ENHANCEMENT OF GROWTH ATTRIBUTES OF
CAJANUS CAJAN BY THE SYNERGISTIC ACTION OF
BIOINOCULANTS

PRIYANKA

DEPARTMENT OF BIOCHEMICAL
ENGINEERING AND BIOTECHNOLOGY

INDIAN INSTITUTE OF TECHNOLOGY DELHI
DECEMBER 2023



© Indian Institute of Technology Delhi (11TD), New Delhi, 2023



Enhancement of growth attributes of Cajanus cajan by the
synergistic action of bioinoculants
by
Priyanka

Department of Biochemical Engineering and Biotechnology

Submitted

In fulfillment of the requirements of the degree of doctor of philosophy

to the

Indian Institute of Technology Delhi

December 2023



-~

\_

~

ALWAYS GRATEFUL TO
THE SUPREME SOUL

AND MY PARENTS

/




Certificate

This is to certify that the thesis entitled” Enhancement of growth attributes of Cajanus
cajan by the synergistic action of bioinoculants” being submitted by Priyanka to the
Department of Biochemical Engineering and Biotechnology, Indian Institute of Technology
Delhi, for the award of the degree of Doctor of Philosophy is the record of the bona-fide
research work carried out by her under my supervision. In my opinion, the thesis has reached
the standards fulfilling the requirements of the regulations relating to the degree. The results
contained in this thesis have not been submitted either in part or in full to any other university

or institute for the award of any degree or diploma.

(Prof. Shilpi Sharma)

Thesis Supervisor

Department of Biochemical Engineering and Biotechnology
Indian Institute of Technology Delhi

Hauz Khas, New Delhi 110016

India



ACKNOWLEDGEMENTS

First and foremost, | would like to begin by remembering the Supreme Father and my friend
“Shiv Baba” who held my hand during all the ups and downs of life. He sends all the
beautiful souls to teach and support me and helped me directly or indirectly to sail through

this research journey successfully.

Now, with great reverence and respect, | express my immense indebtedness to my Guru
Professor Shilpi Sharma whose significant contribution has been pivotal in the
accomplishments of my Ph.D. journey. There is no doubt in considering myself extremely
privileged to have been under the tutelage and supervision of such a distinguished and
genuine mentor. Her outstanding dedication synchronized with her academic proficiency not
only facilitates novice researchers to excel in their research journey gradually but also
explains a lot about her persona in the fiercely competitive arena of academia. | was
consistently motivated by her unwavering dedication and ardent passion for science,
exceptional time management skills, outstanding guidance, profound perception and intellect,
constructive criticism, and counselling, which was of immense value throughout my research
journey. She always pushes me to deliver on time and extract the best out of me, which helped
me to understand the value of time and deadlines in a better way. | am fortunate enough to
get an opportunity to witness and imbibe attributes by directly observing and spending time
with her. This research journey has been made feasible due to her unwavering patience,
steadfastness, and fortitude, as well as her invaluable insights and unrelenting efforts to help
me connect the dots and derive a bigger perspective. All that I have accomplished during my
Ph.D. tenure is majorly the result of my mentor s untiring guidance and smooth accessibility
when and where needed, which played a huge role in the accomplishment of my research

journey.



My acknowledgment would be incomplete without expressing my deepest gratitude to the
esteemed members of my advisory committee, namely Prof. Satyawati Sharma, Prof. Preeti
Srivastava, and Prof. Ritu Kulshreshtha for their invaluable suggestions and rigorous
scientific deliberations throughout the course of my investigation, which have significantly
enhanced the quality of my work. | am really grateful and want to convey my sincere thanks
to Prof. Preeti Srivastava for helping and guiding me in designing my experiments and
providing scientific input. | wish to express my sincere gratitude to the current (Prof. Ritu
Kulshreshtha) and former (Prof. D. Sundar), Heads of the Department, for their unwavering
support and benevolent assistance in every conceivable manner. Special thanks to Prof. P.
Hariprasad for permitting me to set my experiments at the micromodel (CRDT) and for his
valuable suggestions whenever required, and Prof. Aditya Mittal (KSBS), for his help with

statistical analysis.

