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1. Introduction

Soil is responsible for providing Earth’s distinct ecosystems 
with vital services, including being one of the largest deposits 
of nutrients and water for plants, regulating gas emissions, and 
cycling and recycling elements and molecules that are essential 
to life (Haygarth and Ritz, 2009). However, with the effects of 
climate change (e.g., long periods of drought, intense flooding) 
and anthropogenic activities (e.g., livestock grazing, mining, 
agriculture), soil fragmentation and multifunctionality have ac-
celerated (Schloter et al., 2018), making it necessary to create 
different strategies that minimize these impacts and protect the 
soils. One of these strategies that have proven impactful in re-
cent decades is the employment of bioindicators to characterize 
variations in soil health, which provides additional information 
to the physicochemical indicators that often are not able to fully 
reflect how soil health is affected, for example, exhibit the indi-
rect biotic effects of pollutants (Alarcón Gutiérrez et al., 2021; 
Zaghloul et al., 2020).

A diversity of bioindicators have been utilized in environ-
mental studies. Earthworms are good proxies for the extent of 
soil degradation due to their sensibility to anthropogenic altera-

tions (Moreiera et al., 2012). Beetle diversity has been shown to 
be affected by environmental variations and thus reflects the 
degree of ecosystem deterioration (Menta and Remelli, 2020). 
Nematode communities, given their capacity to respond to 
changes in the soil, can provide information on the internal 
functioning of soils (such as the food chain) and how variations 
in this functioning can affect soil health (Martin et al., 2022). 
Finally, microorganisms are useful bioindicators, despite their 
relative omittance from most discussions of soil bioindicators 
(Schloter et al., 2018). This last point is evidenced by the pro-
posed methods from the International Standardization Organi-
zation (ISO) for analyzing soil quality, of which only 7 of the 
more than 50 evaluated methods are related to microorganisms 
and their function in soils (ISO 14240-1:1997, ISO 16072:2002, 
ISO/TS 10832:2009, ISO/TS 29843-1:2010, ISO 17601:2016, ISO 
18400-206:2018, ISO 11063:2020, https://www.iso.org/commit-
tee/54366/x/catalogue/), with only one (ISO 11063:2020) involv-
ing the use of genomic techniques to extract DNA directly from 
the soil. The present article provides a revision of metagenomic 
techniques and how they can be used to assess soil quality and 
health by identifying which microorganisms are present in soil 
samples.
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Abstract

Given the importance of soil as a supplier of nutrients and water for different ecosystems, under-
standing soil health and quality is necessary for its preservation. Microorganisms, due to their high 
abundance and their relationship with the degradation of organic matter and biogeochemical cy-
cles, have a rapid response to environmental changes and thus are a discriminating factor that can 
be used as bioindicators of soil health. However, 97% of microorganisms are unculturable, leaving 
a gap in their taxonomic and functional knowledge. The development of metagenomics has re-
duced this problem through the direct extraction of DNA from soil, allowing the characterization of 
such non-culturable microorganisms, this technique can be considered one of the most impactful in 
soil health, given that it allows for an exploration of the biodiversity, the community structure, and 
the potential functions of the microbial communities from distinct environments. In addition to 
this, metagenomics have had an impact in different areas such as “OneHealth” or EcoGenomics al-
lowing the formation of international projects. The aim of this paper is to show how metagenomics 
can be used as a technique to assess soil quality and health through the taxonomic and functional 
identifi cation of the microorganisms present in the soil.
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2. Microorganisms: indicators of soil health

The biological transformations offered by soils, such as the 
degradation and contribution of organic material and biochemi-
cal processes, are carried out by the biological diversity present 
in the soil, including plants, invertebrates, arthropods, and mi-
croorganisms (i.e., bacteria, fungi, and algae); however, between 
80–90% of these processes depend on activities generated by mi-
croorganisms, leading to this group’s high diversity in soils (Nan-
nipieri et al., 2003; Nesme et al., 2016).

