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Sugarcane (Saccharum spp.) represents a crop of great economic importance, remarkably relevant
in the food industry and energy supply chains from renewable sources. However, its conventional
cultivation involves the intensive use of fertilizers, pesticides, and other agrochemical agents

whose detrimental effects on the environment are notorious. Alternative systems, such as organic
farming, have been presented as an environmentally friendly way of production. Still, the outcomes
of different cropping systems on the microbiota associated with sugarcane—whose role in its health
and growth is crucial—remain underexplored. Thus, we studied the rhizospheric microbiota of two
adjacent sugarcane fields, which differ in terms of the type of farming system. For this, we used

the sequencing of taxonomic markers of prokaryotes (gene 16S rRNA, subregions V3-V4) and fungi
(Internal transcribed spacer 2) and evaluated the changes caused by the systems. Our results show a
well-conserved microbiota composition among farming systems in the highest taxonomic ranks, such
as phylum, class, and order. Also, both systems showed very similar alpha diversity indices and shared
core taxa with growth-promoting capacities, such as bacteria from the Bacillus and Bradyrhizobium
genera and the fungal genus Trichoderma. However, the composition at more specific levels denotes
differences, such as the separation of the samples concerning beta diversity and the identification
of 74 differentially abundant taxa between the systems. Of these, 60 were fungal taxa, indicating
that this microbiota quota is more susceptible to changes caused by farming systems. The analysis
of co-occurrence networks also showed the formation of peripheral sub-networks associated with
the treatments—especially in fungi—and the presence of keystone taxa in terms of their ability to
mediate relationships between other members of microbial communities. Considering that both
crop fields used the same cultivar and had almost identical soil properties, we conclude that the
observed findings are effects of the activities intrinsic to each system and can contribute to a better
understanding of the effects of farming practices on the plant microbiome.

Sugarcane (Saccharum spp.) stands out in Brazil as one of the most important socioeconomic crops. The agro-
industrial system related to sugarcane processing in biorefineries is responsible for supplying the market with
ethanol biofuels and sugar. Furthermore, sugarcane biorefineries can also perform the co-production of large
amounts of useful products from wastes, such as bagasse, molasses, cane trash, filter mud, and vinasse. All of
them have significant value-added based on the concept of circular bioeconomy and sustainability production’.
These concepts are congruent with the consumer’s concerns for healthier lifestyles and environmental care?.

In order to meet rising consumer demands for higher-quality products from a more sustainable production,
there is a growing interest in the development and adoption of agricultural models that aims to conserve and
enhance the quality of the soil leading to higher yields but taking into account the protection of the local envi-
ronment and ecosystem services®. These agroecological practices are the basis of organic farming systems, which
prohibit the use of synthetic inputs, such as pesticides or fertilizers*. Organic farming highlights the essential role
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of humus and organic matter for soil fertility and plant nutrition®. The great challenge for organic production is
to achieve higher crop yield stability’. To overcome that, it is necessary a deep and integrated understanding of
climate and biogeochemical cycles, pollination, soil structure and protection, water absorption, and biological
interactions, among other processes. In this context, the soil microbiota can also play a fundamental role®, espe-
cially those that inhabit the rhizosphere® and colonize the plant tissues'®. Therefore, the soil and plant-associated
microbiota has become the target of studies to identify the driving factors that shape microbial assemblage
composition and structuration'’.

In this sense, culture-independent methods for the investigation of plant microbiota, such as the sequenc-
ing of amplicons (or metabarcoding) from taxonomic marker regions, such as the 16S rRNA gene!? and the
Internal Transcribed Spacer (ITS) region'®, for prokaryotes and fungi, respectively, have enabled to advance
the understanding of microbial communities and their relationships'*'>. The research on sugarcane-associated
microbiota aims to investigate the microbial diversity reservoir still unexploited to acquire knowledge about
its role in modulation of plant development, pathogen defense, nutrient uptakes, and stress resistance'®. This is
essential to constitute the foundation for the development of solutions to equilibrate higher productivity with
sustainability for this crop. Recent studies indicate that different sugarcane genotypes can shape the associated
microbiota by changing from keystone species to the richness of bacterial and fungal communities'”'8.

The sugarcane rhizosphere is a very relevant ecosystem for deepening knowledge about the plant-associated
microbiota®. It is characterized as an environment of interaction events between the plant and microorgan-
isms, through intensive chemical signaling exchange'®. The assemblage of microorganisms in there are part of
a complex interaction network, allowing the plant to modulate the microbiome for its own benefit, through the
selection of microorganisms with suitable feature to meet its needs, favoring its healthy growth and development’.
Among these, there are the so-called plant growth promoters, which provide an increase in absorption of miner-
als, mobilization of nutrients, and a decrease in pathogens activity'.

Few studies have comparatively evaluated the impact of the organic versus conventional farming systems on
the structure and composition of the rhizosphere microbiota in agricultural crops, especially on sugarcane??2.
There is evidence that organic agriculture has positive effects on the microbial community, with increased rich-
ness and diversity?>?*%. On the other hand, recent advances show that the practice of sugarcane monoculture
following the precepts of conventional fertilization points to a significant impact on its associated microbiota
in the short and long term*>?. These impacts include the depletion of beneficial taxa, such as Rhizobium and
Sphingomonas, while potentially phytopathogenic genera are enriched?’. However, by comparing organic and
conventional systems, Orr et al.”’ did not obtain any results that suggest significant effects on microbial com-
munities, concluding that the environmental and chemical variables of the soil are the ones that really govern
the present biodiversity.

