Tauji Girija Shankar
Bhattacharjee and Taiji Chhanda Bhattacharjee for taking good care of me during the last and
crucial phase of my Ph.D. Their wisdom has been very helpful and their blessings and affection is
cherished always. It is my Family’s motivation, optimism, and push that has made life easy. | can
never thank my Family enough for everything that they have done to help me achieve my
objectives and goals in life.

Finally, I would like to thank God for His divine grace and blessings, for making this

journey possible. May All be Well with everyone.

Jai Siya Ram!!
Shubham Dubey



ABSTRACT

The indiscriminate use of chemical fertilizers and pesticides in agriculture, and rising global
temperatures (rising sea levels, fluctuations in weather cycles and increase in primary salinization),
lead to salt accumulation in the soil, thereby negatively impacting plant physiology and crop yield
worldwide. This has significantly affected the global economies, as agriculture is essential for
ensuring food security and reducing poverty in many parts of the world. To address this grave
issue, researchers have turned to eco-friendly approaches of utilizing beneficial microbes residing
in the rhizosphere. However, using single strains or consortia of different strains has often proven
ineffective due to issues concerning their ability to colonize roots while facing competition from
the native soil microbiome. To combat this challenge, rhizosphere engineering has been employed
as a sustainable strategy. It can be categorized into plant-based, metaorganism-based, and
microbiome-based methods, wherein the transformation of the non-optimized metaorganism takes
place, resulting in an optimized metaorganism that exhibits enhanced fitness. The microbiome-
based method can be attained by employing top-down or bottom-up approaches.

In present study, an indirect plant-assisted microbiome-selection strategy was adopted
over several passaging cycles to acclimatize the indigenous microbiome such that it
benefitted the growth of Vigna radiata plants under salt-stress conditions. The plant fitness
was assessed over successive cycles in terms of plant growth and physiological parameters. Results
showed an increased tolerance of plants to salinity stress, as evidenced by enhancement in plant
growth attributes and decreased stress marker levels/indicators such as proline, malondialdehyde
(MDA), and membrane stability index (MSI). Amplicon sequencing, employing the 16S rRNA
and ITS as genetic markers, revealed significant changes in the microbial community inhabiting

the rhizosphere of Vigna radiata under salinity stress across the passages. A significant increase

Vi



in the relative abundance of dominant bacterial phyla such as Proteobacteria, Actinobacteria, and
Firmicutes, coupled with a concomitant decrease in the abundance of the fungal phylum
Ascomycota, was observed in the acclimatized microbiome during successive passages. Moreover,
a decline in the abundance of Mortierellomycota and Chytridiomycota was explicitly noted during
the 5" and 13" passages, respectively.

Once the salt stress-adapted rhizospheric microbiome was obtained, the next objective was
to understand the mechanism of action in salinity stress mitigation in Vigna radiata. Bacterial
strains were isolated from stress-acclimatized microbiome using group-specific media to generate
a culture bank. As determined by split plate assay, specific bacterial isolates were found to produce
volatiles, possibly contributing to salt stress mitigation in Arabidopsis. The best-performing plant
growth-promoting bacterial strains were selected to analyze their volatilomes by gas
chromatography—mass spectrometry (GC-MS). Key metabolites, like 7 methyl-hexadecane, 2-(2-
butoxyethoxy) ethanol, sulfur-containing volatiles, etc. were identified after a detailed
investigation of volatilomes of stress-acclimatized bacterial strains. These volatiles may promote
plant development and stress tolerance. Hence the impact of selected volatiles was then examined
on Vigna radiata under controlled conditions. In the presence of salinity stress, the volatiles were
able to mitigate the effects of stress, promote plant growth and improve their fitness.

To overcome the technical limitations associated with the storage of such an acclimatized
microbiome, synthetic microbial communities (SynComs) were designed from the culture bank
generated from the acclimatized microbiome. SynComs were generated to perform at par with the
stress-acclimatized microbiome, while mimicking its functionality in mitigating salinity stress in

plants grown in arable land. The salinity stress mitigation potential of these SynComs was assessed
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first under control, and subsequently in field conditions, resulting in significant enhancement in
the plant growth and stress amelioration under salinity stress condition.

The efficacy of the multi-passaging technique in rhizosphere engineering and the
utilization of SynComs has been demonstrated through an extensive investigation conducted in
laboratory and field settings. The study presents opportunities for implementing such a unique
approach of combining top-down and bottom-up strategies with other crops and under diverse
stress regimes. This approach promises an essential and favourable step toward ushering

sustainable agricultural practices worldwide.
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HAR/ARILT

Y H TS 3T HR HleARER & Hcded 39T AR Tod dRaw A9HT &

$ROT FHT H FqUT HdeT gl @1 ¢, S gfadr sk A dregy Sl AN hdHel HiT 39
HI ARRICHS ®T I THITAd ™ T@T ¢l 304 diRgeh NTegaearsi & drhr garfad
frar B, ifs gforar & &g Redl & a0 A w7 WA & fav 3R @eg gear
AT A & AU $¥ maegs §1 3@ M Aad A gl ol & AT averepdiait

o HT IRAL, TSSAREHIRR (rhizosphere) H g dlel ST SNATUL3T & 39T &

T qATaRoT & 3efoher cIehT T 3N *@ T g1 ETciifeh, SATO[3f & Tehol 3TN AT

HYF AT AT IFaT G TACE AGHINNA & FIAETeT T AHAT HIA gV TS

A 3UAARIT A T 3R &TAdT & TS Heel & HROT 97l Ted g3 &1 59
Al I HbIEell A & T, TSNERRR SelfaaRar (rhizosphere engineering) @I
Th TR [WEId & & H YA I-AT g1 39 eY-3maiRd, Hersiefiiaes
(metaorganism)-3TemTRe 3R ATSHISTATA (microbiome)-3menRa faferat # aefiepe feram
ST Fehel 8, Tore# IR-3rgshfad Acsiiiied 1 qRdde giar g, foee aRomEeasy
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g1 #AHeE-3maRad [ & efu-sE3a  (top-down) IT SfeHA-31T (bottom-up)