Their high abundance and diversity present in soils per-
mit soil microbiome which can be defined as the communities 
of microorganisms and their genetic material that reside in the 
soil (Fierer, 2017; Wang et al., 2021) to have a rapid response to 
environmental changes, leading those individuals that possess 
better adaptations to persist in the soil (Ezeokoli et al., 2020). 
A variety of studies have demonstrated this: In 2006, soil bacte-
rial diversity was found to depend less on temperature or lati-
tude, but more on variables closely related to soil, such as pH, 
with greater diversity in neutral soils and less diversity in acidic 
soils (Fierer and Jackson, 2006). Feng et al. (2018) showed how 
microbial communities in cadmium (Cd) contaminated soils are 
altered with respect to non-contaminated soils. Specifically, Cd-
contaminated soils showed reduced microbial diversity with 
distinct species makeups and community structures (Feng et al., 
2018). On the other hand, Bhowmik et al. (2019) found that be-
tween 62–90% of the variability in soil microbial populations is 
the product of distinct land use management (Bhowmik et al., 
2019). These characteristics allow for populational changes in 
soil microorganisms to be employed as a discriminant for soil 
health, according to Hatten and Liles and the US Natural Re-
sources Conservation Service, soil health can be defined as the 
continued capacity of soil to function as a vital living ecosystem 
to sustain plants, animals, primary productivity and ecological 
biodiversity (Hatten and Liles, 2019; USDA, 2022) making micro-
organisms an excellent bioindicator.

3. Discovering the microbial diversity in soils

The study of soil bacteria throughout the years has wit-
nessed two “golden ages” that greatly advanced the knowledge 
of these organisms, as well as their importance and functions 
in soils. The first was marked by the discovery and recognition 
of soil microorganisms’ importance in the vital nutrient cycling 
(Nannipieri et al., 2014). One of the characteristics of this first pe-
riod was the need to cultivate and isolate samples for identifica-
tion purposes; however, an estimated ~97% of bacterial and ar-
chaebacterial species cannot be cultivated using these methods, 
leading to ~70% of known bacterial phyla that do not possess 
any representatives capable of being cultivated (Jiao et al., 2021; 
Solden et al., 2016). Some of the causes of these complications 
include a lack of knowledge about the growing requirements of 
different microorganisms, such as their nutritional necessities, 
the physiochemical conditions of their natural environments, 
and the symbiotic or parasitic relationships that are maintained 
in a microbial community (Tang, 2019). Despite the advances 

gained from this first “golden age,” the microbial world of soils 
remained a great enigma to researchers. 

The present-day ability to learn and make discoveries of 
this relatively unexplored world was made possible due to new 
techniques that arose from the molecular revolution, bringing 
us into the second “golden age” of soil microbiology. Among 
these new techniques, metagenomics has allowed the extrac-
tion of nucleic acids directly from the soil, making it possible to 
characterize the “non-culturable” microorganisms (Nannipieri 
et al., 2014). In short, the methodology of this technique con-
sists of extracting DNA or RNA directly from an environmental 
sample (Handelsman, 2005), creating a library that contains the 
genomes of every microbe that is found in a study site that can 
then be sequenced for bioinformatic analyses, such as taxonom-
ic assignments, analyses of abundance, and the identification of 
potential functioning for select genes (S. Liu et al., 2022). This 
wealth of information afforded by metagenomics has led to it 
being proposed as a bioindicator tool for soil health (Torres et 
al., 2019).

4. Metagenomics and its relationship with soil health

Soil health can be defined as the continual capacity of soil 
to function as a living system central to sustaining the productiv-
ity of plants and animals, which ultimately promotes the well-
being of every living being (Natural Resources Conservation 
Services, 2012). As such, microbial diversity is essential for the 
adequate functioning of soils; however, little information exists 
on how microorganisms can help to determine soil health. Since 
the origin of metagenomics, many advances have been made in 
the study and knowledge of structural and functional microor-
ganisms diversity, species identification, the characterization of 
new genes (Nacke et al., 2011), and discovering enzymatic ac-
tivities and active compounds (Craig et al., 2010). However, me-
tagenomic studies have not been used to study soil health until 
recently (Kaushik et al., 2021). The discovery through metagen-
omics of the enormous diversity of non-culturable microorgan-
isms, linked to the present-day knowledge of new genomes, has 
allowed the association of specific members to these microbial 
communities with transformations that soils may be experienc-
ing (Long et al., 2016). For example, differences in taxonomic 
groups of microorganisms are a reliable variable for studying 
the impact of anthropogenic activities in soils. Conversion of 
natural ecosystems to agricultural land can lead to alterations 
of soil microbiome, as in the case of forest soils converted to 
grassland which showed higher diversity in bacteria and fungi 
compared to undisturbed forest soils as well as the introduction 
of bacterial taxa associated with agricultural activities such as 
ammonia-oxidizing bacteria (Navarrete et al., 2023). Similarly, 
the use of fertilizers, pesticides, and other chemicals for exam-
ple long-term use of nitrogen fertilizers, which reduce the abun-
dance of the phyla Proteobacteria, Actinobacteria, Acidobacte-
ria, and Chloroflexi being higher was higher in short-term N 
application (Xu et al., 2022). 