To evaluate and compare the microbial community of the sugarcane rhizosphere under two contrasting crop-
ping systems, those being organic and conventional, we adopted the metabarcoding approach, which allowed us
to find shifts in its composition, diversity, and structuring.

Materials and methods
Experimental design and samples collection. The sugarcane rhizosphere samples for metagenomic
DNA extraction were collected in 2018 between February and March at the Sdo José Farm (organic farming sys-
tem) and at the Sdo Sebastido Farm (conventional farming system), both in Jaboticabal, Sao Paulo State, Brazil.
The selected sugarcane field stands for sampling were very close (=100 m; Supplementary Fig. 1), they comprised
plants of the same cultivar (CTC9001) in the plant cane cycle and planted at a similar season/date (March 2017).
We made the three samplings of rhizosphere material approximately 11 months after planting, near the end of
vegetative growth and the beginning of the sugarcane maturation process. We selected the sampled points from
a representative portion of the sugarcane fields from equidistant sampling points (=50 m) (Fig. 1). The samples
from the conventional cultivation field were named CRZ, and the samples from the organic cultivation field were
named ORZ. The geolocation, environmental conditions, and sample collection dates (Supplementary Table 1).
In the Sdo José Farm, the sugarcane had been cultivated in a conventional system until the year 2000, when
the conversion process started. During the samplings, the Farm had the Brazilian national certificate of organic
production?® and the American certificate from the United States Department of Agriculture (USDA), besides
complying with the regulations defined by the European Union, (EC) n. 834/2007%.

Field management in the organic or conventional farming systems.  The procedures for preparing
the soil for planting are similar in the sugarcane field stands under organic or conventional farming (i.e., plowing,
harrowing, and subsoiling). In the renovation of the fields, leguminous (peanuts, soybeans, or crotalaria) were
planted. After harvesting these crops, the remaining plant material is turned along with the soil in preparation.

In the area of organic cultivation, for the sugarcane field renovation, there was an application of vinasse in the
soil, and specifically in the planting furrow, there was supplementation with organic matter under decomposition
process, which were obtained from filter pie, confined cattle manure, and also from the native vegetation of the
farm. For replanting, fertilization is initiated with liming and phosphating using mineral fertilizers (limestone
and phosphate rock). Commercial products for pest biocontrol and bioinoculants for atmospheric nitrogen
fixation were used to promote plant healthy growth (Supplementary Table 2).

In the conventional cultivation field, pH soil correction and fertilization were carried out with liming, gyp-
sum, limestone, and NPK (N, P205 e K20) in a proportion of 50-50-25, respectively. In addition, other fertiliz-
ers based on organic and inorganic compounds, and insecticides, fungicides, and herbicides were also applied
(Supplementary Table 3).
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Figure 1. Distribution of the 8 most abundant prokaryotic phyla (A) and distribution of the 15 most abundant
bacterial orders in the sugarcane rhizosphere of the organic (ORZ) and conventional (CRZ) farming systems

(B).

Sugarcane rhizosphere sampling. The bulk soil around the sugarcane plants was excavated considering
a circumference of 0.5 to 0.6 m? in diameter and a depth of 0.5 m., where the roots and soil adhered to the roots
were stored in sterile plastic bags with a capacity of 20 L. The samples were stored in a cold box and taken to the
laboratory for processing.

The roots were shaken to break the remaining clumps and loosen the excess soil. After this, the soil firmly
adhering to the roots was gently brushed out, sieved, fractionated into six (1.5 mL) microtubes, and then frozen
in liquid nitrogen and stored at —80 °C until the DNA extraction.

Evaluation of physicochemical soil properties. Chemical and physical analysis of bulk soils were per-
formed, considering a pool of 5 soil samples around each sampling point (approximately 2 m radius). For each
sampling point, macronutrient analyzes were performed (Potassium [K], Phosphorus [P], Sulfur [S], Magne-
sium [Mg] and Calcium [Ca]), micronutrients (Boron [B]), Manganese [Mn] , Iron [Fe], Copper [Cu], Zinc
[Zn] and Aluminum [Al]), organic matter (OM), as well as analyzes related to soil acidity (pH, potential acid-
ity [H+ Al], sum of bases [SB], base saturation [V%], cation exchange capacity [CTC]), Aluminum saturation
[m%], according to the methods described by Instituto Agrondmico de Campinas — IAC®'. For granulometric
evaluation, the fractions of Clay, Silt and Sand (“Coarse sand” and “Fine sand”) were determined according to
the manual of the Brazilian Agricultural Research Corporation—Embrapa®~.

The mean values for each of the physico-chemical soil properties obtained for sugarcane fields under the two
contrasting systems (organic vs. conventional) were statistically compared using the “compare_means” package,
the “ggpubr” function (v. 0.4.0)*, of the R statistical program (v 4.0.2) 3.
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DNA extraction and purification. The extractions of DNA from microbial communities in the rhizos-
phere soils were performed using the commercial DNeasy PowerSoil Kit (Qiagen®). The manufacturer’s stand-
ard protocol was used with the modifications made by de Souza et al.'%, which consisted of heating at 65 °C for
10 min. after addition of reagent C1 and two washing steps with ethanol.