With extreme gratitude | would like to pay my sincere thanks to the esteemed organization
Council of Scientific and Industrial Research (CSIR) India, for the financial aid in the form
of a fellowship during my doctoral work and for understanding my plea during the critical

phase of my research journey.

| express my sincerest thanks to Dr. Yashbir S. Shivay, Principal Scientist at the ICAR-
Indian Agricultural Research Institute, for graciously granting me permission to carry out
some of my pivotal experiments in his laboratory. | extend my heartfelt appreciation and
tribute to the prestigious institution, 11T Delhi, which acts as an incubation chamber by
providing favorable and valuable learning opportunities throughout my Ph.D. journey. I
would also express my gratitude towards the personnel affiliated with the Central

Instrumentation Facility and Liquid Nitrogen Facility for their invaluable assistance. |



express my gratitude to Omkar Bhaiya and the esteemed staff of the IIT Delhi Nursery for

their invaluable assistance in facilitating the execution of my plant growth experiments.

| am grateful to my hardworking lab mates without whom it would not have been possible to
create a friendly and cooperative atmosphere in the lab, which in turn has motivated me to
achieve more and more. Along with it, several research writing sessions, get-togethers, and
informal conversations proved to be an indispensable source of assistance and acted as good
mood regulator during the most demanding periods, so saying more is less for them. My
heartfelt thanks to all my fantastic and lovely lab mates Gautam Sir, Richa Ma’am, Upma
Ma’am, Annapurna Ma’am, Sonal Ma’am, and Shweta Ma’am, Amitava Sir, Vijal, Swati,
Shubham, Shivani, Salila, Rashi, Priya, Soumya, Kanika, Argha, Vaibhav, Sakshi, Mohita.
I will always cherish the time spent during lab hours and tea breaks. Individually, I am
extremely thankful to Annapurna Ma’am for her support and guidance in the hardships. |
am also grateful to Priya and Soumya for their time during the writing phase of my thesis. 1
have learned a lot from each beautiful soul. | express my gratitude to Late Shiv Bhaiya

(laboratory assistant), for his invaluable assistance.

In this moment of pleasure, |1 would like to mention some of my friends for their support in my
Ph.D. journey. | would like to thank my batchmate Navodit for helping me during the last
phase, Shashi Kumar whom | owe gratitude for his suggestions, encouragement, and
technical assistance during the critical phase, which acted as nothing less than a boon for my
doctoral work, Shubham Singh whose presence provided me immense mental and spiritual
support and helped me to keep my nerves calm and carry myself gracefully during the tough
phase of my journey and made me realize the important lesson “what doesn 't kill you makes
you stronger”. I am also thankful to my caring friends Saurabh, Anshula Bhat, and Sonica
who have consistently been present to elevate my spirit and lend a patient ear during times of
utmost adversity. | am also thankful to Sheetal Ma’am (KSBS) for lending me constant

iv



support and motivation during the thesis writing period, and Dr. Deepali Joon (Delhi
University) for providing her precious time and support during my Ph.D. tenure, and Neelam

Bhola Ma’am (ACBR, Delhi University) for her constant support, motivation and care.

Finally, I wish to convey my utmost appreciation to my loving and caring family members, my
sweet mother (Shashi Prabha), father (Sat Narain), and brother (Deepak) for showing
inevitable faith in my abilities and unrelenting support that has been of immeasurable
significance to me. Their invaluable encouragement has played an integral role in the
realization of my goals. Finally, I am extremely indebted to the infinite cosmos for
synchronizing my will, determination, and potential and providing me with all that | deserve.
At last, I am hopeful that all the knowledge, skills, and important life lessons that | absorbed
during my research phase will definitely be fruitful for society as well as organization | work

with in the future.

Priyanka



Abstract

The swift pace of urbanization and industrialization has subjected the ecosystem to harmful
consequences encompassing the degradation of water, soil, air, and biodiversity. To address
this issue, a greater emphasis has been placed on sustainable agriculture. The application of
bioinoculants is one of the various methods employed for sustainable agriculture, owing to
their environment-friendly characteristics. However, despite the numerous advantages
associated with the use of plant growth promoting rhizobacteria (PGPR) as bioinoculants,
there are limitations like reduced efficacy and persistence under field conditions. This is due
to limited knowledge of the interactions of these microorganisms as members of the

consortium, and with the native microflora, especially under environmental conditions.

The present study focused on the characterization of three bacterial strains (Azotobacter
chroococcum, Priestia megaterium, and Pseudomonas sp. SK3) for their plant growth
promoting (PGP) properties, individually and as multiple inoculants (dual and triple). This
study compared their efficacy on fitness of Cajanus cajan (pigeonpea) under controlled and
natural conditions. After establishing the synergistic impact of these bacterial strains on plant
growth, the mechanism of synergism was studied by assessing the metabolome of the
bacterial strains (individually and in different combinations) using High Resolution Liquid
Chromatograph Mass Spectrometer, and quantitative estimation of PGP attributes of

bioinoculants determined.