Soil metagenomics can provide crucial information on the 
adaptations and interactions between microorganism com-
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munities and how these can be influenced by changes in the 
environment (Bonomo et al., 2022). To do this, metagenomics 
can be classified into two types: guided and shotgun. Guided 
metagenomics, also known as “metabarcoding,” searches for 
taxonomic identification at a broad scale (hence the prefix 
“meta”) through the analysis of DNA sequences of one or sev-
eral genes (Deiner et al., 2017). This technique tends to be used 
for studying the phylogenetic diversity and relative abundance 
of a concrete gene (molecular marker) in an environmental 
sample (Techtmann and Hazen, 2016); these specified regions 
of a gene allow the identification of distinct taxonomic groups. 
The markers used vary depending on the type of organism that 
is being analyzed (Table 1). In the animal kingdom, the most 
commonly used marker is Cytochrome Oxidase I, or COI (He-
bert et al., 2003), which is present in the mitochondrial DNA. In 
plants, given that the mitochondrial DNA has a low nucleotide 
substitution rate (Fazekas et al., 2008), markers in the chloro-
plast DNA have been proposed, specifically rbcL and matK be-
ing the most used (Hollingsworth et al., 2011). In the specific 
case of microorganisms, the most commonly used markers are 
the rRNA genes 16S for bacteria (Clarridge, 2004) and ITS (“In-
ternal Transcribed Spacer”) for fungi, which have become the 
favorite genes due to their high success rate in amplification 
(Dentinger et al., 2011). 

Even though metabarcoding presents several difficulties, 
such as being limited to the use of PCR or the bias that can occur 
in the bioinformatics analyses leading to diversity estimations 
(Techtmann and Hazen, 2016), it has a great advantage in its ca-
pacity to provide a complete catalogue of the possible microbial 
taxa present in a given sample, allowing a more complete under-
standing of the changes in its diversity, for example, before and 
after an observed perturbation. Furthermore, this technique 
minimizes the number of reads associated with a possible host 
from a collected sample (Pearman et al., 2020).

The second technique, shotgun metagenomics, is imple-
mented to determine the total genomic content from a sample 
through the preparation of sequencing libraries (Techtmann 
and Hazen, 2016). Furthermore, this technique can be utilized 

for the identification of the functional potential of microbial 
communities. Similar to metabarcoding, shotgun metagenomics 
also possesses its limitations, including sequencing depth, which 
should be high enough to include coverage of the entire genomic 
contents of each microorganism from the analyzed sample and 
achieve an integral analysis of the functional potential (Delmont 
et al., 2012). Despite these limitations, this technique’s non-dis-
criminant methodology (i.e., sequencing everything present in 
the sample) allows for the assignment of taxonomic identities, 
offering a much more robust result, and achieving the recon-
struction of complete genomes and genes and the inference of 
distinct metabolic routes.

5.  Bioinformatic pipelines used for metagenomic analyses 
in soil microorganism communities

Shotgun metagenomics and metabarcoding have distinct 
advantages and disadvantages. These differences are primarily 
the product of the techniques and bioinformatic methodologies 
that each employs.

5.1. Metabarcoding

The first step is to perform quality control, a set of proce-
dures to ensure the accuracy and reliability of data generated 
from the sequencing instrument (e.g Illumina), that may include 
the removal of primers involved in the amplification and/or dis-
carding short reads and those with low quality (e.g., Phred < 20). 
Several programs exist to carry out this step, with Trimmomatic 
(Bolger et al., 2014) being one of the most used (Fig. 1). The sec-
ond step is the processing of reads, which are either single-end or 
paired-end. In the case of paired-end reads, forward and reverse 
reads are overlapped, and several parameters can be defined, 
such as the minimum and maximum lengths of the combined 
reads. Similarly, the quality values from the previous step can be 
used to perform cuts in the reads during the assembly process, 
which can be carried out in PEAR (Zhang et al., 2014).