In order to remove contaminants, such as PCR inhibitors, the DNA was submitted to the purification step with
Agencourt AMPure XP kit (A63881, Beckman Coulter®), following the manufacturer’s protocol with 1.2 x rea-
gent to sample ratio. The DNA samples were quantified by a spectrophotometer (NanoDrop®) and fluorometer
(Qubit®) and stored at — 80 °C.

Amplicon library preparation 16S (Prokaryotes) and ITS (Fungi) and sequencing. To access the
rhizosphere prokaryotic communities, PCR amplification products (amplicons) of the 16S rRNA gene were
used, targeting the fragment comprising the V3 and V4 hypervariable regions of the gene (primers 319F [5'-ACT
CCTACGGGAGGCAGCAG] and 806R [5'-GGACTACHVGGGTWTCTAAT]; 469 bp). To access the rhizos-
phere fungal communities, the Internal Transcribed Spacers (ITS) were used, and in this case, the target was the
ITS2 region (primers ITSOF [5-GAACGCAGCRAAIIGYGA] and ITS4R [5-TCCTCCGCTTATTGATATGC];
variable size)”.

The amplicon libraries for Next Generation Sequencing (NGS) were constructed in two PCR steps. In the
first PCR step, target-specific amplification was performed, which adds the Illumina adapter and 4 to 6 random
bases adjacent to the forward and reverse primers to incorporate heterogeneity into the read sequences!®*. In the
second step, Illumina’s N7 and S5 barcodes were incorporated for indexing the reads in the subsequent multiplex
sequencing. The PCR steps followed the same protocol described in the Illumina library preparation technical
manual for MiSeq, using PCRBIO ULTRA MIX kit for PCRs. The samples were purified with the Agencourt
AMPure XP kit (A63881, Beckman Coulter®) and also with the DNA Clean & Concentrator kit—Zymo Research®.

In total, 12 libraries were built, 6 for each of the farming systems (i.e. three sample units (replicates) for
prokaryotic communities [16S] and three for fungal communities [ITS]). The three sample units correspond to
each one of the sampling points (Supplementary Fig. 1).

The sequencing of the 16S and ITS amplicon libraries was performed on the Illumina® MiSeq platform. The
amplicon fragments were sequenced using the MiSeq Reagent Kit v.2 (600 cycles) producing 300 bp reads in
paired-end mode (2 x 300 bp).

Data processing of 16S and ITS amplicon libraries. The demultiplexing of the sequence reads was
performed using “bcl2fastq” software (v2.20.0.422) (Illumina®) with default settings. The remaining reads,
whose barcodes were not identified, were processed with “deML” program (v.1.1.3)*” using the -rgqual 90 and
-wrongness 80 as parameter settings.

The paired-end reads corresponding to the amplicons were merged using the “PEAR” tool (v.0.9.11), with
a minimum overlap of 15 bp. The amplicon sequences corresponding exactly to the V3-V4 regions of the 16S
rRNA and ITS2 gene were extracted using the “search_pcr2” command of the “USERCH” toolkit (v.11.0.667)*.

For the microbiome analysis, we used the Divisive Amplicon Denoising Algorithm - “DADA?2” pipeline
(v1.14.1)*° to infer and quantify Amplicon Sequence Variants (ASVs). The pipeline was implemented in R (v
4.0.2)*,

Both sets of merged read sequences, i.e. from the region V3-V4 of the 16S rRNA gene and from the ITS2
region, were filtered using the “filterAndTrim” function with the following parameter settings: maxN =0,
truncQ=2 and maxEE =2. The error rate per sample was estimated based on the error model using the “learn-
Errors” function and sequence redundancy was removed using the “derepFastq” function. Finally, the sequences
were corrected based on the error models obtained previously with the “dada” function and chimeric sequences
were removed using a “removeBimeraDenovo” function.

The taxonomic assignment of ASVs was performed by the RDP Naive Bayesian classifier (Wang et al. 2007)
through DADA2 function “assignTaxonomy” with the following parameter settings: minboot = 80, and refFasta
with the file path corresponding to the suitable reference database, i.e. the RDP database training set (v.16)*! for
the 16S dataset and the UNITE (v.8.2)'? database for the ITS2 dataset.

Microbial communities’ diversity. For the alpha-diversity indices were estimated from the absolute
counts obtained for ASVs of prokaryotes (mainly bacteria) and fungi of both farming systems were considered.
From these data, the parameters of richness (Chaol) and diversity (Shannon and Gini-Simpson indices) were
estimated for both datasets. For this, the ASV counts were transformed into a “phyloseq” object (package “phy-
loseq”)*? and subsequently submitted to the “alpha” function of the R package “microbiome™®. The diversity
measures were statistically compared using the “compare_means” function of the R package “ggpubr” (v. 0.4.0)%,
using the Wilcoxon non-parametric test for comparing means, and considering a p-value<0.1 as statistically
significant.

For the beta-diversity analysis, the absolute counts for ASVs in both datasets were transformed to compo-
sitional matrices (i.e. normalization by TSS - Total Sum Scaling, or relative abundances), through the “trans-
form” function of the “microbiome” package. From the transformed values, we calculated the distances of the
Bray-Curtis dissimilarities (“distance” function of the “phyloseq” package). The distance matrices were used in
a statistical comparison between the farming systems by a PERMANOVA (Permutational Multivariate Analysis
of Variance) analysis, using the “adonis” function of the “vegan” package*!, considering a p-value <0.1 as statisti-
cally significant. Then, the matrices were used to obtain a dendrogram, resulting from the hierarchical grouping
of the samples, and provided as input for a Principal Coordinate Analysis (PCoA).

