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Foreword

The health of agricultural soils stems from
the interaction among their physical, chemical,
and biological properties. While the chemical
and physical dimensions have traditionally been
managed in agricultural systems, the biological
component, including soil microorganisms, has
received growing attention in recent years.

The concept of One Health, established in
2008 by the World Health Organization (WHO),
the World Organisation for Animal Health (OIE),
and the Food and Agriculture Organization (FAO),
highlights the interconnection between human,
animal, plant, and environmental health. In this
context, the microbiome stands out as an essential
link, connecting and influencing the health of living
beings and the environment.

Since soil is an important reservoir of
microbial diversity, it can be affirmed that healthy
soils form the foundation for the health of plants,

animals, and people. Thus, understanding and
managing the soil microbiome are crucial to
fostering sustainable agriculture and, consequently,
advancing the principles of One Health.

In alignment with the mission of Embrapa Meio
Ambiente, which seeks to integrate agricultural
production with sustainability in all its dimensions,
managing the soil microbiome directly contributes
to achieving Sustainable Development Goal
(SDG) 2: Zero hunger - to end hunger, achieve
food security and improved nutrition and promote
sustainable agriculture.

In this text, the authors provide an overview
of the rapid advancements in molecular biology
techniques, focusing on genetic sequencing, and
discuss how this tool can be applied in production
systems. This text can also be seen as a guide
to effectively analyzing and fully leveraging
genetic sequencing data of the soil microbiome in
agriculture.

Ana Paula Contador Packer
General Head
Embrapa Environment
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Introduction

The emergence of advanced genetic
sequencing techniques revolutionized several
areas of science in the late 20th and early 21st
centuries. The major milestone was the completion
of the sequencing of the human genome in 2003
(Schmutz et al., 2004). The Human Genome
Project (Lander et al., 2001) emerged in the
early 1980s from two fundamental perceptions.
Firstly, that the ability to know the genome could
significantly accelerate biomedical research,
allowing researchers to approach problems in a
comprehensive and unbiased manner. Secondly,
the development of this project would require
an enormous effort on the part of the scientific
community to build up research infrastructure,
the like of which has never been seen before
in the biological sciences. Interestingly, the
first multicellular organism to have its genome
completely sequenced was not man, but a
small free-living nematode, Caenorhabditis
elegans, which makes up the soil microbiome
(Genome...,1998). In Brazil, inspired by the two
fundamental insights that drove the Human
Genome Project, in the same period, an initiative
coordinated by the Sdo Paulo State Research
Foundation (FAPESP), with support from the
National Council for Scientific and Technological
Development (CNPq) and Fundecitrus, was
launched for the first sequencing of a plant
pathogen. The complete sequencing of the genome
of the pathogenic bacterium Xylella fastidiosa,
which causes Citrus Variegated Chlorosis (CVC),
was published in 2000 (Simpson et al., 2000),
which then allowed a detailed comparison of the
complete genomes of pathogens from animals and
plants.

After the first complete genomes were
published, various research groups were set up
around the world and important advances were
made in the evolution and availability of sequencing
technologies. An important indicator that reflects
the popularization of the application of genetic
sequencing in various areas of science, including

agriculture, is the cost of sequencing. In 2001,
when the sequencing of the human genome

was completed, the estimated cost for complete
sequencing was US$ 95.3 million. In 2022, the cost
of sequencing a complete human genome was US$
525 (DNA..., 2024). This impressive cost reduction
is justified by the emergence of “second-generation
DNA sequencing”, which encompasses several
massively parallel sequencing technologies with
ultra-throughput, scalability and speed.

In agriculture, the physical, chemical and
biological dimensions of the soil are intrinsically
linked and determine the development and health
of cultivated plants. With regard to the biological
component of soils, our view of their functional
composition has for a long time remained restricted
to groups of organisms accessible by cultivation
methods, which access less than 1% of the
microbiological biodiversity of soils (Pham; Kim,
2012; Anthony et al., 2023). In this context, the
application of sequencing techniques has been
fundamental in elucidating the complex interactions
between the soil microbiome and plants. However,
most studies of the soil microbiome using second-
generation sequencing are still descriptive.
Translating theoretical knowledge into practical
application in sustainable agriculture requires the
development of approaches and concepts that
provide a deeper understanding of the mechanisms
involved in these microbiome interactions. In this
text, we will put into perspective the potential and
limitations of exploiting genetic sequencing data
from the soil microbiome in agriculture. By critically
examining these issues, we aim to contribute to the
transition from a merely theoretical understanding
to practical strategies that drive agriculture towards
more sustainable and effective pattern.