Table 1
Primary molecular markers utilized in metabarcoding studies

Taxonomic Group Marker Most used primers Genomic Source Approximate Number 
of GenBank Accessions

Animals COI LCO1490/HCO2198 Mitochondrial 3,017,967

Plants matK 390F and 1326R Chloroplast 250,985

rbcL rbcLa-F/ rbcLa-R Chloroplast 367,787

psbA-trnH psbA3-f/ trnHf_05 Chloroplast 119,808

Bacteria 16S V3-V4 region Ribosomal 44,377,078

rpoB rpoB-f1/rpoB-r1 Ribosomal 1,412,251

cpn60 H729/ H730 Ribosomal 25,739

Fungi ITS ITS1F/ITS2 Ribosomal 42,245,580

18S EukA/EukB Ribosomal 1,319,704
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The third step is the estimation of OTUs (“Operational Tax-
onomic Units”), which consists of assigning a numeric code to 
each stack of identified sequences that may correspond to dis-
tinct species, genera, families, or the identified taxonomic rank. 
This is often done using UNOISE3 (Nearing et al., 2018) or Deblur 
(Amir et al., 2017). OTUs have been most utilized in microbial 
ecology due to their high percentage of identifications. Despite 
this, they are prone to showing incorrect information, such as 
overestimating the number of trueassignments or not having 
sufficient power to detect small variations in reads, making them 
relatively ineffective for discriminating between closely related, 
but distinct, taxa (Pérez-Cobas et al., 2020). Due to this, another 
type of assembly called ASVs (“Amplicon Sequence Variants”) 
has been employed. To avoid the use of different programs and 
minimize the risks of incompatibility between the results of dis-
tinct steps, the program QIIME2 (Boylen et al., 2019) was created, 
which is an analysis package that performs all of the previously 
described steps. Within QIIME2, the algorithm DADA2 deter-
mines the quality of sequences, assembles forward and reverse 
sequences, and filters out low-quality data, providing clean data 
(Callahan et al., 2016) in an archive with the ASVs. Using this, 

the function feature classifier can be used to perform taxonomic 
classification of the obtained ASVs. This function can use differ-
ent reference bases, such as Silva or GreenGenes for bacteria, or 
Unite for fungi (Bolyen et al., 2019).

Additionally, the obtained results can be utilized to perform 
a prediction of the functional potential of the identified microbi-
ome through programs such as PICRUSt or Faprotax for Bacteria 
(Louca et al., 2016; Langille et al., 2013) these programs use a da-
tabase of known functional gene profiles from reference genom-
es to estimate the functional composition of the soil samples. For 
fungal community, FUNguild is the preferred program (Nguyen 
et al., 2016), this program employs an algorithm to identify the 
ecological functions of fungi based on their taxonomic affilia-
tions, using a reference database of functional guilds to assign 
functions to fungal sequences. 

5.2. Shotgun Metagenomics

Using shotgun metagenomics that analyzes the complete 
genome, both the taxonomic composition and the functional 
potential of soil microorganism communities can be under-

Fig. 1. Flow chart of the bioinformatic pipeline used in metabarcoding 
analyses
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stood. Before the sequencing step in shotgun metagenomics, 
the complete genome must first be digested and then sheared 
into small fragments of equal size (Fig. 2). The first step in the 
bioinformatics pipeline is the quality control of the raw data, 
which may be done Trimmomatic (Bolger et al., 2014), as in 

the metabarcoding pipeline. After this follows the assembly, 
the process of reconstructing complete DNA sequences from 
the fragment generated by sequencing technology, for which 
several assembly programs exist, including MegaHit (Li et al., 
2015), MetaVelvet (Namiki et al., 2012), and metaSPAdes (Nurk 

Fig. 2. Flow chart of the shotgun me-
tagenomics pipeline with the programs 
and tools used for each step.
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et al., 2017). Choosing an assembly program depends on two 
factors: 1) the format in which the input sequences are found 
(e.g., .fastq, .fastq.gz, .fasta, .fasta.gz), and 2) the algorithm that 
will be used to perform the genome assembly: Greedy, Over-
lap-Layout Consensus (OLC Graphics), or Bruijn graphics (Na-
garajan and Pop, 2013). Next, quality control of the resulting 
assembly can be performed using MetaQUAST (Mikheenko et 
al., 2016).

