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Abstract

Agriculture, a key contributor to the growing Indian economy, is facing significant challenges
in meeting the needs of a rapidly expanding population. Synthetic fertilizers have been
extensively used in modern agriculture to overcome this issue. While conventional agriculture
has increased agricultural productivity, it has been at a high cost to the environment due to the
indiscriminate use of agrochemicals, and intense practices. The detrimental effects of
conventional agriculture have encouraged a shift towards more sustainable options, such as
organic farming. Organic farming practices prioritize reduced agrochemical dependency,
biodiversity enhancement, and climate resilience. Organic amendments have been found to
promote microbial activity, improve soil quality, and boost plant development by nourishing
microorganisms and boosting nutrient release. With a focus on ecological equilibrium, disease
resilience, and incorporating organic inputs, organic farming embodies a more sustainable
agricultural system, aligning with the principles of UN’s Sustainable Development Goals

(SDGs), effectively addressing diverse challenges.

Microorganisms, particularly bacteria, present in the soil are crucial in nutrient recycling and
soil fertility. The rhizosphere, and its associated microorganisms, are extremely important for
plant health and ecological function. To ensure sustainable agriculture, it is vital to comprehend
how organic and conventional farming impact crop yield and soil health, including the diversity
and composition of rhizospheric bacterial communities, which are excellent indicators of soil
health and plant fitness. However, concerns persist in the safe use of organic amendments due
to the presence of antibiotic resistance in manure. India’s large livestock population and

insufficient antimicrobial resistance (AMR) data raise serious concerns.

The current study evaluated three cycles of the pigeonpea-wheat cropping system (PWCS)
under conventional and organic farming systems in field experiments (over a period of four

years). The study aimed to determine the impact of agricultural management practices on plant



growth and soil health. The rhizospheric bacterial community was thoroughly investigated by
employing a range of molecular markers targeting the structural diversity and functional
potential of bacterial communities and antibiotic resistant markers. This was attained by
employing a polyphasic approach, including assessment of the physicochemical parameters of
plants and soil, adoption of traditional microbiological techniques and advanced molecular
tools. The polyphasic analysis of a range of attributes of plants and soil provided a multifaceted
understanding of the effects of several factors (agri-management practices, amendments, crops,

cropping cycle) on the PWCS system.

Initially, manure samples were screened across seven states in India, to comprehend the
patterns of antibiotic resistance in animal manure and their possible correlation, if any, with
other environmental factors. This step aimed to identify suitable manure samples (exhibiting
antibiotic resistance, and devoid of it) for subsequent field experiments. Soil samples from
conventional and organic fields were investigated for their physicochemical parameters, and
microbiological attributes using culture-dependent and culture-independent techniques. Plant
growth attributes were recorded at the harvest stage of pigeonpea and wheat during three
successive cropping seasons. Quantitative insight into the responses of total bacteria and
specific bacterial groups (a-Proteobacteria, -Proteobacteria, Acidobacteria, Firmicutes, and
Actinobacteria) in the rhizosphere was gained through qPCR. Additionally, the functional
potential of these bacterial communities was assessed by targeting bacterial guilds involved in
nitrogen (N) and phosphorus (P) cycles. This entailed quantifying the genetic markers
associated with pivotal steps in the nitrogen cycle (nitrogen fixation-nifH, nitrification- amoA,
denitrification-narG) and the phosphorus cycle (solubilization-pqgC, mineralization- phoD)
through qPCR. To comprehend the influence of farming practices on the spread of antibiotic
resistance, different markers for antibiotic resistance (aminoglycoside-aacA, P-lactam-

blaTEM, chloramphenicol-chl/l, macrolide-ermB, sulfonamides-sul/l, sul2 and tetracycline-



tetO) and integrons-int!/ and int2 were targeted in the rhizosphere soil using qPCR. The
bacterial diversity at the harvest stage of the pigeonpea crop after the completion of the three
year-field experiment, was characterized using 16S rRNA gene-based amplicon sequencing.
The current study deciphered a correlation between bacterial abundance, nutrient
concentrations, and antibiotic resistance in the manure samples suggesting a potential link
between intensive farming practices, antibiotic usage, and the prevalence of antibiotic
resistance in manure. Two manure samples were shortlisted for the setting up of field
experiments, one with a higher abundance of antibiotic resistant bacteria (ARB) and another
with a lower abundance of ARB. Results from the three-year (2018-19, 2019-20, and 2020-21)
field experiments with PWCS exhibited a distinct impact of the agriculture practices.
Conventional treatments showed the best response in terms of plant growth attributes, yield
parameters, and NPK acquisition. However, organic farming practices boosted total bacterial
abundance and improved both the structural diversity and functional potential of rhizospheric
bacterial communities for both crops. By the end of the third cropping season, the bacterial
diversity in the organic treatments had significantly diverged from the initial bacterial
community composition of the applied amendments. It was also noticed that manure
amendments exhibited a higher abundance of copies of antibiotic resistant genes (ARGs) than
the rhizospheric soil under organic and conventional treatments. Three-year field experiment
with the pigeonpea-wheat cropping system revealed a complex interaction between agricultural
practices, bacterial community dynamics, and crop productivity. The notable prevalence of
ARGs linked to manure amendments serves as a cautionary note, demanding responsible
management practices. The complex interplay between agricultural practices, plant and soil
health, rhizospheric bacterial communities, and antibiotic resistance, suggest the need for a