Genetic sequencing of DNA (or RNA) obtained
from soils in agricultural production systems
allows investigation of microbial interactions in
the soil, rhizosphere and other plant-associated
environments. Researchers can study the effects
of agricultural practices, including crop rotation
and the use of fertilizers and bio-inputs on soll
microbial communities. They can also understand
the interaction between the soil microbiome and



crop plants, and target sustainable agricultural
practices that promote biodiversity and/or microbial
activity, resulting in improvements in agricultural
productivity, promoted by processes such as
nutrient cycling and other processes related to plant
health.

Soil DNA or RNA sequencing
approaches and objectives

EThere are two main approaches to globally
assessing the composition and functionality of soil
microbial communities by isolating and analyzing
their genetic material. The first approach accesses
conserved ribosomal DNA marker genes, which are
used primarily to determine the identity (taxonomy)
of the microorganisms in a community, giving rise
to a technique called amplicon sequencing or
metataxonomics. The second, accesses virtually
all the DNA (or RNA) segments obtained from a
soil sample, making it possible to analyze both
taxonomic marker genes and genes related to
specific functions present in the microbiome. This
approach is called metagenomics, when it is carried
out using DNA, or metatranscriptomics, when it is
carried out using RNA. The term metagenomics
is often used in a broad but technically erroneous
way when it includes the approach of sequencing
amplicons. These methods allow us to study the
genetic and functional diversity of microorganisms
present in the soil without the need to grow them
in culture media in the laboratory, exponentially
increasing our effectiveness in analyzing these
communities. The analytical strategies of each
approach are illustrated in Figure 1 and described
in the following sections.

Soil DNA and RNA extraction

The first step in studying the soil microbiome
is to extract DNA and/or RNA from the samples,
thus allowing access to the genetic material of
the microorganisms present and, subsequently,
detailed analysis of the microbial diversity and
functions present in the environment to be
studied. Different extraction methods are used,
each with its advantages and disadvantages.

In general, the process involves rupturing the
microbial cells present in the soil sample, followed
by purification of the DNA or RNA. The choice

of extraction method can significantly affect the
results obtained, influencing the efficiency with
which the genetic material is recovered and the
representativeness of the microbiome studied.
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In addition, it is important to consider the
specific characteristics of each soil, such as the
presence of organic and inorganic materials that
can interfere with the extraction and quality of
the genetic material recovered. Methods that
take into account the complexity and variability
of the soil, such as extraction with physical
and chemical destabilizing agents followed by
careful purification, are often used to obtain
more accurate results. The effective extraction of
DNA and RNA from soil not only allows detailed
analysis of microbial composition and function,
but also contributes to a better understanding
of the ecological and biogechemical processes
taking place in this important environmental
compartment.

Itis worth noting that there are technical
differences between extracting DNA and RNA from
soil samples, based mainly on the molecular
characteristics and specific extraction techniques
required for each type of nucleic acid. For DNA,
the main challenge lies in the efficient removal
of compounds that can inhibit subsequent
processes, such as the PCR reaction, such as
polyphenols and humic compounds present in the
soil. Extracting RNA from soil presents additional
challenges due to its more unstable nature and
the presence of ribonuclease enzymes (RNases),
which can rapidly degrade RNA. RNA extraction
methods often include the addition of stabilizing
agents, such as phenol or guanidine thiocyanate,
to inactivate the RNases and preserve the
RNA. In addition, RNA extraction often requires
additional steps, such as the removal of residual
DNA by treatment with DNAse and the use of
silica columns or specific resins to purify the RNA.
Currently, several commercial kits are available on
the market, offering fast and efficient strategies for
extracting DNA and RNA from soil samples.