Before the annotation step, an optional step called “bin-
ning” consists of grouping all the reads (i.e., the “contigs” as-
sembled in the previous step) that pertain to the same taxo-
nomic assignments. These groupings can then be classified 
taxonomically and characterized based on their functions. The 
program used for this process depends on the desired “bin-
ning” method, which may be dependent on the taxonomy (su-
pervised) or be independent (unsupervised) (Pérez-Cobas et al., 
2020). Those dependent on taxonomy use reference genomes to 
map the contigs, employing the alignment of the metagenomic 
sequences with a reference. This may be done in MetaPhyler 
(Liu et al., 2010). This can be done by taking into account nu-
cleotide composition (e.g., GC content) and comparing it to the 
references, for which TACOA or Phymm (Brady and Salzberg, 
2009; Diaz et al., 2009) may be utilized. Additionally, a hybrid of 
these two methods is offered in PhymmBL or MG-RAS (Brady 
and Salzberg, 2009; Keegan et al., 2016).

Alternatively, methods independent of taxonomy do not 
use reference genomes, but rather use other innate characteris-
tics of the reads such as nucleotidic composition or abundance, 
and may be performed in the programs Metawatt (Strous et al., 
2012) or AbundanceBin (Wu and Ye, 2011). However, this meth-
od is not very reliable for determining identifications when the 
contig or DNA fragment lengths are too short, or for determin-
ing a taxonomic identification at a high level, given that it may 
have problems differentiating genomes that are highly similar 
in composition. To diminish these errors, several hybrid meth-
ods have been designed that combine nucleotide composition 
with abundance, such as those employed in MetaCluster or Me-
taBAT (Kang et al., 2019; Y. Wang et al., 2012). After this, the 
results of the binning step are mapped to obtain longer reads, 
which requires a quality control step to guarantee the integrity 
of the mapped genome. This can be done using CheckM (Parks 
et al., 2015) or within MetaBAT.

The next step is the annotation of the genome, which in-
volves identifying and characterizing the functional and tax-
onomic features of the obtained sequences, the annotation 
process can be divided into two parts: taxonomic identifica-
tion and gene identification and annotation. For taxonomic 
identification, different programs including MEGAN6 (Huson 
et al., 2016) or Taxator-tk (Dröge et al., 2015) may be used to 
detect organisms at different taxonomic levels. However, these 
programs base identification on direct alignment, which can 
be a slow process. Other methods have arisen to reduce this 
processing time, such as the algorithm used in Kraken (Wood 
and Salzberg, 2014) that associates short genomic sub-chains, 
or k-mers (short sequences of length k nucleotides), with taxa. 
Kraken2 improves one of its predecessor’s largest problems, 
memory usage, and can easily exceed 100 GB leading to faster 

taxonomic identification (Wood et al., 2019). It still may present 
some false positives, for which a parallel version called Krake-
nUniq (Breitwieser et al., 2018) was created specifically for the 
diagnosis of health disorders. The second part, comprising the 
identification and annotation of genes, can be done using gen-
eMarkS-2 (Lomsadze et al., 2018), which is used to predict both 
typical and atypical (e.g., from horizontal transfer) prokaryo-
tic genes. Additionally, this program can identify the charac-
teristic mechanisms that are based on the comparative evalu-
ation of universal orthologs from a single copy called BUSCO 
(“Benchmarking Universal Single-Copy Orthologs”) (Simăo et 
al., 2015). Orthologous genes generally perform the same func-
tion, so BUSCO employs databases that contain these types of 
genes, such as OrthoDB (www.orthodb.org) to identify and an-
notate possible genes with a high confidence value.

The final step involves functional annotation. This proc-
ess collects information on the identified genes to understand 
their molecular function, their biological role, and their pos-
sible subcellular level. This can be done using Blast (Madden, 
2002) or databases such as Pfam (Mistry et al., 2021) and Me-
tacyc (Caspi et al., 2020). If the study is focused on previously 
determined genes or functions, some specifically curated da-
tabases exist, including CARD (Alcock et al., 2019), specific to 
genes involved in antibiotic resistance, or BacMet (Pal et al., 
2014), specific to genes resistant to metals and antibacterial 
biocides.

