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Abstract 

The adverse effects of intensified cropland practices on soil quality and biodi v ersity become especially evident in India, where nearly 
60% of land is dedicated to culti v ation and almost 30% of soil is already de gr aded. Intensive agricultur al pr actice significantly con- 
tributes to soil de gr adation, highlighting the crucial need for effecti v e countermeasur es to support sustaina b le dev elopment goals. 
A long-term experiment, esta b lished in the semi-arid Nimar Valley (India) in 2007, monitors the effect of organic and conventional 
management on the plant-soil system in a Vertisol. The focus of our study was to assess how organic and conventional farming 
systems affect biological and chemical soil quality indicators. Additionally, we followed the comm unity structur e of the soil micro- 
biome throughout the vegetation phase under soya or cotton culti v ation in the year 2019. We found that organic farming enhanced 

soil organic carbon and nitrogen content, increased microbial abundance and activity, and fostered distinct microbial communities 
associated with traits in nutrient mineralization. In contrast, conventional farming enhanced the abundance of bacteria inv olv ed in 

ammonium oxidation suggesting high nitrification and subsequent nitrogen losses with regular mineral fertilization. Our findings 
underscor e the v alue of adopting organic farming appr oaches in semi-arid subtr opical r egions to r ectify soil quality and minimize 
nitrogen losses. 

Ke yw ords: amplicon sequencing; ara b le cr opping; di v ersity; nitr ogen; sub-tr opical 
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Introduction 

Cropland expansions , intensifications , and land degradation ha ve 
exerted significant pr essur es on biodiv ersity, biospher e integrity,
and biogeochemical cycles, pushing them beyond planetary 
boundaries (Richardson et al. 2023 ). Howe v er, r ecognizing the piv- 
otal role of healthy soils in regulating nutrient cycles within natu- 
ral and agroecosystems, and as essential habitats for belowground 

biodiversity is imperative for proper stew ar dship of soils and the 
attainment of sustainable de v elopment goals (Lal et al. 2021 ). 

In India, ∼60% of the land area is dedicated to agricultural 
activities (data.w orldbank.org). Ho w ever, also in India, the agri- 
cultural use of soils is accompanied by land degradation and 

deterioration of soil health (Basak et al. 2021 , Das et al. 2022 ) 
with the total geogr a phic ar ea affected by degr adation r eac hing 
29% (SAC 2016 ). P articularl y, these effects ar e e vident in Verti- 
sols , widespread cla yey soils that occupy ∼22% of the country’s 
total geogr a phical ar ea (Mandal et al. 2013 ). These soils are con- 
sider ed highl y pr oductiv e due to their high clay content, but they 
are also at high risk of degradation when poorly and intensively 
mana ged (Sc hweizer et al. 2022 ). Recentl y, Das et al. ( 2022 ) r e- 
ported that Indian soils often exhibit low soil organic carbon (SOC) 
stoc ks, whic h, coupled with low cation exchange capacity and 

lo w w ater-holding ca pacities, r esults in poor soil quality. A de- 
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r e pr oduction in any medium, provided the original work is properly cited. For com
rease in soil quality, defined as the capacity of soil to function
ithin ecosystem and land-use boundaries to sustain biological 
r oductivity, maintain envir onmental quality, and pr omote plant
nd animal health (Doran and Parkin 1994 , Bünemann et al. 2018 ),
an se v er el y affect a gr oecosystem functioning. To addr ess this
oncern, v arious str ategies hav e been pr oposed, encompassing
he use of farmy ar d manure (FYM) or green manures, adoption
f legume-based cropping systems, cultivation of horticultural 
r ops, adoption of zer o tilla ge pr actices, and incor por ation of cr op
esidues. 

One effectiv e a ppr oac h to sustainable land mana gement, en-
ompassing the measures described abo ve , is organic farming.
rganic farming aims at closing nutrient cycles by r eintegr ating
lant residues and livestock manure back into the field, placing a
articular focus on soil health (Gattinger et al. 2012 , Seufert et al.
012 ). Ad ditionally, n utrient management in organic farming re-
ies on the cultivation of leguminous plants for biological nitrogen
xation, ther eby impr oving cr op nutrient suppl y. 

Ov er all, the concept of organic farming centres around the vi-
al role of an abundant and activ e micr obial comm unity, enabling
rucial soil processes such as organic matter decomposition and 

he promotion of carbon and nitrogen cycling, among others.
e v er al studies in temper ate r egions hav e demonstr ated that
 is an Open Access article distributed under the terms of the Cr eati v e 
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Figur e 1. Schematic o verview of the crop cultivation phases for the two strips with the main crop being either cotton or so y a in 2019. Fertilization 
e v ents within 2018–2019 (organic farming systems: circles; conventional farming systems: diamonds), and sampling dates (T1–T4) conducted in 2019 
are indicated. Pesticide application events are indicated in y ello w for conventional and in blue for organic and biodynamic farming systems. BIODYN: 
biodynamic farming system; BIOORG: bio-organic farming system; CON Bt: conventional farming system with Bt cotton cultivation in the crop 
rotation. 
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rganic farming also induces a distinct microbial community
tructure in the soil (e.g. Hartmann et al. 2015 , Francioli et al.
016 , Lin et al. 2016 , Lupatini et al. 2017 ). The changes in microbial
ommunities induced by distinct management practices might
 hange micr obial ca pacity for or ganic matter miner alization and
itrogen cycling in organic and conventional farming systems.
o w e v er, the majority of r esearc h in this ar ea has been conducted

n temper ate ar able systems, while studies in (sub-)tropical cli-
ates are still relatively scarce (Pajares et al. 2016 , Lori et al.

017 ). Further r esearc h is essential to compr ehend the potential
enefits and challenges of implementing organic farming in
r opical a gr oecosystems, considering the close link between the
oil microbiome and soil nutrient cycling (Delgado-Baquerizo et
l. 2016 , Wagg et al. 2019 ). 

The objective of the current study is to advance our yet still
oor understanding of the influence of various farming systems
n soil quality and the soil microbiome in the subtropics us-
ng a long-term field experiment established in 2007 in Madhya
r adesh, India. Understanding the differ ent functional impacts
hat organic and conventional practices have on soil quality, in-
luding microbial communities in Vertisols in India, can assist in
ar geted mana gement of these soils to enhance their health. 

We collected soil samples from field plots subjected to > 10
ears of continuous organic or conv entional mana gement pr ac-
ices in cotton-based farming systems on a Vertisol (Forster et al.
013 )) throughout the vegetation period of cotton and so y a. Our
nalyses focused on assessing soil bacterial and fungal alpha- and
eta-di versity, abundance of ammonia-o xidizing bacteria (AOB)
nd ammonia-oxidizing archaea (A O A), as well as geochemical
oil quality indicators . T he assessment of AOB and AOA abun-
ance was conducted based on their crucial involvement in regu-

ating the nitrogen c ycle b y facilitating the initial step of nitrifica-
ion (Prosser and Nicol 2008 , 2012 , Lu et al. 2020 ) and thus mineral
-cycling. As k e y contributors to nitr ogen cycling pr ocesses, in-
luding plant nitrogen provisioning and potential nitrogen losses,
nderstanding A OB and A O A abundance can help optimizing ni-
rogen dynamics in agricultural systems. 
Due to system-specific management practices such as organic
ertilization and non-chemical plant protection measures and ex-
sting knowledge we have from temperate regions, we first hypoth-
size for the herein assessed subtropical Vertisols to observe ele-
ated soil quality in organic compared to conventional systems.
e second hypothesize that organic and conventional farming

eads to distinct soil bacterial and fungal comm unities, whic h ad-
itionally shift throughout the crop vegetation period due to vari-
tions in nutrient a vailability. T hir d, w e hypothesize that microbes
nown for their capability to degrade complex carbon sources are
nriched in organically managed systems . Con versely, indicative
icrobes with the ability to metabolize mineral nitrogen and a

igher abundance of A O A and A OB ar e likel y to be associated with
he conventional system, influencing the soil’s nitrifying potential.

aterials and methods 

tudy site description and management practices
he long-term farming system comparison experiment was es-
ablished in 2007 and is located in the Nimar Valley in Madhya
radesh (India). The site is situated at 250 m a.s.l. (22 ◦8 ′ 30.28 ′′ N;
5 ◦37 ′ 48.97 ′′ E) in a subtropical (semi-arid) climate with an aver-
 ge annual pr ecipitation of 800 mm. The soil is a ‘black cotton
oil’, with a mean clay content of ∼60% and is classified as Verti-
ol. The field experiment compares biodynamic (BIODYN), bioor-
anic (BIOORG), and conventional agricultural practices, including
t-cotton cultivation (CON Bt), in a r andomized bloc k design with
our replicated plots (plot size: 16 × 16 m) per farming system. The
IOORG and BIODYN treatments are hereafter also summarized
s organic systems. 