Metataxonomics (amplicon
sequencing)

In this approach, marker ribosomal genes are
used as targets, which are present in all organisms
in the target study group. These genes, known
as essential or housekeeping genes, perform
fundamental functions for cell survival. Ribosomal
genomic regions are commonly chosen for this
type of study because they present conserved
and varied regions, which allow for the precise
identification of specific groups of organisms,
such as bacteria, fungi and other eukaryotes,
and the discrimination of members of these
groups with more detailed taxonomic resolution.
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Figure 1. General outline of analytical approaches to study soil microbiome in agricultural systems.
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The variable portions of the gene can be used for
identification and phylogeny studies. Amplicon
sequencing involves amplification by Polymerase
Chain Reaction (PCR) using specific primers
according to the target gene, 16S rRNA (bacteria
and archaea), ITS (fungi) and 18S rRNA (other
eukaryotes). The PCR product is then used for
massive sequencing, generating thousands of
DNA sequences, which are subjected to analysis
with bioinformatics tools.

After processing the quality of the sequences
obtained, those of low quality are removed, and
clusters of high-quality sequences are used to
carry out diversity analyses, identification and
comparison of communities. The most popular
databases for taxonomic assignment are Silva,
GreenGenes, Ribosomal Database Project (RDP)
for bacteria and archaea, and some specific ones
such as UNITE for fungi and PR2 for protists. It
is important to note that, due to the limited size of
the sequenced DNA fragment, the classification
of the sequences rarely allows for a description
down to species level of the microorganisms
present in soils. The taxonomic determination

of the sequences obtained can vary from

domain to genus level. In addition to taxonomic
affiliation, the sequences are also analyzed for
similarity, which generates empirical taxonomic
group classifications, from which it is possible

to statistically estimate the number of species
present in a sample, or other diversity parameters
inherent to it. Innovations in this application seek
to predict functionalities from sequencing data, as
well as to draw negative or positive correlations
between microbial groups present in the same
sample, and to determine microbial groups that
are essential to the organization of the microbial
community under study. All of these functionalities
have their efficiency related to the data set used,
where the development of bioinformatics and
artificial intelligence, such as machine learning,
plays a fundamental role.

Metagenomics (DNA sequencing)
and Metatranscriptomics
(RNA sequencing)

In this approach, total DNA or RNA is
isolated and purified from soil samples and then
processed, fragmented and used for sequencing.
This allows access to all the genetic material
recovered from the soil, and not just marker
genes, as in the metataxonomic approach,
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allowing the identification of bacteria, fungi and
other organisms. It also provides information on
the biological functions and metabolic potential

of these microorganisms. When the analysis is
based on DNA, the information on functional
genes represents the functional potential of the
microbiome in the soil sample evaluated. When
the analysis is based on RNA, the sequencing
data results from the genes actually expressed by
the soil microbiome at the time of sampling. This
approach provides a more comprehensive view of
microbial diversity compared to traditional culture
methods, allowing an understanding of microbial
ecology, metabolic functions and potential
environmental impacts on the soil. However,
these analyses are more laborious, more costly
and more complex to interpret. The databases
commonly used for functional assignment of
metagenomic data are MG-RAST, KEGG, IMG/M,
SEED, Uniprot, and pFAM. Other databases

are dedicated to the annotation of specific
metabolic pathways such as NcycDB, dbCAN and
Resfam, respectively for the nitrogen cycle,
carbohydrates and antibiotic resistance genes.
Also, from the data generated from metagenomics,
there is the possibility of assembling genomes

of organisms present in the samples, known as
metagenome-assembled genomes (MAGSs). This
computational technique has advanced and allows
us to access genomic information from non-
cultivated organisms, which gives us the ability

to connect microbial functions in the soil with the
taxonomic classification of microbial groups that
have been poorly studied.