Executing each one of the shotgun metagenomics steps 
separately requires a demanding use of time. As such, integra-
tive environments that combine the assembly, quality control, 
contaminant identification, and functional annotation steps 
may be useful, such as MOCAT2 (Kultima et al., 2016), MetA-
MOS (Treangen et al., 2013), or MAGNETO (Churcheward et al., 
2022).

6.  The use of metagenomics in approximations 
of “OneHealth” and EcoGenomics

Metagenomics has had an impact on the discovery and anal-
ysis of microorganisms in different areas such as “OneHealth” 
(https://www.cdc.gov/onehealth/) and EcoGenomics allowing the 
formation of international groups/projects such as TerraGen-
ome (Vogel et al., 2009) and the Earth Microbiome Project (EMP) 
(http://www.earthmicrobiome.org).

6.1. Implications in an approximation of One Health

From the end of the last century and the beginning of the XXI 
century, diverse studies have been performed under a unique 
focus deemed One Health. Initially, this term referenced the ne-
cessity to unify human medicine with veterinary medicine to 
combat zoonotic diseases (Evans and Leighton, 2014). Starting 
in 2008, this term was modified and now covers all interactions 
between animals, human beings, plants, and microorganisms, 
and how these have repercussions on the equilibrium of dis-
tinct ecosystems and their effects on health (Gerner-Smidt et 
al., 2019). One of the central pillars of One Health is to detect, 
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prevent, and control risks that affect the health and well-being 
of ecological, urban, and rural populations (Li, 2017). Microor-
ganisms play a vital role in the health of the different actors 
within ecosystems. They can be harmful to hosts, be virulence 
factors, and/or contain genes resistant to illnesses and medica-
tions. As previously mentioned, the majority of microorganisms 
are non-culturable, and thus metagenomics plays an important 
role in the advances and knowledge of “One Health” by permit-
ting the exploration of how microorganisms interact with their 
surroundings. As such, metagenomic techniques have been 
used in epidemiological surveillance, as demonstrated in the 
Human Microbiome Project which has been studying the in-
teractions between human beings and their associated micro-
biomes for over 10 years (Human Microbiome Project, 2019). 
Using metagenomics, this project has characterized the intesti-
nal microbiome of healthy individuals to compare with others 
suffering from distinct types of medical problems. At the level 
of specific illnesses, metagenomics has been employed to iden-
tify divergent regions of non-coding RNA in Listeria monocy-
togenes, the bacteria responsible for Listeria infection. In 2012, 
this project found more than 70 RNAs that could be involved 
in inhibiting the expression of different operons that could be 
used as regulators in this bacterium (Wurtzel et al., 2012). An-
other study analyzed and detected variations in the H1N1 flu, 
obtaining a genomic coverage of 97%, and found that 90% of 
the H1N1 genome could be assembled de novo (i.e., without us-
ing reference sequences/genome), leading to this technique as 
a preventative strategy and diagnosis of new outbreaks of the 
sickness (Greninger et al., 2010).

In the same way, metagenomics has allowed researchers 
to analyze and counteract one of the largest problems in public 
health: antimicrobial resistance, caused in large part by ARGs 
or resistomes are groups of genes that confer resistance to an-
tibiotics (Wang et al., 2020). With full genome sequencing, the 
diverse structures and functions of pathogenetic microorgan-
isms that present antimicrobial resistance have been studied, 
leading to the identification of new ARGs (Wang et al., 2020).

6.2. Implications in ecogenomics

Ecological genomics, or ecogenomics, aims to understand 
how the functioning of genes and/or the genome affects the in-
teractions between organisms and their natural environments 
(Ungerer et al., 2008). Recently, Baksay et al. (2022) demonstrat-
ed how metabarcoding can be used as a tool for evaluating and 
studying the interactions between plants and pollinators. For 
this, they performed metabarcoding on grains of pollen from 
different insects, which they found to be more efficient than 
microscopy for identifying species of plants, and recovered 
a positive relationship between the number of sequences, pol-
len quantity, and pollinator visitation frequency (Baksay et al., 
2022).