The field experiment is composed of two adjacent strips (strips
 and B) r epr esenting alternating sta ges in the cr op r otation cycle,
s described in Forster et al. ( 2013 ). The crop rotation in all farming
ystems follows a two-year cycle with wheat and soya in the first
ear (main crop: soya) followed by wheat and cotton in the sec-
nd year (main crop: cotton), as shown in Fig. 1 . In the two organic
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Table 1. Ov ervie w of fertilizer and nutrient inputs in the two strips during 2018–2019 season with either main crop cotton (Strip B) or 
main crop so y a (Strip A). 

Strip Crop System Compost 
Rock 

phosphate Neem oil cake Urea SSP MOP N P K 

t/ha kg/ha kg/ha 

Strip A Wheat 1 BIODYN 9 .25 - - - - - 47 .5 16 .6 64 .4 
BIOORG 9 .25 - - - - - 47 .5 16 .6 64 .4 
CON BT - - 325 375 70 149 .5 25 .7 32 .5 

Cotton BIODYN 12 .5 - 390 - - - 123 .8 49 .9 31 .1 
BIOORG 12 .5 - 390 - - - 123 .8 49 .9 31 .1 
CON BT - - 317.5 515 90 145 .5 34 .9 41 .5 

Strip B Wheat 2 BIODYN 9 .25 - - - - - 47 .5 16 .6 64 .4 
BIOORG 9 .25 - - - - - 47 .5 16 .6 64 .4 
CON BT - - 325 375 70 149 .5 25 .7 32 .5 

So y a BIODYN 2 .5 175 - - - - 25 .0 26 .4 8 .3 
BIOORG 2 .5 175 - - - - 21 .3 24 .3 6 .2 
CON BT - - 62.5 500 105 28 .8 34 .3 49 .8 

BIODYN: biodynamic farming system, BIOORG: bio-organic farming system, CON Bt: conventional farming system with Bt cotton cultivation in the crop rotation. SSP: 
Single Super Phosphate fertilizer, MOP: Muriate of Potash. Details on av er a ged annual fertilizer and nutrient inputs across 2007–2019 are given in Supplementary 
Table S2 . 
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input systems, a cover crop (cowpea) is cultivated for two months 
before the sowing of soya. Cotton was sown on the 21st of May and 

harvested on the 12th of December 2019. The two organic farm- 
ing systems r eceiv ed biodynamic and bioor ganic compost, r espec- 
tiv el y (a pplied on the 27th of May, 26th of J une , and 17th of J uly).
For the CON Bt system, single super phosphate, ur ea, and m uriate 
of potash were provided on the 2nd of July as initial fertilizers, fol- 
lo w ed b y tw o mor e ur ea a pplications during the growing season 

(18th of July and 13th of August). In the strip with main crop so y a,
gr een manur e w as so wn in the BIODYN and BIOORG farming sys- 
tems on the 20th of April, and compost was applied on the 25th 

of J une . In the CON Bt system, a single dose of superphosphate 
and muriate of potash was applied on the 2nd of July, follo w ed b y 
ur ea a pplication on the 22nd of August. So y a cultivation started 

on the 10th of July and crops were harvested on the 17th of Oc- 
tober. Weed and pest management w ere follo w ed as per standard 

norms recommended for organic and conventional systems, and 

a list of applied products can be found in Supplementary Table S1 ,
and application time points are illustrated in Fig. 1 . 

From 2007 to 2019, conventionally managed cotton plots re- 
ceived an average annual application of 183 kg N ha −1 , 44 kg P 
ha −1 , and 86 kg K ha −1 from synthetic mineral fertilizers. Addi- 
tionall y, an av er a ge of 5.4 t ha −1 of FYM was a pplied e v ery alter-
nate year per cotton cr op. In comparison, conv entionall y mana ged 

wheat fields r eceiv ed an av er a ge annual a pplication of 147 kg N 

ha −1 , 27 kg P ha −1 , and 33 kg K ha −1 , while soybean fields r eceiv ed
30 kg N ha −1 , 34 kg P ha −1 , and 55 kg K ha −1 annually. In contrast,
or ganicall y mana ged cotton plots r eceiv ed an av er a ge annual a p- 
plication of 107 kg N ha −1 , 30 kg P ha −1 , and 113 kg K ha −1 , with
or ganicall y mana ged wheat fields r eceiving 53 kg N ha −1 , 20 kg 
P ha −1 , and 77 kg K ha −1 annuall y. Or ganicall y mana ged soybean 

fields were fertilized with 26 kg N ha −1 , 18 kg P ha −1 , and 35 kg K 

ha −1 on av er a ge per year. Detailed breakdown of fertilizer inputs 
between BIODYN and BIOORG, as well as distinctions between 

wheat 1 and wheat 2, can be found in Supplementary Table S2 .
Specific fertilizer and nutrient inputs for the year 2019 are pre- 
sented in Table 1 , while Fig. 1 visually represents fertilization 

e v ents thr oughout the year 2019 in the r espectiv e strips. 

Soil sampling and processing 

Four soil sampling campaigns took place throughout the crop cul- 
tivation phases. A basic soil sampling campaign (T1) was con- 
ucted on the 4th and 5th of April 2019 during bare fallow with
oil samples taken from the topsoil (0–20 cm) in both strips . T he
oil was sie v ed to 5 mm dir ectl y after sampling, a subsample was
aken to determine gravimetric water content by oven-drying at 
05 ◦C for 24 h. For molecular analyses, a subsample of 10 g was
ven-dried at ∼80 ◦C for 2 h (Pfeiffer et al. 2017 ) at the field site in-
r astructur e, befor e tr ansport to the labor atory in Switzerland. By
uic kl y r emoving soil moistur e, we aimed to pr eserv e soil micr o-
ial comm unity structur e during tr ansport fr om the field site in-
r astructur e to the laboratory in Switzerland, as an uninterrupted
old chain could not be guaranteed. After transport samples were 
tored at −20 ◦C. For the assessment of geochemical and biological
oil quality indicators, a subsample of 200 g was air-dried at the
eld site infr astructur e and tr ansported to Switzerland, wher e it
as stored at 4 ◦C until laboratory analyses. 
During the crop cultivation phase of cotton in strip A, the sam-

ling pr ocedur e for molecular biological anal ysis was r epeated be-
ore the second fertilization on the 24th of June (T2), before the
th fertilization on the 24th of July (T3), and during cotton ripen-
ng on the 24th of October (T4) in 2019. Soil sampling in cotton
as done on soil ridges. In strip B, soil samples were taken after

he gr een manur e incor por ation on the 19th of June (T2), before
he second fertilization on the 20th of August (T3), and before the
nal harvest of so y a on the 15th of October (T4) in 2019. All sam-
ling dates, crop cultivation periods, and fertilization events are 
hown in Fig. 1 . At all samplings, a subsample of fresh soil was
aken to the field site infr astructur e to assess the soil mineral ni-
rogen content. 