Analytical roadmap for
genetic sequencing data

To analyze genetic sequencing data from the
microbiome, a comprehensive roadmap involves
several steps and different bioinformatics tools.
Initially, it is essential to pre-process the sequences,
including quality checks, removal of adapters and
low-quality bases. After filtering the sequences, it
is important to conduct analyses of the diversity,
structure and composition of microbial communities,
assigning sequences to taxonomic categories,
calculating diversity metrics and comparing
community structure between different samples and
treatments. The visualizations of these inferences are
quite diverse, ranging from numbers to dispersions
of samples by similarity in community composition.
Functional analysis can be carried out either by
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prediction, from ribosomal genes, or inference

by sequences obtained from metagenomic and
metatranscriptomic approaches, predicting metabolic
functions and identifying specific genes of interest. To
understand differences between groups of samples,
statistical tests are applied, with correction for multiple
comparisons if necessary. Integration with metadata
is crucial to link microbiome data with relevant
environmental information. Visualizing the data using
graphs and figures helps to visually represent the
results. After interpreting the results in the light of the
study’s objectives and existing literature, it is possible
to discuss the biological implications and suggest
future studies. Finally, it is essential to document

in detail all the methods, parameters and results
obtained in order to prepare reports or scientific
articles. An analytical roadmap for sequencing data is
shown in Figure 2 and described below:
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1) Pre-processing the sequencing data: check the
quality of the raw sequencing data, for example, using
programs such as FastQC; remove adapters and
low-quality sequenced bases, for example, using tools
such as Trimmomatic or Cutadapt; and assemble
sequences if applicable.

2) Analysis of diversity, structure and composition
of the microbiome: analyses to assign sequences
to taxonomic categories using specific databases,
using software such as QIIME and mothur; calculate
diversity metrics such as richness and alpha diversity;
compare the structure of the microbial communities
between the different treatments by means of scatter
plots, for example, using multivariate analyses such
as PCA, PCoA, NMDS, RDA, and CCA,; identify the
species present and their relative abundance, for
example, using databases such as RDP, Silva, and
Greengenes; and assemble genomes (MAGs) from
metagenome data.

Figure 2.General outline of analytical approaches to study soil microbiome in agricultural systems.
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3) Functional analysis of the microbiome:
perform functional prediction from amplicon data,
for example, using databases such as FAPROTAX,
Tax4Fun2, PICRUSt2 and FUNGuild, and perform
functional inference identifying genes of interest
from metagenomic data, for example using
databases such as KEGG, SEED and COG

4) Differential analysis for comparing groups:
statistical tests to identify significant differences
in the taxonomic or functional composition of
microorganisms between groups of samples using
parametric and non-parametric tests, for example,
using t-test, ANOVA, DESeq2, edgeR, ALDEXx2,
ANCOM, LEfSe, and Random Forest.

5) Integration of metadata: association of
microbiome sequencing data with environmental
information or other relevant metadata to
investigate correlations or patterns, for example,
with soil chemical analysis data, disease
occurrence and crop yield. Correlation analyses
can be carried out using statistical methods such
as linear regression, Spearman’s correlation,
Pearson’s correlation, among others.

6) Data visualization and interpretation: creation
of graphs and figures to visually represent the
results of the analyses, such as bar charts, Venn
diagrams, heatmaps, network analyses, among
others; interpretation of the results obtained in the
light of the objectives of the study and the existing
literature; discussion of the biological implications
of the results observed; and management
recommendations based on the study findings.

Opportunities and challenges
of microbiome sequencing
applied to agricultural systems

The activity of the soil microbiome plays a
determining role in plant productivity in agricultural
systems (Tkacz; Poole, 2015). In a metagenomic
sequencing study comparing areas of low and
high agricultural productivity, it was shown that
differences in productivity are associated with the

composition of the microbiome (Chang et al., 2017).

The Metagenome-Wide Association Study (MWAS),
combined with machine learning prediction,
identified specific groups of microorganisms
associated with high productivity and revealed

that the abundance of microbiome members
associated with nitrogen transformations are
determinants of high productivity (Chang et al.,
2017). In a metataxonomic study of the bacterial
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community, the effect of microbial diversity on
soybean productivity and the rate of infection by the
gall nematode (Meloidogyne spp.) was compared.
The results showed that soils with greater bacterial
diversity had a lower rate of infection by the
pathogen and higher productivity (Barros et al.,
2022), highlighting the importance of soil microbial
diversity for plant health and growth. Thus,
considering the essentiality of the microbiome for
plants, genetic sequencing analysis of the soil
microbiome in agricultural systems has the potential
to predict the health and productivity of agricultural
systems.