Scientific Reports |

(2022) 12:19174 | https://doi.org/10.1038/s41598-022-23562-6 nature portfolio



www.nature.com/scientificreports/

Core microbiome. The recognition of the core microbiome of sugarcane rhizosphere (i.e. the one common
for the farming systems) was done through the identification of microorganisms (prokaryotes or fungi) with
the high prevalence and abundance in all the samples, independently of the label corresponding to the farming
system. For this, we considered those microorganisms present in at least 90% of the samples, with a minimum
relative abundance of 1%. The calculations and visualizations of the core microbiome were obtained through the
“plot_core” function of the R package “microbiome”.

Differential abundance analysis. The identification of taxa, from each taxonomic level, which are present in sig-
nificantly different abundances between farming systems, was done using the “DESeq2” approach®. For this, we
submit the prokaryotes and fungi datasets to the “MicrobiomeAnalyst” platform*. In the web platform, the data-
sets with ASV counts were normalized using Total Sum Scaling (TSS), and also provided as input for DESeq2
analysis, in which the Wald test was performed to evaluate statistical significance, considering a p-value<0.01
as statistically significant.

Predictive functional profiling of microbial communities. 'The functional capabilities of the microbiomes from
the sugarcane rhizosphere under the considered farming systems were predicted using the “PICRUSt2” program
(v.2.3.0-b)¥. For this, we used the metabolic pathway database “MetaCyc” (Caspi 2006) as a reference for the
functional annotations. A comparison of the annotated pathways between the datasets of corresponding farming
systems was performed to identify enriched metabolic pathways associated with one of them. For this purpose,
the “STAMP” program (v.2.1.3)*® was used for the application of White’s non-parametric t-test to compare the
means, considering a p-value <0.05 as statistically significant.

Co-occurrence networks. 'The co-occurrence networks of the identified genera of fungi and prokaryotes were
elaborated based on Pearson’s correlation coefficients (r). The coefficients were obtained from the normalized
ASVs and were forwarded to the “Correlation Analysis”. The results were filtered using the following criteria:
absolute correlation threshold of 0.5 (r=0.5 or r<—0.5) and p-value <0.05. Subsequently, based on the filtered
results, the relationships between each genus in addition to their respective correlation coefficients were suit-
ably formatted and used as input for the “Cytoscape” program (v.3.8.0)*. In this program, in addition to visual
representations, the topological network parameters, such as the measures of centrality, were obtained by using
the Cytoscape plugin “Network Analyzer”°.

Results

Physicochemical soil properties. The physicochemical analysis of the soils showed few significant dif-
ferences between the crops. Conventional cultivation was slightly more acidic, with lower pH, sum and base
saturation values, in contrast to the higher percentage of aluminum saturation when compared to the organic
cultivation. All values obtained in soil analysis, as well as statistical comparisons, can be found in Supplementary
Table 4.

Amplicon Sequence Variants of 16S and ITS datasets. The high-throughput sequencing of sugar-
cane rhizosphere soil using the Illumina MiSeq instrument resulted in a total of 329,685 paired-end reads from
the 16S rRNA gene (V3-V4 region), with an approximate average of 55,000 pairs per library. Of these, about
227,607 were successfully assigned as ASVs. For the ITS2 amplicons, the sequencing resulted in a total of 311,269
paired-end reads, an average of 51,000 pairs per library, of which 276,069 were successfully assigned as ASVs.
Among ASVs, 80,465 and 183,705 received a taxonomic assignment at genus level, respectively, for 16S and ITS
datasets. (Supplementary Table 5).

Taxonomic composition and ecological measures. In the prokaryotic taxonomic composition, most
of the most abundant taxa belongs to the phylum Proteobacteria in both management systems, followed by the
phyla Actinobacteria, Acidobacteria, Firmicutes, Gemmatimonadetes and Bacteroidetes (Fig. 1A). It is nota-
ble the presence of groups categorized as unclassified, grouping taxa in lower abundances, which probably are
unknown in the reference database or have sequences with insufficient evidence for the taxonomic definition.
Considering the taxonomic level of order, among the most abundant, Rhizobiales, Actinomycetales, Bacillales,
and Sphingomonadales stand out (Fig. 1B).

In the fungal taxonomic composition, the most abundant phyla are Ascomycota and Basidiomycota, followed
by Mucoromycota, with relatively low abundance (Fig. 2A). Among the most abundant orders, Hypocreales,
Perosporales, and Sordariales stand out (Fig. 2B).

Richness and diversity. The richness and diversity indices of taxa in the prokaryotes dataset in both farm-
ing systems did not show significant differences, through the comparison of means (p-value>0.1) (Fig. 3; Sup-
plementary Table 6). Regarding the fungal dataset, there was only one difference in diversity, considering the
Gini-Simpson index (p-value<0.1), pointing to a higher diversity in the conventional system. The other indices
showed no significant differences between the farming systems, considering the same descriptive level of statisti-
cal significance (Fig. 3; Supplementary Table 6).