hysical and chemical soil quality indicators 

oil bulk density was determined from undisturbed ring samples 
100 cm 

3 ) in each experimental plot ( n = 4) on the 4th–6th of
eptember. Soil pH was measured in air-dried soil samples col-
ected at T1 in an aqueous suspension (1:2.5 mass/volume) with
 pH meter (WTW InoLab pH 7110, Xylem Anal ytics German y
mbH, Weilheim, German y). Or ganic carbon and total nitrogen
ere determined in 1 g of milled subsample by dry combustion
t 900 ◦C on a CN Analyzer (Elementar Analysensysteme GmbH,
ario MAX Cube, Hanau, Germany) as described in Krause et al.
 2022 ). Permanganate oxidizable carbon (POXC), POXC serving as
 proxy for labile carbon and closely associated with soil biological
rocesses (Bongiorno et al. 2019 , Bongiorno 2020 ), was extracted

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae127#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae127#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae127#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae127#supplementary-data
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sing a 0.2 M K 2 MnO 4 solution and quantified spectr ometricall y
sing a GENESYS 10S UV–VIS Spectrophotometer (Thermo Fisher
cientific, Waltham, MA USA) following the principles of Weil et
l. ( 2003 ) with modifications described in Bongiorno et al. ( 2019 ). 

Miner al nitr ogen (Nmin) was extr acted fr ozen soil using 0.5 M
2SO4 and nitrate (NO3-) and ammonium (NH4 + ) were quantified
sing the Spectr oquant ® Nitr ate Test and Spectroquant ® Amo-
ium Test (Merck, Darmstadt, Germany). 

icrobial soil quality indicators 

icrobial biomass carbon and nitrogen contents were determined
y the c hlor oform fumigation a ppr oac h (Vance et al. 1987 ) in ana-
ytical duplicates. To determine soil basal r espir ation and nitr ogen

ineralization potential small incubation experiments were con-
ucted in hermetically sealed microcosms as described in Lori et
l. ( 2022 ). 

NA extraction 

o c har acterize the soil micr obial comm unity, DN A w as extracted
rom 400 mg soil using the MP Biomedicals FastDNA™ SPIN Kit
or (MP Biomedicals, California, USA) following the manufac-
urer’s instructions. DNA quantity was assessed using Qubit sys-
em r ea gents (T hermoFisher Scientific , Waltham, USA) and rel-
tiv e fluor escent units on a CFX96Touc h Real-Time PCR Detec-
ion System (Bio-Rad Laboratories , Hercules , C A, USA). Before any
ownstr eam a pplications, DNA was diluted 1:16 in sterile water
o reduce inhibitory effects. 

unctional gene quantification 

o assess the abundance of A OB and A O A involved in ammonia
 xidation, quantitati v e pol ymer ase c hain r eactions (qPCR) wer e
erformed targeting the archaeal ammonia monooxygenase (amoA)

Leininger et al. 2006 ) and bacterial amoA genes (Rotthauwe et al.
997 ). Furthermore also the abundances of alkaline (apr) and neu-
ral (npr) metallopeptidases (Bach et al. 2001 ) as well as urease sub-
nit C (ureC) (Gr esham et al. 2007 ) wer e assessed as their involv e-
ent is crucial for the regulation of organic nitrogen mineraliza-

ion. Cycling conditions and PCR chemistry were optimized for
ach primer pair to reach standard curve R 

2 s higher than 0.95 and
mplification efficiencies between 80 and 100%. Reactions were
erformed in technical duplicates using an SYBR-green approach

Kapa SYBR Fast qPCR Kit Master Mix (2 ×) Universal; Kapa Biosys-
ems, Wilmington, MA, USA) on a CFX96 Touch Real-Time PCR De-
ection System (Bio-Rad Laboratories , Hercules , C A, USA). Primer
equences and cycling conditions for functional gene quantifica-
ions ar e pr ovided in Supplementary Table S3 . Quality control of
enerated amplicons, as well as non-template controls and serial
ilutions of plasmids carrying the r espectiv e tar get genes, wer e
ssessed by melting curv e anal yses for eac h r eaction and by gel
lectr ophor esis for a random selection of samples. 

mplicon sequencing and bioinformatic processing 

 two-step PCR a ppr oac h using CS1/CS2-ta gged (Fluidigm, South
an Francisco, CA, USA) primer targeting the V3-V4 region of
he 16S rRNA gene (341F and 806R as modified in Frey et al.
 2016 ); Supplementary Table S4 ), and primers targeting the fun-
al internal transcribed spacer region ITS2 (ITS3ngsmix1-5 and
TS4ngsUni, Tedersoo and Lindahl 2016 ; Supplementary Table
4 ). A negativ e contr ol was included in all PCR runs, contain-
ng double-distilled water instead of DNA, and positive controls
ontaining ZymoBIOMICS Micr obial Comm unity DN A Standar d
Zymo Research Corporation, Irvine , C A, USA) ( Supplementary
ig. S1 ). The first PCR was performed in technical triplicates,
hic h wer e pooled afterw ar ds and purified using magnetic beads

 https://openw etw ar e.or g/wiki/SPRI _ bead _ mix ). To visualize and
alidate the size and quality of the amplicons, subsamples of
he purified DN A w ere inspected b y gel electr ophor esis (1.25%
 gar ose gel). The second PCR, library preparation, and paired-
nd sequencing on an Illumina MiSeq sequencing platform (Il-
umina, San Diego, CA, USA) using MiSeq v3 chemistry were
erformed at the Genome Quebec Innov ation Centr e ( https://
ww.genomecanada.ca/en , Montr eal, Canada). The r esulting se-
uences are deposited on NCBI (PRJNA841470). 

Bioinformatic processing of amplicon sequences was done as
escribed in Lori et al. ( 2023 ). Briefly, USEARCH v11.0.667 (Edgar
010 ) was used for the pr e-pr ocessing of raw reads, including the
 emov al of primer sequences and low-complexity reads. Quality
ltering was done using PRINSEQ v0.20.4 (Morgulis et al. 2006 ).
r e-pr ocessing r esulted in 4 367 590 and 5 005 262 high-quality
eads for the 16S rRNA gene and ITS2 gene region, respectively.
NOISE3 (Edgar 2016b ) was used to denoise reads into zero-

adius O TUs (ZO TUs), which afterw ar ds w er e cluster ed at 97%
equence similarity (Edgar 2013 ). Then, taxonomy for 16S and
TS data was assigned using SINTAX (Edgar 2016a) based on the
 efer ences SILVA_128_16S_utax_work.fa (Quast et al. 2013 ) and
NITE_v82_Fungi_04.02.2020.fasta, r espectiv el y (Abar enk ov et al.
010 ). ITSx (Bengtsson-Palme et al. 2013 ) was used to ensure that
he taxonomic annotation is precise and reliable. Finally, 2 945 757
acterial reads clustered into 2549 ZO TUs , and 3 706 451 fun-
al reads into 1089 ZO TUs . Before downstream analysis, non-
acterial (arc haea, mitoc hondria, and c y anobacteria) w er e r e-
ov ed, r esulting in 2 884 836 bacterial sequences assigned to 2501

OTUS ( Supplementary Table S5 ). 

ta tistical anal ysis 

ll anal yses wer e conducted in RStudio (version 2023.3.0.386,
osit team 2023 ), a de v elopment envir onment for R (v ersion 4.3.0,
 Core Team 2023 ) graphs were created using the R package gg-
lot2 (Wickham 2016 ). Univariate data was analysed with linear
ixed-effect models using the nlme:: lme function (Pinheiro et al.