comprehensive approach to sustainable and effective crop management.

Vi



IR

BV, S HRA B Tl SreqaRyT H Tob U@ TNl &, dofl A TGl SATaTE B SRel B IR
H | HE@yUl I T ATHAT HR 51 & | 59 TR Bl g PR & [ SYFAF N H HhHm
IaRD! BT T8 TN WR IUANT fawar a1 g1 Safes URuR® FiY 3 Iarewdl & gfs &1 8, F
AT & feTefe ITANT 3R e YTt & BRI TR0 HI SqH! UK BT b TSl g
URURS HY & FIHGRS UHIGT 3 Sfdd Tt oY o GUvolyg faswed! @t ok Igamd &
ieed fova g1 Sifdes Wt gsfaal 3 Sy T FRar, Siq fafaear gfe, sik siaarg ufariy
1 WA ool & | geond Tafaey &1 Sgral o, gt & urad & YUR $3A, SR geonal o
TIY01 TR 3R TN dadl A &1 Sgrar gax Wil & fasm &) Sgrar ¢ & fore Sifde Txiem
U7 71U & | STAarg Sdad, I UfaRIYd &dT iR S G ! JMA HR- TR & o & 1Y,
Sifd Wt T e YUIOTg By JoMelt BT Ui g, S 9gad Y & ad [P aedl (Tas ol
/ SDGs) & Rigidl & Try Wiy gicht 8, 3R faftra gifaat &1 uurdt €1 F gane™ &t 3|

gl & Hiclg Yo, faxiv &0 9 9T (bacteria), UV dcdl & Geh Ul 3R fHg! ST Iaxar o
Tg@yuf § | IFSRBRR (rhizosphere), 3R I T Jeroia, Uil & Wy iR qqfad w1 &
fo Sgg Aoyl §1 Il i gREd o1 & e, g8 THeA Ayl ¢ & Sfaw iR
TRURS Tt BIA Bt IUS IR ST & Wy & HI gHIRd Iat 8, FOrd IS Re
(rhizospheric) STaTy] TR $1 fafaedr SR e of =nfia §, St gt & ey $iR arelf &I
e (fitness) & SPT Udhdd g | ETAITh, AT W | TR (antibiotic) TR BT
IUfYT & HRUT Sfdw TRNeAT &b JRIET ITART B! A fofdTd a1 §s & | YR B daf U
3MTaTEY 3R 3ruafe AMURIET BfaRe (antimicrobial resistance, AMR) ST THR Ty deT o3 € |

A e § esftg v #f uRuRe iR Sifde Wt yunferdt & dgd $Rex-1g wad Yuma
(s / PWCS) & FI T1h! o1 Hediar=1 fara T | Sieee o1 3= Mefl o1 gfg 3R gt &
WA R $H FeeE quish & guE & RufiRd e o1 Siarg] e ok tdarifcd
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(antibiotic)-fcRILT ATHRT B T fafderar SR Hrafetd &Fd I dldd B T Mufde
ATHRI B U YT ! AT B IZARB RS (rhizospheric) SITATY] T & I1I R 9 S
@ TR At T8 Uil SR gt & WifdeINmate Tucs! & doic, IRURG JeasiarasiT
JH-Ip! 3R I SMMUIAH IUHRUN P U Tfgd, T UieIhiid (polyphasic) TRHIU &
AT S v oo mam | delf 3R st & fafve ugqstt & fawawor 7 ety (Pwcs)
YUl R 8 ®Re! (HIY-Tee T1afl, A=MeH, o) & THIE &1 Sgqu! IHe YaH &l e |