Beta diversity. In the two-dimensional Principal Coordinate Analysis (PCoA) plot, based on the Bray-
Curtis index (Fig. 4), there was a significant description of the system through a projection of prokaryotic taxa
(16S), without major loss of information, preserving 60.46% of the variance in the data. The PcoA 1 index

Scientific Reports |

(2022) 12:19174 | https://doi.org/10.1038/s41598-022-23562-6 nature portfolio



www.nature.com/scientificreports/

A

Conventional Organic

1.48%
021%

17.77%

. p__Ascomycota
p__Basidiomycota

. p__Unclassified
p__Mucoromycota

. Others
Yy ; c__Sordariomy o__Hypocreales
CRZ1 4
—_ y ¢__Dothideomy ; 0__Pleosp
©
E ‘ Y ; ¢__Sordariomy o__Sordariales
E=4
g CRZ2 A Y ; c__Eur y o__|
2
8 c__Agar Y o_}
Yy c_L iomy o_F
CRZ3 A
y ; ¢__Dothi o_ C
- Yy ;c_Tr o__Ti
) c__Unclassified; o__U ified
ORZ1 4 ycota; c__Eurotiomy ;0__Cl iales
d; c__Unclassified; o__Unclassified
L
c [ rdari o_L ifi
8| orz24 = ” -
5 y c__Tr ; o__Trichosp
—‘ Yy ; ¢__Sor ) o__Ti
ORZ3 J Y ; C__ % ;0__A

0% 25% 50% 75% 100%

Figure 2. Distribution of the 5 most abundant fungal phyla (A) and distribution of the 15 most abundant
fungal orders in the sugarcane rhizosphere of the organic (ORZ) and conventional (CRZ) farming systems (B).

describes most of the variation (accounting for 35.37%). One of the samples from the organic system appears
far from the others of the same group, resembling samples from the conventional system, suggesting that it is an
outlier. However, even considering this discrepant sample, it is possible to notice the significant separation of the
bacterial compositions concerning the farming system factor (PERMANOVA; p-value<0.1).

The PCoA for the fungal dataset (ITS) reveals that the samples present a clustering profile similar to that
observed for the prokaryotic dataset, i.e., the samples from the organic and conventional systems are well defined
and showed differences between the managements (Fig. 5). The data projection for the fungi dataset preserves
60% of variance in the data, thus enabling a significant description of the system, without major loss of infor-
mation. The descriptive level of significance by the PERMANOVA analysis was 0.1. The case is similar to the
evaluation made for the prokaryotic dataset, thus also representing a significant difference between the systems.

The core microbiome of sugarcane rhizosphere. For the 16S rRNA data, 7 phyla, 12 classes, 12 orders,
9 families and 5 genera were considered to belong to the essential microbiome (Fig. 6). Among these, the phylum
Proteobacteria stands out, with a relative abundance of 35% in all samples, followed by Actinobacteria, with a
relative abundance of 15% in the samples.

The core fungal microbiome comprised 2 phyla, 5 classes, 7 orders, 7 families, 5 genera and 3 species (Fig. 7).
The most prevalent essential phylum was Ascomycota, with a relative abundance of 80% in all samples. The
phylum with the lowest prevalence was Basidiomycota, with a relative abundance of 8% in the samples. Its only
representative was the species Saitozyma podzolica.

Differential abundance of taxa considering the contrasting farming systems. In total, 14 bacte-
rial taxa were found to be differentially abundant in both farming systems (Fig. 8; Supplementary Table 7). Of

Scientific Reports |  (2022) 12:19174 | https://doi.org/10.1038/s41598-022-23562-6 nature portfolio



www.nature.com/scientificreports/

A B
Bacteria Fungi
800 1 850 |
700 - :
800 -
°
j 600 -
500 -
700 -
400
r 5.0
6.2
g 4.8 - |
o 6.0
c
(1]
< 4.6 -
) 5.8
56 i 44 i |
[ 0.997 -
0.98 == .
c 1
o 0996 - 0.97 4
o
£ 0.96
»| 00995
= 0.95
(O)
0.994 - | 0.94
| 0.93

Treatment - Conventional E Organic

Figure 3. Alpha diversity indices for the 16S (Bacteria) and ITS (Fungi) datasets of the organic and
conventional sugarcane rhizosphere soil. The measures were statistically compared using the Wilcoxon
nonparametric test of means, considering a p-value <0.1. as statistically significant (*).

these, 8 taxa had significant differences in abundance, considering a p-value<0.01 in a conventional farming
system. Among them, are the phylum Saccharibacteria, the class Flavobacteria, and the order Flavobacteriales.
Two families are highlighted, Erythrobacteraceae and Flavobacteriaceae, in addition to three genera, Flavobacte-
rium, Segetibacter, and, to a lesser extent, Devosia.

In the organic system, 6 taxa were differentially abundant in relation to the conventional one, considering
a p-value<0.01. Among these, two families are Labilitrichaceae, Cryptosporangiaceae, and, to a lesser extent,
Pseudonocardiaceae. The three genera identified, Jatrophihabitans, Pelomonas, and Pseudonocardia, were the
most abundant in the organic system, respectively to the referred families.

For fungi, 60 differentially abundant taxa were found, demonstrating greater expressiveness when compared
to bacterial taxonomy (Fig. 9; Supplementary Table 8). Of these, 36 taxa were differentially abundant in conven-
tional cultivation and 24 taxa in organic cultivation, considering a p-value<0.01.