020 ). To assess farming system effects on soil quality indicators
ata from T1 was analysed jointly for the two crops (strips A and
). To account for the experimental setup, field pairs were nested

n blocks and set as a random factor. Additionally, we modelled
arming system-specific v ariances, r ecognizing that management
ractices can influence both the mean and the variation. Due to
istinct mana gement pr actices in the two strips, data collected
cross the growing season (T1–T4), were analysed for each strip
ndividually. We assessed the effects of the farming system, crop
ultivation phase, and the tw o-w ay interaction betw een factors
n each response variable and accounted for the spatial set-up
f the experiment by including the field blocks as random effect.
urthermore, we modelled farming system as well as crop cultiva-
ion specific variations too. The nlme:: anovoa_lme function (Pin-
eiro et al. 2020 ) was used to r etrie v e the statistical significance of
he main effects. If statistically significant main effects for farm-
ng system or the interaction were found, Sidak post hoc tests
corr ecting for m ultiple comparisons) wer e performed to iden-
ify differences between the distinct farming systems. Estimated

arginal means and 95% confidence intervals for each farm-
ng system within the different time points were obtained using
he emmeans:: emmeans function (Lenth et al. 2023 ) and plotted
long with the raw data. Data were transformed using log, square-
 oot, inv erse, or arc sin functions to satisfy the assumption of nor-
al distribution and variance homogeneity of model residuals. 

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae127#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae127#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae127#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae127#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae127#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae127#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae127#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae127#supplementary-data
https://openwetware.org/wiki/SPRI_bead_mix
https://www.genomecanada.ca/en
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae127#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae127#supplementary-data
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Figure 2. Farming system effects on chemical and biological soil quality indicators. Gr a phs show raw data and estimated marginal means with 95% 

confidence intervals of linear mixed effect models assessing the farming system (system) effect on soil quality indicators. P -values are presented 
within each graph. Sidak post hoc tests are indicated as letters for significant ( P < 0.05) main effects. BIODYN: biodynamic farming system; BIOORG: 
bio-organic farming system; CON Bt: conventional farming system with Bt cotton cultivation in the crop rotation. POXC: permanganate oxidizable 
carbon. N = nitrogen. 
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Sequencing data were inspected using the phyloseq pac ka ge 
(McMurdie and Holmes 2013 ). Before any downstream analy- 
ses, data wer e r ar efied to e v en depth (Sc hloss 2023 ) using rr ar- 
efy:: v egan r esulting in 2501 bacterial and 1089 fungal ZOTUs 
( Supplementary Table S5 ) to r emov e the impact of different se- 
quencing depths in the downstr eam anal yses. Rar efaction plots 
wer e cr eated using phyloseq.extended:: ggr ar e ( Supplementary 
Fig. S2 ). Observed ZO TU richness , as the number of unique ZO- 
TUs, was then analysed with linear mixed effect models as de- 
scribed abo ve . For β-div ersity anal yses, the dataset was filter ed to 
r emov e ZOTUs with fewer than 20 reads occurring in less than 

four samples for bacteria and fungi ( Supplementary Table S5 ) 
to reduce the extreme sparsity of microbiome data (Cao et al.
2021 ). After filtering, the data contained 1 840 954 bacterial and 

1 603 972 fungal sequences clustering into 2488 unique bacterial 
and 874 unique fungal ZO TUs . T he obtained sequence counts 
wer e tr ansformed into r elativ e abundances by total sum scaling 
and the effects of the farming system, crop cultivation phase and 

the inter action ther eof on the comm unity composition wer e as- 
sessed by permutational multivariate analysis of variance (PER- 
MANOVA) (Anderson 2001 ) with the function vegan:: adonis2 (Ok- 
sanen et al. 2022 ) using the Bray–Curtis dissimilarity matrix with 

perm utations being r estricted on the field bloc ks. Considering that 
PERMANOVA results can be confounded by differences in multi- 
variate dispersion, PERMDISP (Anderson et al. 2006 ) implemented 

through the betadisper function in vegan (Oksanen et al. 2022 ) 
as used to c har acterize the m ultiv ariate spr ead in the tr eatment
roups ( Supplementary Table S6 ). To gr a phicall y pr esent bacterial
nd fungal community structure, a canonical analysis of princi- 
al coordinates (Anderson and Willis 2003 ) was performed using
he CAPdiscrim function implemented in the Biodiv ersityR pac k-
ge (Kindt and Coe 2005 ) constraining for farming systems and
r op cultiv ation phases. Finall y, the indicspecies:: m ultipatt func-
ion (‘r.g’ function to correct for unequal group sizes) (De Cáceres
nd Legendre 2009 ) was used to identify ZOTUs associated with
ifferent farming systems or time points with 10 4 permutations 

Dufrêne and Legendre 1997 , De Cáceres et al. 2012 ). For this test,
e r emov ed sequences with fe wer than 150 r eads in < 15% of the

amples for bacteria and fewer than 100 reads in < 15% of the
amples for fungi. The multiple testing correction was performed 

y calculating q-values using the qvalue package (Storey et al.
021 ). Venn dia gr ams hav e been cr eated using the ps_v enn func-
ion form the MicEco pac ka ge (Russel 2024 ). 

esults 

oil quality indicators as affected by farming 

ystems 

asic soil sampling (T1) at bare soil sho w ed differences in soil
uality indicators as affected by the farming system for all re-
ponse v ariables measur ed, except for netto nitr ogen miner al-
zation and bulk density (Fig. 2 F and H). Most notably, SOC was

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae127#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae127#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae127#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae127#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae127#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae127#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae127#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae127#supplementary-data
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Figure 3. Treatment effects on bacterial and archaeal amoA abundance as assessed with quantitative real-time polymerase chain reaction (qPCR). 
Plots show raw data and estimated marginal means with 95% confidence intervals of linear mixed effect models assessing farming system (S) and 
cr op cultiv ation phase (T) and the inter action effect (SxT) on bacterial and arc haeal amoA abundance during cotton and so y a cultivation phase. 
P -values of the main effects are presented within each plot in bold. Results of Sidak post hoc tests are indicated as small letters when a significant 
interaction effect was found. Without a significant interaction effect, Sidak posthoc tests were performed for systems across sampling dates, and 
r esults ar e giv en below the main effects in ca pital letters. BIODYN: biodynamic farming system; BIOORG: bio-or ganic farming system; CON Bt: 
conventional farming system with Bt cotton cultivation in the crop rotation. 
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ignificantly higher in BIODYN compared to CON Bt ( + 13.1%;
ig. 2 A). PO XC w as comparable in the two organic systems with
ignificantl y higher v alues than CON Bt (BIODYN vs CON Bt:
 40.2%; BIOORG vs CON Bt: + 38.9%, Fig. 2 B). As for SOC, sig-
ificantl y higher v alues in BIODYN compar ed to CON Bt were
lso detected for total soil nitrogen ( + 17.6%; Fig. 2 C), and for
he biological soil quality indicators microbial biomass carbon
 + 23.0%; Fig. 2 D), micr obial biomass nitr ogen ( + 33.7%; Fig. 2 E),
nd basal r espir ation ( + 17.0%; Fig. 2 G). Data on NH4 + was affected
nly by time and exhibiting considerable variability among bio-
ogical replicates. For NO3 −, both the time point for cotton and
he system-time interaction under soy cultivation were signifi-
ant, with higher values observed in conventional systems com-
ared to organic systems at T2 in the strip with main crop so y a
 Supplementary Fig. S3 ). 

unctional gene abundances as affected by 

arming system and crop cultiv a tion phase 

 O A abundance in strip cotton was affected by the farming sys-
em, yet this effect was dependent on the cr op cultiv ation phase
Fig. 3 A): Differences between the systems were most pronounced
t T2 and T3, wher e v alues in the CON Bt system were signifi-
antly lo w er when compared to the BIODYN system (T2: −35.8%,
3: −52.8%, Fig. 3 A) and BIOORG system (T2: −45.0%, T3: −52.8%,
ig. 3 A). In the strip growing soya, distinctions arose exclusively
rom the farming systems, with significant differences existing
nly between the two organic systems (BIOORG vs BIODYN: 25.9%,
ig. 3 A). AOB abundance in both strips, was affected by the farm-
ng system. Mor e specificall y, AOB abundance was str ongl y en-
anced in CON Bt compared to both organic farming systems,
ith the magnitude of the effect being dependent on the crop

ultiv ation phase (Fig. 3 B). Ov er all, AOB abundance was high-
st in the strip with so y a (Fig. 3 B). The abundance of functional
enes involved in the regulation of organic nitrogen mineraliza-
ion sho w ed a variable pattern. While npr remained below the de-
ection limit, apr was significantly higher under the organic com-
ared to the conventional system in the strip growing soya as the
ain crop. Under cotton cultivation, ho w ever, a significant inter-

ction between time and system was observed, with the highest
bundance in CONBt except at T3 ( Supplementary Fig. S4 ). 