Spontaneous mutants of the three bacterial strains comprising the consortium were generated
through antibiotic-based screening. Root colonization by the bacterial strains was assessed
during plant growth in Hoagland medium. To enhance the shelf life of bioinoculants, solid
and liquid bioformulations were developed after carrying out optimization studies for
different additives, using Response Surface Methodology. Based on the better performance of

liquid bioformulation, a pot experiment was conducted to study the impact of the formulation

Vi



on plant growth, soil nutrient status, the resident bacterial community diversity, and markers

of the phosphorus cycle (phoD and pqqC).

The present work concluded that the strategic development of a consortium with three
bioinoculant strains led to the synergistic enhancement of growth attributes in C. cajan. The
mechanism of synergism could be delineated by identification of metabolites such as 6,6-
dimethoxy-2,5,5-trimethyl-2-hexene,  N6-hydroxy-L-lysine,  N-methyltryptamine, 2,2-
dimethyl-3,4-bis(4-methoxyphenyl)-2H-1-benzopyran-7-ol ~  acetate, L-furosine  and
antipyrine, which were uniquely produced in triple inoculant culture, and exhibited successful
competence in the rhizosphere. An efficient method for simultaneous monitoring of bacterial
bioinoculant strains was devised to track their persistence during plant growth. The
developed bioformulation exhibited a shelf life of six months and was found to be more
stable at lower temperatures. The consortium also exhibited significant impacts on soil health

by positively enhancing the soil nutrient status and bacterial diversity.

The study established a triple-membered bacterial consortium for enhancing growth and yield
attributes of an economically important crop, Cajanus cajan. It reflected upon the plausible
mechanism of synergism between bioinoculant strains used as a consortium. Further, to take
the consortium into the application, stable bioformulations were developed. Finally, the
positive impact of the application of the bioformulation was assessed in a holistic manner on
plant and soil health. It, therefore, puts forth the systematic and sequential process of
development of a robust and efficient bioformulation for ushering in agricultural

sustainability.
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NIN

YEABRT 3R SRS BT A M § TRRAUIDBT T (ecosystem) BT FTHBRS TRUTH! BT
AT AT ST B, Forgd urh, fireh, gar iR S fafderdr o1 eror 2nfied 81 59 48 & gHeH &
T RRPTS PN (sustainable agriculture) W 3ffYd SR fear T 21 sSEgAIBacH
(bioinoculants) BT SIFRART 3! TATARUT SIHd fARINdIsf & HRUT fCHhIS, S & fag faford
faftrs a¥ie! § Q U B | BTeiiT, SRISAIBACH (bioinoculants) P =0 H Qe 1 gfg & dgrar &1
AT TS SERIRAT (rhizobacteria) (SRR, PGPR) % SUANT A 98 HS BIIal & SIave, &5 B
fufaal & dgd 1 THTaHTRAT 3R 3feddr SRl AT & | S8 HRoT I8 & & areafas Ga g

qaaRofer okl 3 wa & gerehfaat st 3R fard STy & arer 3o St & an

A HfATE

IAaF Sierge H Qe & fawTd & gerar 31 ara (s, PGP o & e A Sitarop Iunet

Y

TellelaaeR HhIdbIhH (Azotobacter chroococcum) , Hifear Amead (Priestia megaterium) 3R
e Tl TP 3) (Pseudomonas sp. SK3) & W& U WR € $igd fpar mar g,
SR FU F SR fafte FIeHT (@1 Feriy ok B-aawlia ) & wu #| 59 sy # frifia
3R T fas uRkfRUfedt & HSIY o (Cajanus cajan) Bt flhe— TR 3! UHTGHTRGT Bt el
& TS| N P G W 7 SNa1Y] IuNG! & TehbardAD UG S RIMUd IR & dle, 3
RSITeRM R HIHCHTE A WaeHie? (HRLCMS) BT IUTNT B SiaTy] IuHa! (cafarTd
U § 3R fafts JaeH! ) & T8 (metabolome) BT 36T dRdb TgfohdT (synergism) &
& T 3 o T, 3R SRgAIgAcd (bioinoculants) 3 TSI (PGP) 0T &1 HEATHE &9
9 Ry fasar