Predicted functional profiling comparison between the farming systems. In addition to the dif-
ferences observed in the composition and diversity, we evaluate the differences in the predicted functional profil-
ing of microbial communities found in both the sugarcane rhizosphere of the contrasting farming systems. In
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from rhizospheric soil (B). Distance matrices were used for statistical comparison between the systems by a
PERMANOVA analysis, considering a p-value<0.1.
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Figure 5. Dendrogram resulting from the hierarchical grouping of ITS samples of rhizospheric soil (A).
Principal Coordinate Analysis (PCoA), based on the Bray—Curtis index of ITS samples of rhizospheric soil
(B). Distance matrices were used for statistical comparison between the systems by a PERMANOVA analysis,
considering a p-value<0.1.

total, 324 metabolic pathways were identified in the prokaryotic dataset, among which 24 pathways were slightly
differentially enriched, considering a p-value<0.05. Of these, 17 were differentially abundant in the organic
system and 7 in the conventional one (Fig. 10).

Regarding the predicted functional profiling of fungal communities, 69 metabolic pathways were identified,
of which 14 were more prominent within the analyzed samples, considering a p-value <0.05. Of these, 11 had
higher proportions in the organic system and only 3 in the conventional one (Fig. 11).

Structures of the microbial co-occurrence networks.  To investigate the structures of microbial com-
munities, co-occurrence networks of genera identified in the prokaryotic and fungal datasets were performed.
Among all the prokaryotic genera, 110 passed the filtering criteria (minimum correlation coeflicient and sig-
nificance) and were considered for the build of the co-occurrence networks for the conventional and organic
farming systems (Fig. 12). The genus Burkholderia stands out with greater connectivity with other bacterial
genera, totaling 25 correlations (Supplementary Table 9). The genera Nitrosospira, Ktedonobacter, and Kribbella
had the highest values for betweenness centrality and could be considered key taxa for the prokaryotic network
(Supplementary Table 10).

Regarding the fungal dataset, 187 taxa passed the filtering criteria and were considered for the build of the
fungal co-occurrence network, with Fusarium being the most abundant genus present in the farming systems
(Fig. 13). The genus Ascobolus was more connected to other fungal genera, totaling 27 connections (Supplemen-
tary Table 11). The genera Rhizopus, Scopulariopsis, Podospora, and Cladophialophora had the highest values
for betweenness centrality, and suggestively stand out as key taxa in this network (Supplementary Table 12).
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Figure 6. Core microbiome analysis of sugarcane rhizosphere. High prevalence prokaryotic taxa (>90%) in
the rhizosphere samples, regardless of the farming system, where the blue color indicates the prevalence of taxa
in the samples and the horizontal percentage represents the relative abundance of each taxon in the respective
sample. The taxonomic level can be identified by the prefixes: “p” (phylum), “c” (class), “0” (order), “t” (family),
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and “g” (genus).
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Figure 7. Core rhizosphere sugarcane microbiome analysis. High prevalence fungal taxa (>90%) in the
rhizosphere samples, regardless of the farming system, where the blue color indicates the prevalence of taxa

in the samples and the horizontal percentage represents the relative abundance of each taxon in the respective
sample. The taxonomic level can be identified by the prefixes: “p” (phylum), “c” (class), “0” (order), “t” (family),
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and “g” (genus).
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Figure 8. Differently abundant prokaryotic taxa between conventional (CRZ) and organic (ORZ) farming
systems present in the sugarcane rhizosphere microbiota, through statistical verification by the Wald test,
considering a p-value<0.01.

Discussion

The main purpose of this study was to carry out a comparative and investigative analysis of microbial com-
munities present in the sugarcane rhizosphere, under contrasting farming systems, in order to understand the
ecological dynamics in terms of composition and diversity. It is possible to note that the physical and chemical
parameters of the soil have a great similarity between crops, with a small but statistically significant difference
in the acidity parameters (Supplementary Table 4). However, such differences may have not been enough to
cause a great impact on the large-scale composition (Figs. 1 and 2) and microbial diversity between the systems
(Fig. 3), despite the soil pH may have a strong correlation with microbial diversity, the general composition of
the community or for the relative abundance of individual taxonomic groups®~*. The slightly higher acidity in
the conventional soil was possibly caused by the application of agrochemical inputs and intensive use of nitrogen
fertilization®. It is also recognized that long-term consecutive cultivation of sugarcane leads to a decline in soil
pH and can cause considerable changes in the composition and function of the microbiota®.

The alpha diversity indices did not show significant differences between farming systems (considering a
p-value<0.1), except in the case of fungal diversity provided by the Gini-Simpson index, which was higher in the
conventional system (Fig. 3). For the beta diversity indices, the multivariate permutational analysis of variance
(PERMANOVA) showed that there are significant compositional differences (considering a p-value <0.1) when
evaluating only the treatment (conventional or organic) as a descriptive factor of heterogeneity between both
systems (Figs. 4 and 5). The results show that the effects arising from these farming systems occur in specific
microbial taxa, and this does not have a systemic impact on the diversity of the entire microbial community,
where variations in certain groups can be counterbalanced by opposite variations in others®. For sugarcane,
genotype influences on the modulation of the associated microbiota are reported'”'®. Even so, these results are
according to previous studies which placed the soil properties (i.e., soil texture, water content, and soil type)
and host plant (i.e., plant species) as the main drivers of the rhizosphere microbiome assembly®, since the soils
were very similar and the cultivar was the same in both systems.