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae127#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae127#supplementary-data
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Figure 4. Treatment effects on bacterial and fungal observed richness. Plots show raw data and estimated marginal means with 95% confidence 
intervals of linear mixed effect models assessing the effects of farming system (S) and crop cultivation phase (T) and their interaction (SxT) on 
bacterial and fungal richness during the cotton and so y a cultiv ation phase. P -v alues of the main effects ar e pr esented within each plot in bold. Results 
of Sidak post hoc tests are indicated as small letters when a significant interaction effect was found. Without a significant interaction effect, Sidak 
posthoc tests were performed for systems across sampling dates, and results are given below the main effects in capital letters. BIODYN: biodynamic 
farming system; BIOORG: bio-organic farming system; CON Bt: conventional farming system with Bt cotton cultivation in the crop rotation. 
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Soil microbial richness as affected by farming 

system and crop cultiv a tion phase 

In total, we detected 22 bacterial phyla with the five most abun- 
dant phyla being assigned to Actinobacteria, Proteobacteria, Chlo- 
roflexi, Acidobacteria, and Firmicutes ( Supplementary Fig. S5 A); 1.4% 

of the sequences remained unassigned on the phylum le v el. Fun- 
gal comm unities wer e composed of 10 phyla with the five most 
abundant phyla being Ascom ycota, Basidiom ycota, Glomerom ycota,
Chytridiom ycota, and Mucorom ycota ( Supplementary Fig. S5 B); 22% 

of the fungal sequences remained unassigned on the phylum 

le v el. 
In the cotton strip, the farming system and the crop cultiva- 

tion phase inter activ el y affected bacterial richness with no statis- 
ticall y significant differ ences between the farming system at T1 
and T4, but with significantly higher ZO TU richness , both, in the 
BIODYN and BIOORG compared to the CON Bt system at the time 
points T2 and T3 (Fig. 4 A, left panel). No interaction effect was 
found in the strip with so y a, where the two organic systems con- 
stantly sho w ed significantly higher values across the crop culti- 
vation phase compared to CON Bt (Fig. 4 A, right panel). In the cot- 
ton strip, fungal richness was interactively affected by the farm- 
ing system and the crop cultivation phase with comparable ZOTU 

richness between the three systems at all time points except for 
T3, where BIODYN and BIOORG sho w ed higher values compared 
o CON Bt (Fig. 4 B, left panel). In the so y a strip, fungal richness was
ar ginall y affected by the farming system (Fig. 4 B, right panel). 

oil microbial community structure as affected 

y farming system and crop cultivation phase 

ERMANOVA anal ysis r e v ealed that the bacterial and fungal com-
 unity structur es wer e significantl y and inter activ el y influenced

y farming system and crop cultivation phase, across all king-
oms and crops except for bacteria under so y a cultivation. In the

atter case, we only found significant main effects for the farming
ystem and the crop cultivation phase (Table 2 ). 

CAP ordinations of bacterial and fungal community structures 
 e v ealed further insight into the structural alteration of bacterial
nd fungal communities across farming systems and along the 
r op cultiv ation phase (Fig. 5 ). Bacterial comm unities in the cotton
trip differed between sampling dates along the first CAP axis with
1 and T2 most dissimilar to each other. The organic and conven-

ional farming systems were separated along the second CAP axis
ith BIOORG and BIODYN being very similar (Fig. 5 A) and clearly

epar ated fr om CON Bt. The inter action effect was visible in T2
nd T3, wher e micr obial comm unity structur e in CON Bt r emain
ather similar, while in the organic systems a shift in community
omposition was observed along the second CAP axis. 

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae127#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae127#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae127#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae127#supplementary-data
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Table 2. Treatment effects on bacterial and fungal community structure (ß-diversity). 

Kingdom Main crop Source of v aria tion Df Sum Of Sqs R2 P -value 

Bacteria Cotton System 2 0 .19 0 .09 0 .005 
Time 3 0 .75 0 .35 0 .005 
System:Time 6 0 .23 0 .11 0 .015 
Residual 36 0 .95 0 .46 
Total 47 2 .12 1 .00 

So y a System 2 0 .17 0 .12 0 .005 
Time 3 0 .37 0 .25 0 .005 
System:Time 6 0 .15 0 .10 0 .195 
Residual 35 0 .80 0 .53 
Total 46 1 .50 1 .00 

Fungi Cotton System 2 1 .82 0 .23 0 .005 
Time 3 1 .46 0 .18 0 .005 
System:Time 6 0 .83 0 .11 0 .045 
Residual 36 3 .80 0 .48 
Total 47 7 .90 1 .00 

So y a System 2 2 .32 0 .27 0 .005 
Time 3 2 .27 0 .27 0 .005 
System:Time 6 0 .80 0 .09 0 .020 
Residual 36 3 .10 0 .36 
Total 47 8 .48 1 .00 

Results of PERMANOVA assessing the effects of farming system (System), crop cultivation phase (Time), and their tw o-w ay interactions on bacterial and fungal 
comm unity structur e in the two strips ‘main crop: cotton’ and ‘main crop: so y a’. Factors printed in bold explain a statistically significant amount of variation in 
bacterial and fungal community structure . Df: degrees of freedom, Sum Of Sqs: sum of squares 
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Comparing the bacterial community structure in the so y a strip
cr oss the cultiv ation phase, we found that, regardless of the
arming system, the bacterial comm unity r emained stable at T2,
3, and T4. Ho w e v er, at T1, it was notably distinct when compared
ith the communities observed at the subsequent sampling dates

Fig. 5 B). Congruent with PERMANOVA r esults, whic h sho w ed no
nteraction effect between sampling date and farming system, the
lustering of the farming systems was consistent across the crop
ultivation phases with organic and conventional systems being
eparated along the first CAP axis. 

For fungal community structure in cotton, a clear separation
etween organic and conventional systems was observable as well
etween T1 compared to T2, T3, and T4 (Fig. 5 C). The interaction
ffect is evident in the more distinct separation of the sampling
ates T2, T3, and T4 under conventional management, while there

s no clear distinction between those dates of sampling observ-
ble under organic farming. Fungal community structure in so y a
imilarly shifted over the crop cultivation phase and clustered in
r ganic v ersus conv entional; ho w e v er, effects of sampling dates
uring the crop cultivation phase were more pronounced in the
rganic than the conventional system (Fig. 5 D), which was already
ndicated by the interaction effect of the PERMANOVA (Table 2 ). 