TICEHIUNT &Y 3TAT hieh IIcd fohaT ST FehdT gl

IHHAT AT H, TAIRY AGHITAA HI il el & [T 9g IR

Iehl (multi-passaging cycle) W ATUIRA Teh HUcTET UIGU-HE—IAT YT FATShISTIIHA-
T 0TI A9ATS 18 AT arfer aaur-aeta dr AT & fa7ar ¢3ver (Vigna radiata)
qitl & faehrd @l omer gl Gl &7 fheadd &1 Hediehe WY & a3 Al
AIEE & T H HfAe dghi & fram srr 1| IROMAT F Fquiar d-g & fow otel
$r Fect Fgereharar @S, shar & i & e qoit 7 gefr ik Sifes (proline),

ATIS37e3888  (Malondialdehye, THIW), 3R Aessl Tfdell 3@ (Membrane

stability index, THUT3ME) S dalld AT T / Tchdl H AT & TISC gl 16 T

HRARTAT (16S rRNA) iR ISATH (ITS) H IHeIaiAh ARG & & & Ao

el dTel UTFCeTshieT (amplicon) 370l & URETHT Tshi H ST Tolld o dgc fdaetr

STer & TSSEHRR # @el dlel AShIaT FHa H HecdqUT IRl &l 3IER
T | NEBSFERAT (Proteobacteria), TFeASFERAT (Actinobacteria) 3R ®iAegcH

(Firmicutes) S YH@ IFIRTS WIga (phyla) T AMYeT g # T Fgcaqor

geft, BhaTeT WIgelH TEhIATSHICT i SREIRD # Fgadl & & Ty fAae, §§ IRIHAA



T o GRIeT 3Tefehiclcd A H Wl a1 Y| g 3relrar, HAM: 5 d AR 13 9
Ih & R AfEwelemer  (Mortierellomycota) 3R RfEREawmEHer
(Chytridiomycota) 1 Sga™d # fRMae TIse T § e Hi1 15 M| A7 HrATITH-
A TUECAST (Gas Chromatography-Mass Spectrometry, SEI-TATH) ¢dRT 3elh

areTfeelid (volatilome) &7 fA2NUT el & fOIT TIH 3BT Yl ael arel 9 &

@ & serar <ol arel Sharo] 3usel &1 =wdel fohar aar U7 YW Ay

(metabolites), 318 7 fAUS-gFdSHT (7 methyl-hexadecane), 2-(2-sgciaaTaTa)

gl (2-(2-butoxyethoxy) ethanol), HethT el arsueiiel, 3Te| deTa-3e]ehieid Siaroy

S

39diEl & SATeHEl T faEge S & &G 3eiehl Tgdlel i IS ATl F arsuefier dier &

T 3R et FfSULAT 1 dorar & Fhd ¢ SAfAT T arsaeier gerdt & genra
&1 o a9 afRa aREafaat & fGear WBver w & 78 o) Fgorar aae S 3uafa
H, arsueiier IAd & THT AT HHF e, 9T & R & gerar o 3R 39T fhead

(fitness) # GUR L=l & F&TH U

Teh R AHh TATd-3]hfolcd USNED R ATSHIANH e gl Silel & &g, 3arel

3ceed faear IfESuer A Fauiar da1a UHT H FRATS F dF HI FASAT AT| FoedR Sk

(culture bank) 3cdel el & foT FH-fARISe MBAT AT ITAT FF AATT-3TT L erd



HASHITRIA & SRS (bacterial) 3TAGT &l 3Terer foham a=am 41| T foh Reere cele
(split-plate) @ garT fAuika frar = ar, fafse dFdifRaer smgateca (bacterial
isolates) arsqefier Uerdt H 3cUlgd A 9w AT &, F guefiar Tgrdy gHad:

wWIfasIfCad (Arabidopsis) & sd& ddd qHT H AEH S |

SH TG & U Helgioid ASHIEREH & HSRUT A o1 cshotienl HIAIT T g
A & fou, EAfew AsHioad dferEl (Bewizd, SynComs) @I 3ifehicld
HATSHIERIH H 3cdeod HABHITSTA dhodd s (microbial culture bank) ¥ 38T fhar

I ATl FH Qe A H 3T AT GiUT A FGUMT TeAld Bl HH FA H SHD!

FIILTHAT T HIhfd I §U, Tela-3iIhieid ASHITTNH & S J&dd A & e

TATerlFd &1 FeTrT a7 ATl o7 TAARIFH I AUl delld AAA &THAT s Hodlehed
ugel fdfa aRfEfaart & fhar amn, 3R a9 # aredids HiY & @ feufaar &

qreToT fohar |

TSSFHIAT GllfAaRaT (rhizosphere engineering) # &g IRITHsT Tsh Tehsiieh

o gerTaehIRar X f&eTeid (SynCom) & 3UANET T Fhermer 3R aedids $iY &

A 3o T AUe AT & ATEIH T USRd RAT IR &1 adAT ETTT 3T

BEcl U fafatr Teld sgaeumit & ITER g T9-313 (top-down) 3R SieH-3T
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(bottom-up) TOEATIIT & HIANSIT HT Teh IHefol TCCHIVT AN HIA & A TEId

T Bl TE Tiochor g R A Rbz ¥ qamsd & & o H & 7 v

3aRTh HR 3HeJehel HeH i dral Hdr &
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