The higher fungal diversity in conventional cultivation suggests the potential of a plant to select fungal com-
munities in the rhizospheric environment through the composition of its root exudates®’. The collections of
rhizospheric material in each crop were carried out at the end of the vegetative growth period (11 months) and
the beginning of the maturation of the sugarcane field, and it can be inferred that different stages of plant growth
can determine its composition, amount of rhizodeposits present and its associated microbiome®”*8. During plant
growth, many ecological succession processes can occur, resulting in new habitats and an increase in the breadth
of niches®, in our study, we characterized the microbiota only at one specific time point.

As seen in a previous study by de Souza et al.', core microorganisms in sugarcane, regardless of fertiliza-
tion, can bring benefits and plant vitality. In our study, we identified members of the sugarcane rhizosphere
core microbiome (Figs. 6 and 7). Notably, among bacterial genera, Sphingomonas, Gemmatimonas, Gaiella,
Bacillus, and Bradyrhizobium, and among the fungal genera, Trichoderma stand out as potential plant growth
promoters, phytopathogen inhibitors and participants in soil nutrient cycling®"%°-*. The same was observed for
Antennariella placitae and Saitozyma podzolica, underreported fungal species that demonstrate potential for
biological control in rice and apple plants®>©.

The microbial community structure, even in environments with climatic and soil type similarities, may dif-
fer according to the agricultural practice employed, selecting specific microorganisms®. In the conventional
system, differentially abundant bacteria were found (Fig. 8), such as those of the Flavobacterium genus, which
can perform heterotrophic denitrification® and degradation of various pesticides®*~”*. The Devosia genus, also
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Figure 9. Differently abundant fungal taxa between conventional (CRZ) and organic (ORZ) farming systems
present in the sugarcane rhizosphere microbiota, through statistical verification by the Wald test, considering a
p-value<0.01.

found differently abundant in the conventional system (Fig. 8), was often found in environments contaminated
with hydrocarbon pesticides and hexachlorocyclohexane, considered a biodetoxification agent””*.

The increased abundance of specific microbial taxa, possibly caused by long-term fertilization, may dem-
onstrate a direct link with soil nutrients™, as seen in organic farming (Fig. 8). In it, the differentially abundant
bacterial phyla were classified as Actinobacteria and Betaproteobacteria, which ecologically have a copiotrophic
life strategy, with rapid growth in soils with high nutritional availability>*”>. It has been reported that microbial
communities associated with organic management practices tend to be copiotrophic, due to high concentra-
tion of nutrients, greater availability and utilization of nitrogen and organic carbon’®””. Organic soils are major
sources of recalcitrant carbon’®, which explains the high prevalence of Actinobacteria in this system, confirming
the importance of this taxon in the carbon cycle and for the decomposition of this element”*. This confirms
that classifications at high taxonomic levels can predictably respond to environmental variables, resulting in
high ecological coherence™. Ecological coherence demonstrates that the abundance of certain bacterial phyla
can change directionally to the type of long-term fertilization employed™.
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Figure 10. Metabolic pathways of prokaryotes, differentially enriched in the sugarcane rhizosphere in the
organic versus conventional farming system. The White’s t-test was used for significance evaluation, considering
a p-value <0.05 as statistically significant. The pathways in red represent the conventional system and in green,
the organic one.
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Figure 11. Metabolic pathways of fungi, differentially enriched in the sugarcane rhizosphere in the

organic versus conventional farming system. The White’s t-test was used for significance tests, considering a
p-value<0.05 as statistically significant. The pathways in red represent the conventional system and in green, the
organic one.

In the organic system (Fig. 9), members of the phylum Ascomycota are predominant. Most saprotrophic
microfungi falls under this phylum, and stands out for their importance in the decomposition of organic
substrates®#2. Also, it is acknowledged that Ascomycota is positively associated with organic matter and nitrogen
present in the sugarcane soil®>. Although differences in these elements are not noticed in our study, it could be an
ongoing shift related to the application of organic inputs during the planting period in this system. In the con-
ventional system (Fig. 9), the fungal phyla were more heterogeneous, contrary to what was reported by Lupatini
et al.’®. As seen by Paungfoo-Lonhienne et al.%, the use of NPK fertilizer has been associated with the presence
and increase of fungal biomass in the sugarcane rhizosphere, which may lead to changes in the composition of
fungal communities. Long-term application of mineral fertilizers provides large amounts of nutrients to the soil.
These introduced nutrients can increase exudation and alter the fungal community present®’. This is because
fertilization directly influences the physiological state of the plant and favors the release of these exudates®*. The
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Figure 12. Co-occurrence network of prokaryotic genera present in conventional and organic farming systems.
The circles are proportional to the sums of the relative abundance of each genus. The color indicates the

relative abundance in the conventional (red) and organic (green) systems. Gray lines are indicative of positively
correlated connections between genera, while blue lines are negatively correlated connections. The measures of
centrality of the treatments were statistically compared, using the parameters of minimum correlation= +0.5
and p-value<0.05.

use of inorganic nitrogen can reduce the dependence of rhizosphere communities on the use of plant-derived
carbon and activate many dormant fungal species®. This applies to the fact that most fungi are heterotrophs and
highly dependent on exogenous carbon for their growth®. The release of root exudates may gradually decrease or
cease as the plant matures and reaches senescence and the microorganisms obtain their nutrients from the soil®.