Analyses for multivariate homogeneity of group dispersion
ndicate that the main effect’s significance was influenced by
ifferences in both location (centroid) and spread (multivari-
te dispersion) for bacteria under cotton and fungi under so y a
 Supplementary Table S6 ). Ho w e v er, the ordination pattern in
ig. 5 A and D clearly illustrates that any observed effect primarily
eriv es fr om differ ences in location r ather than fr om pur e v aria-
ions in dispersion. 

ndicati v e species associated with farming 

ystems 

n total and across the crop cultivation phase, we identified ten
acterial ZOTUs and three fungal ZOTUs in strip cotton and nine
acterial ZOTUs and eight fungal ZOTUs in strip so y a (Table 3 )
s indicator ZOTUs (q < 0.05, r2 > 0.7) for one or two farm-
ng systems. All hereafter listed taxonomic names enclosed in
r ac kets ar e assignments to the lo w est possible taxonomic rank.
ore detailed, ZOTU9 ( Chaetomiaceae ), ZOTU6606 ( Rhodospirillales ),
OTU1272 ( Acidimicrobiales ), and ZOTU113 ( Chloroflexi ) were iden-
ified as indicator ZOTUs for the two organic systems in both
trips . In contrast, ZO TU2812 ( Nitrosospira ) and ZO TU25 ( Sordari-
m ycetes ) wer e identified as indicator species for the CON Bt sys-
em in both strips. 

Additionally, six bacterial and one fungal indicator ZOTU for
he farming systems were found in cotton but not in so y a. More
pecificall y, ZOTU649 ( P eptostreptococcaceae ), ZOTU 1290 ( Actinobac-
eria ), and ZOTU4357 ( Gaiellaceae ) were identified as indicators for
he two organic systems and bZOTU1871 ( Thermomicrobia ), ZOTU
61 ( Nitrolancea) , ZOTU1875 ( Gaiellales), and ZOTU988 ( Fusarium
cutatum ) were found to be indicative for the CON Bt system. 

Another five bacterial and six fungal indicator ZOTUs for
he farming systems were found in so y a but not in cot-
on. Mor e specificall y, ZO TU5440 ( Xanthomonadales ), ZO TU2474
 Planococcaceae ), ZOTU6604 ( Solirubrobacterales ), and ZOTU2 ( As-
om ycota ) wer e all identified as indicators for BIODYN and BIOORG.
ontrary, ZOTU2742 ( Nitrospira ), bZOTU147 ( Gemmatimonadaceae ),
O TU633 ( Eurotiomycetes ), ZO TU57 ( Neotestudina ), ZO TU50 ( Fusar-

um algeriense ), ZOTU261 ( Penicillium ), ZOTU25 ( Sordariomycetes ),
nd ZOTU15 ( Acrophialophora ) were identified as indicator ZOTUs
or the CON Bt system. 

As already indicated by CAP ordination, there were little dif-
erences in BIODYN and BIOORG microbial communities and no
ndicator ZOTUs distinguishing these systems could be identified.

iscussion 

igher soil quality in organic compared to 

onventional farming system 

he first hypothesis of this study was supported by gener all y ele-
ated soil quality indicators in organic compared to conventional

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae127#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae127#supplementary-data
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Figure 5. Canonical analyses of principal coordinates (CAP) of bacterial and fungal communities during cotton and soya vegetation period. CAP 
ordinations of bacterial (A and B) and fungal (C and D) communities based on relative abundances and Bray–Curtis distances, constrained by farming 
system and crop cultivation phase . T he o verall reclassification success rate is given in the title for each CAP ordination. Shapes represent the different 
cr op sta ges (sampling dates) and colours r epr esent farming systems: BIODYN: biodynamic farming system, BIOORG: bio-or ganic farming system, CON 

Bt: conventional farming system with Bt cotton cultivation in the crop rotation. 
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systems . T his finding is consistent with existing knowledge from 

other geogr a phical r egions, as or ganic inputs like FYM, compost,
and slurry are recognized for their ability to increase SOC concen- 
tr ation, ther eby stim ulating biological soil quality indicators suc h 

as microbial biomass and activity, especially in carbon-depleted 

a gricultur al soils. Ho w e v er, it is note worthy that e v en in conv en-
tional plots, on av er a ge 5.4 t ha −1 manure was applied once a year 
before sowing of cotton at until 2018 (i.e. e v ery second year to a 
particular strip). Ne v ertheless, the higher SOC and nitr ogen con- 
tents in BIODYN compared to CON Bt derives from nutrient inputs 
through compost (Table 1 ). The enhanced SOC contents provide 
the substrate and habitat for microbial gro wth, thereb y promot- 
ing higher microbial biomass and basic activity while additionally 
stabilizing soil pH, as observ ed especiall y between BIODYN and 

CON Bt (Fig. 2 ). 
The long-term impact of farming systems on soil quality ex- 

tends over multiple vegetation periods and it is important to 
ac knowledge that measur able c hanges might take more than 

a decade to manifest (Krause et al. 2022 ). T herefore , it is not 
surprising that in the same field experiment, after seven years 
f establishment, Bhat et al. ( 2017 ) investigated soil biological
arameters and found no difference between organic and con- 
entional systems in terms of soil microbial biomass and soil
 espir ation using the same methodology . Similarly , the study by
chweizer et al. ( 2022 ) could not identify differences in organic
arbon contents between or ganicall y and conv entionall y man-
ged systems after seven years of establishment. Still, it appears
hat the sensitivity of the emplo y ed methods was adequate to re-
olv e differ ences between or ganic and conv entional systems for
ost soil quality indicators tw elve y ears after the establishment

f the experiment. P articularl y, POXC serving as a proxy for labile
arbon was able to distinguishing organic and conventional sys- 
ems . T his sensitivity of POXC reflects the availability of carbon
or the soil microbiome and was identified as a pr edictiv e indi-
ator for soil quality, closely associated with soil biological pro-
esses (Bongiorno et al. 2019 , Bongiorno 2020 ). T hus , in our study,
e speculate that the difference in the labile SOC fraction be-

ween the organic and conventional systems may be a k e y dri ver
f the distinct micr obial comm unity structur es observ ed in these
ystems. 
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The absence of significant differences among the two organic 
systems appears to be attributed to their nearly similar manage- 
ment practices targeted to achieve the same nutrient inputs. In 

ad dition to compost, min ute quantities of ‘clay pot dung’, ‘ver- 
micompost’, and ‘Jeev Amrut’ were used in BIOORG from 2007 
to 2010 years (Forster et al. 2013 ). Despite a tendency towards 
higher soil quality in BIODYN compared to BIOORG, w e w ere un- 
able to r esolv e the potential effects of biodynamic management 
on soil quality twelve years after the establishment of the experi- 
ment. This finding aligns with another long-term field experiment 
fr om a temper ate r egion that inv estigated the impacts of biody- 
namic pr epar ations in or ganic farming under r educed tilla ge and 

plough and found no significant effect on k e y indicators includ- 
ing SOC, microbial biomass carbon, soil respiration, and soil pH 

(Krauss et al. 2020 ). In summary, we found higher soil quality in 

or ganic systems compar ed to conv entional farming systems, pr e- 
sumabl y driv en by or ganic input mana gement. Ho w e v er, we could 

not r esolv e differ ences between bioor ganic and biodynamic man- 
agement on geochemical soil quality indicators. 

Higher soil quality, ho w e v er, did not dir ectl y tr anslate into 
higher plant biomass or nutrient contents. For so y a, plant biomass 
and nitrogen, phosphorus, and potassium contents were not sig- 
nificantl y differ ent acr oss the thr ee systems ( Supplementary Fig. 
S6 ), e v en though the conventional system r eceiv ed slightl y higher 
amounts of nitrogen, phosphorus, and potassium fertilization (Ta- 
ble 1 ). This finding partially aligns with pr e vious meta-anal yses 
comparing the yield gap between organic and conventional farm- 
ing, sho wing so y a to hav e in gener al a r ather small one, compar a- 
ble to other crops (Seufert et al. 2012 , Knapp and van der Heijden 

2018 ). Thus we conclude that organic soybean production is a vi- 
able option under the semi-arid conditions in India as it impr ov es 
soil quality and leads to similar yields (Forster et al. 2013 ) com- 
pared to conventional. Ho w ever, for organic cotton, we observed 

that the plant nitrogen content was 17% lower in BIODYN and 35% 

lo w er in BIOORG compared to CONBt, while the organic systems 
r eceiv ed 17% less nitrogen fertilizer. 