URY T, YR & I1d o0l § SNai<] @e & A1 1 Siid &1 1T, qlids IR Shaisl §1g J Weiariiesd
TRRIY & WY S1R 30 TATaRUN HRPT b T1Y I FHITAd TgHae DI THA ol Gob | 39 HaH
BT 35 91G D & YA & o1y Sugad SHaiR1 /MG & AT (IIariied UfeRiY UG Rid B ard,
3R 3 3fed) B} Uga BT 4T GRURD 3R Sfde &=t | i) & T Bl S I -
IS AU 3R SfiaTy] Saaffad (culture-dependent) TR SaTY] PRI (culture-
independent) Td=T1cb| BT SUANT Hh YeHoara! ARl & fog o1 715 | TR f- Bd
TR & SR 3RER 3R T B Hets &b Rl d Welf o1 i fawaraeit &) g fvar | I
QARG Gl UfafshaT (qPCR) & ATEH § ASSIRWRR (rhizosphere) § $d SaCIRAT (bacteria)
ggdad 3R fafkry SR (bacteria) Tl O o-MRASFINAT (a-Proteobacteria), B-
WENSTEARAT (B -Proteobacteriz), TRISINGINAT (Acidobacteria), WHaE™ (Firmicutes), 3R
UfdeAIT NG (Actinobacteria) 3 Uidfsharall § AETES Sided U o1 s ot 39 SifaRad,
A1EEISH (nitrogen) 3TR BRWIRY (phosphorus) ! H R SiiaTy] Tt o1 Aférd B 3 oiiaTg]

T B HIATHD & BT HTHT (BT T UT| STH qPCR & HILAH W A3 o (Nitrogen)dsh
] ?IS@E’[ RR&HRu (nitrogen fixation)-nifH, HEEW-‘ZH (nitrification)-amoA,
@E@Wﬁ (denitrification)-narG) R BIEHRY (Phosphorus) d% [HTEFIE@'QFT
(solubilization )-pgqC QAR (mineralization)-phoD] | HTE!ECI;Uf BRI @@ &naaﬁm
ATHRI B AT FYiRd e =i oTl TEEmIfe® (antibiotic) WoRTY & TR R S Tfadl &
UHTA &1 THFH & g, TSI (antibiotic) UTaRTY o feTT S{eRT-31eRT AT [T SIS
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(aminoglycoside)-aacA, B—aTETI (B-lactam)-blaTEM, FARTB DI (chloramphenicol)-ch/7,
APHIAES (macrolides)-ermB, TEHIMIZSH (sulphonamides)-su/7, su/2 3R CcTTSfaa
(tetracycline)- tetO) 3R S (integrons)- int7 3R int2] B qPCR BT SUTIT HR b JAZID IR
(rhizosphere) H Q& foam 7T T | T 16T & & TART & T B & I1G SRER B A Bl dels
& TR H 9aIAT (bacteria) Bt AU BT 165 rRNA S (gene) 3MeRd TRAHTT (amplicon)
3Ih U DT IUART B FAfAd fobam 7T 7|

AU 31eqg = Sai WG & A § SaCiRAT (bacteria) 1 YRR, UINa del &I Wil 3R
TAEAIfCH (antibiotic) UeRIY & &g ey &I Jael, S fo T8 Sy ugfadl, tharifcs
(antibiotic) & IUTNT SR SHaY Wig H TSNS (antibiotic) UoRIY P HUBT b s Th
YT Teies T GeiTa T & | Wl TN o) RATTHT o Forg & ofaer @i 81 bl AERRE (shortlist)
foran an T, U B U ® (antibiotic)-UfaRIeh §aIRAT (bacteria) Bt 31fie AT At 3R g
T T3RAT (ARB) Bt HH Fgarad U | Tesgdey (PWCS) & I diH-a81T (2018-19, 2019-20 3R
2020-21) &3 TART & TROTH! = S guT3f &1 U fafRry wvma vefRia fear tRulke o=t = gref
@1 gfs fadiarell, Jus AMUdST $fR NPK SRR & A § e st ufcifshar fewrs | graiias,
Sfdew Tdt Tarelf 3 $d dEINRAT (bacteria) TgAAd B FeTal AT R THl HHal & forg
TSI e §aSINAT (rhizospheric bacteria) THET &1 SR fAfaedT IR B &Adr g 3 UR
foaT| SRR woa & ofd de, Sifds IuaR! § Sitary] fafqerdT any S=neF & TR shar] SHer
R 1! i 81 71 21 g ot e T 1% Sitarey Wre AxieH A oifdd SR URuR® SUAR!
DI o H TR (antibiotic) TfaRIEh I (genes) &1 Ufaal &1 3if¥e TeRdr wefid @i
3RER TIE T VUMl & 1Y <1 1 & & TRINT & Y gutafl, Sare] Sqarg o1 miasiiedr $ik
Od SdGHdl & did U Sicd didald &l Udl Idll Sidil @i Sy 9 9 e
(antibiotic) IfRIEN ST BT IeeRE-I YR T AdTa-T &b FU H B Pl 5, Sl [HER Feied
U1 BT AT FHRT g1 Y Tgfad, Trell 3R Mg & WA, IGSIRBRS (rhizospheric) SaTT]