The functions and metabolic pathways associated with the rhizosphere microbiota from both systems were
predicted and evaluated using an enrichment analysis (Figs. 10 and 11). Although there were a few shifts between
the systems, it was not possible to identify notable associations with the influences caused by the type of agricul-
tural management, since the vast majority of enrichments were related to the structural and biological processes
of the microbiomes. Despite inoculation with nitrogen-fixing bacteria in the organic system (Supplementary
Table 2), pathways related to this process were not affected by treatments. Nonetheless, it is worth mentioning
that the process of biological nitrogen fixation catalyzed by nitrogenases is dependent on the micronutrients
Iron (Fe), Vanadium (V), and, mainly, Molybdenum (Mo)?®, which has not been evaluated in the present study.

As seen by Schmidt et al.¥’, the type of management employed can determine the microbial community
structure, i.e. the taxa and their interactions in a co-occurrence network, leading to important ecological and
agricultural inferences. The analyzes of bacterial and fungal co-occurrence networks in organic and conven-
tional farming systems demonstrate distinct patterns of connections, through different microbial identities and
abundances, even though these crops share similar climate and soil conditions (Figs. 12 and 13). These microbial
networks comprise parasitic, amensalistic, commensalistic, synergistic, or mutualistic interactions that influ-
ence each of their constituents and may produce effects on plant health and soil fertility™”. Our results suggest,
through high values of betweenness centrality, the presence of key interconnected taxa in the network that are
highly important for the formation of microbial communities in their host plants, controlling or inhibiting the
colonization by other microorganisms®.

Both systems have highly connected key taxa with different identities, demonstrating that these crops have
important taxa that vary considerably®’. Betweenness centrality is usually described as an indication of key
taxa, although this metric can be confirmed only through experimental validation®’. The highest intermedia-
tion centrality in the bacterial network was represented by the genus Nitrosospira, a well-recognized ammonia
oxidant, present in high abundance in conventional cultivation®. A great abundance of Nitrosospira in soils that
receive nitrogen fertilization has been reported, which may lead to a significant increase in the process of soil
nitrification compared to organic treatment™. This specialized metabolic function present in Nitrosospira may
be critical to the stability of the soil microbiome®’. In the fungal network, Rhizopus (Mucoromycota) present
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Figure 13. Co-occurrence network of fungal genera present in conventional and organic farming systems.
The circles are proportional to the sums of the relative abundance of each genus. The color indicates the
relative abundance in the conventional (red) and organic (green) systems. Gray lines are indicative of positively
correlated connections between genera, while blue lines are negatively correlated connections. The measures of
centrality of the treatments were statistically compared, using the parameters of minimum correlation= +0.5
and p-value<0.05.

exclusively in conventional cultivation was considered a key taxon, with the highest betweenness centrality
value. This genus may have had its abundance favored in a conventional system by the nitrogen fertilization
used, which suggestively led to an increase in fungal diversity in this system. The greater diversity may have been
driven by the high nutritional increment and the rhizospheric exudation stimulated by the inorganic nitrogen
fertilization used®” 828,

Conclusions

Through this study, we could identify slight variations in the rhizosphere microbiome of sugarcane plants when
comparing organic and conventional farming systems. We could not directly associate the identified variation
with the physical and chemical properties of the soil, because we do not find substantial evidence indicating
that the organic or conventional farming system influenced these soil properties. It is improbable that the slight
observed differences in pH have a direct relationship with the differences in microbial composition and diversity
observed between these crops.

The results show that there are some differences in beta diversity related to the systems. However, such dif-
ferences could not lead to a substantial effect on the alpha diversity and taxonomic composition at phylum and
order levels, according to descriptive levels of statistical significance. Despite this, our study allowed us to rec-
ognize that the contrasting systems present the presence of differentially abundant taxa when analyzed at more
specific levels, presumably caused by the farming systems. With this, we can assume that agricultural practices
can subtly influence the rhizosphere microbiota.

The management systems suggestively may have influenced the structure of interactions revealed by the
co-occurrence networks of both microbiotas. The rhizosphere involves different types of interactions between
microorganisms, through their root exudates that can shape the structure and a large part of the composition and
activities of microbial communities. In particular, in the case of fungi, we can clearly observe differences in their
structuring due to changes in the abundance of certain genera and increased diversity caused by the conventional
cultivation system, which lead to changes in ecological relationships. In addition, the central microbiome of the
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sugarcane rhizosphere, that is, the microorganisms independent of the adopted cropping system, revealed taxa
known as plant growth promoters. We can consider that the understanding of these microbial relationships is
fundamental for the development of a more sustainable agriculture.

The great diversification of factors that involve and change the composition and structure of communities,
in addition to the type of agricultural practice, leads to the need for deeper analysis. Thus, the types of regimens
employed and their effects on the microbial community should be analyzed more comprehensively, using molecu-
lar approaches and identifying more precisely the proportion of the typical variations. This means that we cannot
rule out the possibility of more expressive differences considering other conditions, for example, other plants,
soils, climates, handling, collections, preparations, products used, crop rotation, number of consecutive harvests
(cuts), in particular the time of conversion to the organic system. Thus, more research is needed to investigate
the impact of each of these factors considering long-term agricultural systems.

Data availability

The datasets generated during and/or analysed during the current study are available in the Sequence Read
Archive (SRA) of NCBI under the accession number PRINA873945 (https://www.ncbi.nlm.nih.gov/bioproject/
PRJNA873945).
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