HATCTH (consortium) T A <1 SHATY] IUNG & Fgol SN YCIaRIe® (antibiotic)-
3MTRA BT (screening) & ATEAH J I0F §U A1 BNIAS (Hoagland) AT & Uil &1 3fg &
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SR SaTy] JuNG! GRT 518 SUHARIUT &1 Hedidh- (oaT 74T Tl SRg-IGeey (bioinoculants)
& U SitaT (shelf life) ﬁ@?ﬁ%ﬁ*ﬂ, Ry TR AYSIdiolt (response surface methodology)
1 IUGNT PP At DT (additives) P AT 3Ipe SHTT P & d1¢ 31 3R R

TGRSR (bioformulation) Ta®RId fhl 7T | TR SRBIRIARA (bioformulation) & §8aR
TeRH & MUR W, Uit 31 g, It & Give d o R, FHardt shamy Tgem fafgear sik
BIWHIRY T (phosphorus cycle) (phoD 3R pgqC) & ATHRI TR WIHARM (formulation) & THTE
BT 3T B o 1018 T Uic (pot) TN fwam ar T |

JdqE ® A ey e & i sEsAgdce (bioinoculant) JUYGl & WY TH ¥4 &
orifde faera @ d. S (C cajan) W fomr favarstt & vefrarats 9fe g3 1 aemd & o

Pl 6,6-SISHUTRIT-2,5,5-CTSHUTSA-2-8[dIT  (6,6-dimethoxy-2,5,5-trimethyl-2-hexene), T 6-
BRSIR-TA-ARRA (N6-hydroxy-L-lysine), TH-ATSAlCPTERA (N-methyltryptamine), 2,2-
SIEAUTZA-3,4- A 3MITH(4-AUTRITB )2 TF-1-SSUEH-7-30d - TWiee  (2,2-dimethyl-3,4-
bis(4-methoxyphenyl)-2H-1-benzopyran-7-ol  acetate), Qﬂqqaﬁ? (L-furosine), 3R
TEUIERA (antipyrine) S ATAIAEEH (metabolites) &1 UgdM ®Rab A faral ST Tadl ©, S
-y Jaer § fafRy ®u 9 Ianfed frg MU & 3R ISSIRBRR (rhizosphere) T TWh &
TERid Bt At Wl B gha P SRM ITb! 3Tl (persistence) DI Tl B b 1T Sfaroy

IRiEAIPac SUNG! B TP O ARl & U & 3@ iy R &t 7 & faeRa
IABIRARA (bioformulation) ¥ B8 AEIH BT e (shelf) S USRid fan, 3k &1 daoa™
TR 31fAe R uran | e A i) o) oies fRufay SiR Sitary] fafaerar & 9aRIes &9 3 S
ot & T R Yew@yul g9 i uelRia fearg |

3T 3 3Nffe UV He@dqul A ol o (Cajanus cajan) B gl 3IR IU fa=rearaft
DI TG & AT T -t SiiaT] I9 ! RITGT St | T8 T HICaH (consortium) & U H
YA fhT S a1l SRIAIGC (bioinoculant) SUYGT & St dTadd o URINF o IR Ufdfdfaa
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AT |1 YD 3fAMEl, HUINCTH (consortium) B AN H T o= & forg, wrht
AT (bioformulation) faeRId fhT MU 3fd §, MY iR gt & W R SAIGRERH
(bioformulation) & IFRINT & YHRIAD THI BT THY dRidh Y Jedich fobal T SHfIY, g

FIY FRRAT 1 YB3 & oL T AoTgd 3R HIW TREBIRIARH (bioformulation) & ™ Bt
IR 3R IH S Uiehal &l I I@aT ] |
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different time points (7, 14, and 21 days) and different regions of the root.
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Effect of temperature on the survival of mutant bacterial strains in solid
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4.32

Representation of Pearson correlation coefficient between temperatures
(30 °C and 4 °C) and bacterial cell count in solid bioformulation showing
dependency of cell count reduction with temperature.
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4.33

Effect of temperature on the survival of mutant bacterial strains in liquid
bioformulation (a) 30 °C and 4 °C.
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4.34

Representation of Pearson correlation coefficient between temperatures
(30 °C and 4 °C) and bacterial cell count in liquid bioformulation showing
dependency of cell count reduction with temperature.
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Effect of different treatments on plant growth attributes, (a) shoot length,
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Soil parameters under different treatments of wild type strains for (a)
available N, (b) available P, (c) available K, and (d) total organic carbon
(TOC) at different stages of plant growth (V-Vegetative stage, F-
Flowering stage, and H-Harvest stage).
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Soil parameters under different treatments of mutant strains for (a)
available N, (b) available P, (c) available K, and (d) total organic carbon
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5.1

Summary of the salient findings of the work.
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