Distinct soil microbial communities in 

organically compared to conventionally managed 

systems 

The study confirmed our second hypothesis, showing clear dif- 
fer ences in micr obial comm unities between or ganic and conv en- 
tional farming. These communities also varied during crop cul- 
tivation phases, highlighting the influence of management prac- 
tices on microbial community structure across the vegetation pe- 
riod. Soil life is intricately linked to carbon availability and soil 
pH, whic h serv e as k e y determinants influencing the structure 
and composition of the soil microbiome (Lammel et al. 2018 ,
Garcia-Palacios and Ji 2022 ). Fungi, in particular, being primar- 
ily classified as heterotrophs with a narrow range of nutritional 
str ategies, ar e str ongl y affected by carbon av ailability. In compar- 
ison to a prior investigation in tropical arable systems (Choudhary 
et al. 2022 ), we observed a relatively low fungal richness despite 
adequate sequencing cov er a ge ( Supplementary Fig. S2 ). While low 

richness does not necessarily imply low fungal biomass, it is nec- 
essary to recognize that the c hlor oform fumigation extr action 

method emplo y ed in this study does not allo w us to differentiate 
fungal from bacterial biomass. To establish a link between rich- 
ness and biomass alternative methodological approaches such 

as qPCR/ddPCR (Wang et al. 2022b ) or Er goster ol (Mille-lindblom 

et al. 2004 ) may be r equir ed. Yet, it is plausible that r elativ el y 
low fungal richness reflects generally harsh conditions in Verti- 
ols c har acterized by periodicall y extr eme alter ation in soil condi-
ions compared to other studies in arable tropic systems (Choud-
ary et al. 2022 , Krause et al. 2023 ). Consistent with a recent re-
ional study (Choudhary et al. 2022 ), the fungal community struc-
ure in our study was dominated by Ascomycota ( Supplementary
ig. S3 ), which is ubiquitously in soil environments (Egidi et al.
019 ). The majority of Ascom ycota ar e sa pr ophytic and serv e as
he primary decomposers of plant residues in the soil. The bacte-
ial phyla identified in our study exhibit close similarities with the
ndings of Khatri et al. ( 2023 ), who inv estigated micr obial com-
unities in arable systems in India and found Plancotymcetes and

acteroidetes rather than Actinobacteria , in addition to Proteobacte- 
ia, Chloroflexi, and Acidobacteria to be the most dominant phyla.
n the phylum le v el, both fungal and bacterial community struc-

ur es c hanged thr oughout the cr op cultiv ation phase in our study,
ith more pronounced shifts observed during cotton compared 

o so y a cultiv ation ( Supplementary Fig. S5 ). Potentiall y, these ob-
ervations might be explained by higher fertilizer inputs during 
he cultivation of cotton compared to so y a. Additionally also soil
ater content is known to have a profound impact on soil bac-

erial and fungal community structure (Yan et al. 2015 ), and our
amples from the different dates of sampling varied in their water
ontent ( Supplementary Fig. S7 ). The first date of sampling took
lace before sowing of cotton or cover crop and the end of the
ry season was a ppr oac hing. T hus , v ery low soil moistur e com-
ined with bare soil likely was the main determinant for micro-
ial community structure. Despite strong temporal effects on bac- 
erial and fungal comm unity structur e, we found consistent and
trong farming system effects across both crop cultivation phases 
Table 2 ). The application of organic fertilizer has previously been
hown to be a major driver in shaping microbial community struc-
ur e of or ganic and conv entional systems (Hartmann et al. 2015 )
nd is likely also a major driver of distinct microbial communities
n the or ganicall y and conv entionall y mana ged systems in this
tudy. Inter estingl y, the two or ganicall y mana ged systems con-
istently sho w ed to be very similar to each other and dissimilar
o CON Bt. Inter estingl y, bacterial ric hness dr opped during cotton
ultivation phase in conventional but not in organic systems in-
icating a possible response of microbes to mineral fertilization 

 v ents (Fig. 4 ). Our results are in line with a recent global meta-
nalysis assessing the effect of organic and mineral fertilizer on
oil micr obial div ersity and showing that bacterial taxonomic di-
ersity is about 2.9% higher in organically compared to miner-
lly fertilized systems (Bebber and Richar ds 2022 ). Ho w ever, using
 system comparison a ppr oac h, we cannot disentangle whether
he observed differences between organically and conventionally 

anaged systems are driven by fertilizer only or whether pest and
isease control as well contributed. 

In summary, our data demonstrate that 12 years of distinct
ana gement pr actices implemented in the different farming sys-

ems in the semi-arid subtropics exert a discernible influence on
he soil microbial community structure throughout the vegeta- 
ion periods of cotton and so y a. Ne v ertheless, notable shifts in

icr obial comm unity structur e occur during the cr op cultiv ation
hases, likely attributable to fertilization events and abiotic fac- 
ors, such as soil moisture. 

istinct indicati v e taxa in conv entional and 

rganic farming systems 

astly, our final hypothesis was validated, as we indeed identified
pecific taxa with distinct potential functions in both the organ-
call y and conv entionall y mana ged systems. Although the vast

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae127#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae127#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae127#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae127#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae127#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae127#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae127#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae127#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae127#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae127#supplementary-data
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ajority of ZOTUs wer e shar ed among all treatments (99.0% for
acteria, 85% for fungi, Supplementary Fig. S8 ), indicator species
nalyses showing the association of specific indicator ZOTUs with
ither organic or conventional systems may suggest drivers of
hifts in comm unity structur e. In conjunction with the very sim-
lar beta-diversity observed in both organically managed systems
nd the indicator species analysis highlighting numerous ZOTUs
ndicative of either both organic systems collectiv el y or exclu-
iv el y associated with the conventional system (Table 3 ). These
ndings further underscore the substantial resemblance between
he or ganicall y mana ged systems likel y attributed to the applica-
ion of organic fertilizers as a potential driving force behind their

icr obial comm unities’ similarity. 
This observation is further supported by the finding of the fun-

al ZOTU9, taxonomically classified as Chaetomiaceae, which was
onsistently identified as an indicator of the or ganicall y mana ged
ystems in both crops . A study conducted by Dang et al. ( 2021 )
ho w ed that Chaetomiaceae, being sa pr ophytic ascomycetes, is one
f the most significant gr oups incr easing in r elativ e abundance in
esponse to compost addition. Also, ZOTU6606, taxonomically as-
igned to Rhodospirillales and known to be a diverse group of bac-
eria with a range of ecological functions in soil en vironments ,
as one of three bacterial ZOTUs associated with the organi-

all y mana ged systems for both cr ops. Rhodospirillales ar e pho-
otrophic, meaning they are capable of using light as an energy
ource, and they are also facultative anaerobes (Baldani 2014 ),
ighlighting their diverse metabolic lifestyle . T he second bacte-
ial ZOTU associating with or ganicall y mana ged systems in both
r ops is taxonomicall y assigned to Chloroflexi , whic h also exhibit
iverse metabolic lifestyles as facultative anaerobic phylum, in-
luding autotr ophic, heter otr ophic, and mixotr ophic taxa (Speirs
t al. 2019 ). The last bacterial indicator identified for the two or-
anic farming systems in both crops was ZOTU1272, taxonomi-
ally assigned to the Acidimicrobiales . Interestingly, a study by Ran-
all et al. ( 2019 ) sho w ed Acidomicrobiales to decrease upon P fertil-

zation, highlighting their potential role in P mobilization when
oil P concentrations are low. These findings may serve as a ba-
is for understanding the diverse energy metabolism mechanisms
 equir ed in microbial communities under organic farming, which
an efficiently degrade organic carbon sources and obtain energy
nd nutrients thr ough v arious metabolic strategies, and are con-
istent with observations by Bhat et al. ( 2017 ), who reported higher
ctivity of alkaline phosphatase activity in the or ganicall y man-
ged systems of the herein analysed soils. 