e 3R TEMIfe® (antibiotic) UfoRIY & st Sfed IR¥WR b, Taoiy SR gHTdt o
Y&t & fo1T U U EfPhI01 ) SHTaadhdl BT gd ol 8|
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amoxicillin, streptomycin, sulfadiazine, and tetracycline) amended media
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(c) grain yield over three cropping seasons, (2018, 2019, and 2020) for
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The effect of agricultural practices on (a) plant height, (b) dry weight, and
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The effect of agriculture management practices on the dynamics of ARB
in the rhizospheres of (a) pigeonpea for the years 2018-2020, and (b)
wheat for the years 2019-2021 at the harvest stage.

Effect of farming practices on total bacterial abundance (16S rRNA gene
copies / g of dry soil) in the rhizospheres of (a) pigeonpea (2018, 2019,
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accumulation over three cropping seasons (2018, 2019, and 2020) for
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PCA showing the impact of different agriculture practices on plant growth
and yield parameters on (a) pigeonpea, and (b) wheat over three seasons.
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(c) available K over three cropping seasons (2018, 2019, and 2020) for
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The effect of agricultural practices on (a) available N, (b) available P, and
(c) available K over three cropping seasons (2019, 2020, and 2021) for
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Chord diagrams illustrating the overall impact of agriculture farming
practices on total bacterial abundance and dominant bacterial groups in
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(a, b, ¢) wheat for the years 2019, 2020, and 2021 at the harvest stage.

Rarefaction curves generated against number of species sequenced per
sample (n=3).

Biclustering heatmap of various treatments and amendments at bacterial
taxonomic level (phylum level).

Diversity of bacterial genera under different agri management practices
and amendments on the relative abundance of bacterial genera on 100%
stacked plot.

Venn diagram representing the number of common and unique genera
found in different treatments and amendments.

Impact of different farming practices on a diversity indices of resident
bacterial community, (a) Shannon, (b) Simpson, and (c) Chaol.

Impact of different farming practices on f diversity of resident bacterial
community, heatmap generated using Bray-Curtis dissimilarity matrix.

Principal component analysis (PCA) illustrating the effect of different
farming practices on the resident bacterial community under different
treatments and amendments (FYM and BIOC) based on OTU abundance.
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Chord diagram illustrating the overall impact of agriculture farming
practices on the abundance of functional bacterial groups in (a, b, ¢)
pigeonpea for the years 2018, 2019 and 2020, and (d, e, f) wheat for the
years 2019, 2020, and 2021 at the harvest stage.

PCA plots showing the impact of cropping system on the abundance of
functional markers present in the rhizosphere of (a) pigeonpea, and (b)
wheat over three cropping seasons.

NMDS plots showing the combine effect of different farming practices
on the abundance of functional bacteria groups.

Trends of antibiotic resistant bacteria (ARB) at different plant stages (a)
pigeonpea, and (b) wheat.

The effect of agriculture management practices on the dynamics of ARB
in the rhizosphere of (a) pigeonpea (2018-2020), and (b) wheat (2019-
2021) at the harvest stage.

Radial diagrams illustrating the impact of farming practices on (a) aacA,
(b) blaTEM, (c) chll, (d) ermB, (e) intl, (f) int2, (g) sull, (h) sul2, and (i)
tetO gene abundance in pigeonpea cropping systems for the years 2018-
2020.

Radial diagram illustrating the impact of farming practices on (a) aacA,
(b) blaTEM, (c) chll, (d) ermB, (e) intl, (f) int2, (g) sull, (h) sul2, and (i)
tetO gene abundance in wheat cropping system for the years 2019-2021.

Chord diagrams illustrating the impact of agricultural practices on
antibiotic resistance genes in (a, b, ¢) pigeonpea for years 2018, 2019 and
2020, and (d, e, f) wheat for the years 2019, 2020, and 2021 at the harvest
stage.

PCA plots showing the impact of cropping system on the abundance of
antibiotic resistant genes in the rhizospheres of (a) pigeonpea, and (b)
wheat.

NMDS plots showing the combined effect of different farming practices
on the abundance of antibiotic resistance genes.

PCA plot showing the cumulative impact of agri-management practices
on the abundance of structural and functional markers, and antibiotic
resistance genes in the rhizosphere.

The Pearson correlation matrix among plant growth parameters, soil
nutrient, total bacterial abundance, dominant bacterial groups, and
antibiotic resistance genes.

Summary of work done to assess the impact of farming practices on
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health
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Mg Microgram

MS Micro Seimens
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Important abbreviations and terminologies used in the study
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PWCS
QIIME

qPCR
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