There is an effort by the scientific community
to organize a robust system of indicators to
monitor soil health. Given that the microbiome
contains information on the biological, chemical
and physical state of the soil, it can serve as an
integrated measure of soil health. Wilhelm et al.
(2022) demonstrated the potential of using soll
microbiome data to predict soil health accurately
and efficiently. By analyzing a 16S rRNA gene
amplicon sequencing dataset, the researchers
developed machine learning models capable of
predicting various soil health metrics, including
biological, chemical and physical properties. The
results indicate that the composition of the soil
microbiome can serve as a reliable indicator of soil
quality, allowing for the creation of more accurate
and accessible diagnostic tools to monitor the
health of agroecosystems (Wilhelm et al., 2022).
In another study carried out to predict disease
occurrence in six crops with high accuracy, the
authors investigated the relationship between
the distribution of microorganisms in the soil and
the occurrence of Fusarium wilt. Using complex
data analysis techniques, they identified that
the presence of certain types of fungi in the soil
was strongly correlated with the appearance of
the disease. The method identified 45 bacterial
OTUs (Operational Taxonomic Units) and 40 fungal
OTUs that categorized the state of soil health with
an accuracy of over 80%. The conclusion of the
study suggests that analyzing the composition
of the soil microbial community can be a useful
tool for predicting and controlling this disease in
agricultural crops (Yuan et al., 2020). Sequencing,
using primers for the ITS region and primers
targeting arbuscular mycorrhizal fungi, was used
to predict the success of the fungus inoculation
in 54 maize fields distributed in Switzerland. The
soil microbiome indicators, together with some
soil parameters, were able to predict 86% of the
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variation in corn growth in response to inoculation.
The abundance of pathogenic fungi, rather than
the availability of nutrients, was the best predictor
of the inoculant’s success. This predictive capacity
extends the potential of using the microbiome as a
tool for sustainable agricultural management (Lutz
et al., 2023).

In terms of pathogen detection and its
implications, there are several particularities that
must be considered when using genetic sequencing
techniques to predict disease occurrence. The
potential of genetic sequencing to identify microbial
groups, including plant pathogens, is undeniable.
However, when we retrieve genetic material from
complex samples, the sequenced fragments,
whether by metataxonomics or metagenomics,
do not usually provide a resolution to infer the
pathogenic potential of the organisms detected.
This occurs because, for many groups with this
potential, infective capacity is highly specific, either
to a species or variation within the species (for
example, forma specialis) or related to one or a
few genes present in strains with a higher infection
potential. In this case, complementary molecular
analyses, such as quantitative PCR targeting
specific pathogens, can be useful for the accurate
identification and quantification of the pathogen in
soil samples.

Challenges that remain for using microbiome
information to predict soil health or productivity
include increasing the depth of sequencing, i.e.
obtaining a greater number of sequences per
soil sample; increasing resolution in taxonomic
classification; and increasing the number of
samples that represent the variation and diversity
of soils with different levels of health (Wilhelm et al.,
2022). Additionally, prediction models based
on microbiome sequencing will perform better as
they are customized and adapted considering soil
type, biogeography and regional differences in the
soil microbiome (Gschwend et al., 2021) and the
production system, due to the legacy effect of the
plants grown in the system (Schmid et al., 2019).

Concluding remarks

Genetic sequencing of the soil microbiome
represents a promising tool for sustainable
agricultural management, helping to predict
soil health, disease occurrence and productivity.
However, there are still challenges in standardizing
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and optimizing these techniques so that they can
be widely applied. Combining sequencing data
with artificial intelligence and machine learning
can accelerate this transition, enabling a more
efficient and sustainable approach to agriculture.
The evolution of sequencing technologies,
coupled with the advancement of analytical tools
based on artificial intelligence, has the potential

to radically transform agricultural management.

In the future, these technologies are expected to
become increasingly accessible and personalized,
adapting to different types of soil and crop systems.
Furthermore, developing more robust databases
and region-specific predictive models will enhance
the effective utilization of the soil microbiome,
supporting a more sustainable and productive
agriculture.
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