Further evidence of enhanced P-mineralization under organic
ystems was found under cotton cultivation with enriched abun-
ances of ZOTU4357 in organic systems . ZO TU4357 assigns to the
amily of Gaiellaceae, which has been previously linked to avail-
ble phosphorus content and phosphatase activity (Wang et al.
022b ). Their study r e v ealed that or ganicall y mana ged soils could
ttain equivalent or higher P availability compared to convention-
ll y mana ged soils r eceiving r egular inputs of miner al P fertilizers
nd might be driven by the elevated microbial activity associated
ith organic farming practices. 
In turn, conventional systems resulted in enhanced abundance

f the bacterial ZOTU 2812, taxonomically classified to the fam-
ly of Nitrosospira in both crops. Nitrosospira are AOB playing a
ivotal role in facilitating the initial step of the aerobic nitrifi-
ation process (Hayatsu et al. 2021 ), having significant implica-
ions for nitrogen c ycling (Ko w alchuk and Stephen 2001 ). Gener-
lly, ammonia-oxidation is performed by AOB belonging to two
onophyletic groups within the beta- and gamma-proteobacteria

Purkhold et al. 2000 ), and by A O A belonging to Thaumarchaeota
hylum (Br oc hier-Armanet et al. 2008 ). In the present experiment,
 div er gent r esponse of A O A and A OB abundance to organic and
onventional farming systems was observed indicating a niche
iffer entiation, whic h has also r ecentl y been r e vie w ed b y Prosser
t al. ( 2020 ). AOB demonstrated higher abundance in convention-
ll y mana ged systems as opposed to or ganicall y mana ged sys-
ems but the extent of the difference varied throughout the crop
ultiv ation phases (inter action effect) (Fig. 3 ). Ho w e v er, the con-
istentl y ele v ated abundance of AOB in the conventional sys-
em might be dir ectl y linked to regular application of mineral
itrogen (Taylor et al. 2012 ). The str ong enric hment of AOB in
onv entionall y mana ged systems might enhance nitrification and
ubsequently potential losses of nitrogen fertilizers via nitrate
eaching or emissions of nitrous oxide from soils (Prosser et al.
020 ). Our data on soil mineral nitrogen exhibits considerable
ariability. Ho w ever, w e observed significantly higher NO3 − lev-
ls in conventional systems compared to organic systems at T2
nly in the strip growing soya as main crop. This finding may be
xplained by the fact that, prior to T2, the soil had been bare since
he harvest of winter wheat 2 (see Fig. 1 ) in the conventional plots.
he higher abundance of AOB in the conventional system might
ave led to elevated NO 3 levels, which were not absorbed by plants
ue to the lack of plant co ver. T he effects of farming systems on
 O A highly depend on the crop and v egetativ e phase. Enric hed
 O A gene were especially present in organic systems during cul-

ivation of cotton, when soil water and temper atur e conditions fa-
ilitate decomposition of organic inputs. Our results of A O A and
OB abundance are in line with previous studies showing that
OB gro wth is fav oured in soils fertilized by single additions of
igh le v els of inor ganic NH 3 , while A O A gr ows pr efer entiall y when
H 3 is pr oduced thr ough miner alization of or ganic nitr ogen (Ver-
amme et al. 2011 , Hink et al. 2018 , Prosser et al. 2020 ). 

Additionally, during so y a cultivation, enhanced abundances of
OTU2742 in conventional systems likely linked to potentially en-
anced nitrification activity, as this taxon is assigned to the genus
f Nitrospira, which is considered to be strictly nitrite-oxidizing.
o w e v er, r ecent studies hav e r e v ealed the presence of se v er al
itrospira species that possess the ability to perform complete
mmonia o xidation (comammo x) in a singular cell (Daims et al.
016 ). The increased abundance of Nitrospira in conv entionall y
anaged soil can likely be attributed to the application of min-

r al nitr ogen as well. This finding is in line with pr e vious discus-
ions around AOB and is likely associated with enhanced risks for
itrogen losses. Our study provides important insights into the ge-
etic nitrification potential in a semi-arid suptropical agroecosys-
em and we str ongl y r ecommend to v erify putativ e enhanced N-
eaching and N 2 O emissions under conventional management us-
ng follow-up experiments. 

For organic cotton farming, we found an indicative ZOTU as-
igned to the Peptostreptococcaceae belonging to the phylum of Fir-
icutes, which has been previously shown to be more abundant

n or ganicall y compar ed to conv entionall y mana ged soil (Harkes
t al. 2019 ). Inter estingl y, we found an association of putativ el y
athogenic fungi with the conventional systems under so y a and
otton cultiv ation. Mor e pr ecisel y, a ZOTU annotated as Fusar-
um acutatum , which is known to cause r oot r ot on legumes (Gau-
am et al. 2016 ) and is a major pathogen contributing to basal
ot of onion in India (Bhat et al. 2023 )) was indicative of con-
 entional cotton. Wher eas under so y a cultivation, w e identified
wo indicative ZOTUs with putative pathogenic tr aits. Mor e pr e-
isely, ZOTU assigned to Fusarium algeriense is a novel toxigenic
r own r ot pathogen of durum wheat (Lar aba et al. 2017 ) and win-
er wheat (Özer et al. 2018 ) and is associated with CON Bt. Another

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae127#supplementary-data
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potentially toxigenic ZOTU assigned to Neotestudina was in- 
dicative of CON Bt under cotton cultivation as well. Indica- 
tive taxa annotated as potentially pathogenic fungi might be 
linked to diminished disease suppression under conventional 
farming due to reliance on external synthetic chemicals. A dis- 
ease suppression test would be an interesting task to verify this 
hypothesis. 

In summary, the taxa identified as indicative of organic farm- 
ing systems are putatively characterized by diverse metabolic 
lifestyles associated with the degradation of organic compost and 

phosphorus mineralization. On the other hand, the taxa indica- 
tive of conventional systems were more often associated with ni- 
trification and may possess pathogenic properties. Ho w e v er, it is 
important to acknowledge that the ecological functions of the 
identified indicator ZOTUs are based on putative lifestyles only.
To gain an e v en deeper understanding of soil multi-functionality 
under distinct farming practices in subtropical regions, further 
compr ehensiv e anal yses suc h as pr ofiling micr obial metabolic 
ca pacity (Cr eamer et al. 2016 ), pr oteomics (Qian and Hettic h 

2017 ), shotgun metagenomics (Vogel et al. 2009 ), and combina- 
tions of these techniques (Martinez-Alonso et al. 2019 ) would be 
beneficial. 

Conclusion 

In summary, our study indicates that twelve years of organic 
farming have improved soil quality and exerted a notable in- 
fluence on micr obial comm unities, fostering taxa with diverse 
metabolic lifestyles associated with organic compost degradation 

and phosphorus mineralization when compared to conventional 
farming in semi-arid subtropics . Con versely, con ventional farming 
promotes the genetic potential for ammonium oxidation, which 

may increase the risk of nitrogen losses, and encourages the pres- 
ence of indicator ZOTUs associated with pathogenic tr aits mor e 
fr equentl y than or ganic farming. Giv en these findings, the adop- 
tion of organic farming practices in semi-arid subtropical areas 
can help improving distorted soil quality and likely mitigate the 
risk of nitrogen losses. 
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