Metagenomics as an integrative technique has also al-
lowed researchers to study the importance of the relationship 
between microorganisms and other living beings such as plants 
and animals. Shumo et al. (2021) analyzed the bacterial species 
present in the intestines of black fly larvae (Hermetia illucens), 

one of the main alternative foods for animals including chick-
ens and fish. The researchers compared black flies fed with 
chicken excrement and kitchen scraps. They found bacteria 
of the genera Providencia and Bordetella to be the most domi-
nant, which are considered causal pathogens for illnesses such 
as whooping cough. The study concluded that it is necessary 
to employ biosecurity strategies during the harvest of black 
flies to avoid the propagation of zoonotic diseases (Shumo et 
al. 2021). Similarly, metagenomic techniques have been used to 
analyze the feces of wild animals, such as the Canadian rein-
deer (Rangifer tarandus), to characterize their diets and for-
mulate conservation strategies that include the proliferation 
of consumed food items. The results found the presence of a 
diversity of fungi in the genus Lichenoconium, which are char-
acteristically associated with lichens known to be consumed 
by these animals. On the other hand, a primary consumption 
of coniferous trees such as yews (Taxus spp.), cherry wood 
(Cronus spp.), and maple (Acer spp.) was observed, suggesting 
that assuring the presence of these other food sources, in addi-
tion to lichen, is necessary for the conservation of the reindeer 
(Mitchell et al., 2022).

In plants, Su et al. (2022) performed the first metagenomic 
study on the phyllosphere (surface part of leaves) in rice. This 
study produced 1.34 terabases of sequenced data and 569 as-
sembled genomes with over 50% completeness. The majority 
of these metagenomes pertain to bacteria in the classes Alp-
haproteobacteria, Gammaproteobacteria, and Bacteroidia. The 
authors concluded that the obtained information provides 
a start for phytopathology studies and the recognition of mi-
croorganisms that colonize these exterior parts of plants (Su et 
al., 2022). Senn et al. (2022) analyzed the composition and func-
tion of microorganisms associated with the radicular zone of 
the medicinal plant Datura inoxia, and found that the principal 
genera associated with the plant’s rhizosphere were Flavobac-
terium, Pedobacter, and Paenibacilus, among others. Bacteria 
of the genus Flavobacterium are known to possess a tyrosine 
ammonia-lyase gene, which has been employed to optimize the 
production of aromatic compounds of pharmaceutical interest. 
They also found precursors to vegetal growth with antioxidant 
and phytoprotective compounds (Senn et al., 2022). On the oth-
er hand, a study in 2021 performed a metagenomic analysis of 
promotor genes involved with vegetal growth and the carbon 
cycle in the rhizosphere of corn fields with different land use 
histories. They found differences in component families and 
genera of the two types of soils analyzed and, of the 14 most 
abundant families, eight were present in soils that were previ-
ously pastureland, including Micromonosporaceae, Nocardioi-
daceae, and Microbacteriaceae. Six bacterial families, including 
Geodermatophilaceae, Pseudonocardiaceae, were present only 
in intensively farmed soils. As for the genes involved in vegetal 
growth, the authors found genes associated with nitrogen fixa-
tion, nitrification, and denitrification (nirK, nirS, and norB), as 
well as the potassium cycle. Thirty-four additional genes were 
recognized for their importance in the carbon cycle, includ-
ing those related to carbohydrate metabolism, carbon fixation, 
and the breakdown of starch and methane (Chukwuneme et 
al., 2021).
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6.3.  The international projects TerraGenome and Earth 
Microbiome

Studying soil microorganisms through metagenomics is 
important for creating strategies aimed at the conservation, 
production, and well-being of animals, plants, and ecosystems. 
Given this importance, dedicated projects have been created to 
document the diversity and metabolic functions using metagen-
omics, such as the “Earth Microbiome Project” (EMP) and “Ter-
raGenome.” Both projects have the same goal – to increase our 
understanding of soil microorganisms using genomic techniques 
– albeit with different approaches. TerraGenome (Vogel et al., 
2009) is an international consortium between 23 counties that 
was proposed under the same scheme of projects as the Human 
Genome Project (HGP), to construct reference genomes that can 
be used in future genomic projects focused on soils. Researchers 
involved in this project performed metagenomic analyses for 
ten years on soil samples from the same locality in Rothamstead, 
UK, where environmental conditions and land use is well-docu-
mented for over 150 years.

On the other hand, EMP originated in 2010 in the United 
States (Gilber et al., 2010) as an open collaborative project with 
the objective of studying the microbial composition in distinct 
ecosystems and surroundings across the globe, with the key as-
pect of using a set of standardized protocols to assure that no 
bias would exist that might compromise comparisons across 
multiple microbial communities (Gilbert et al., 2014). In 2017, 
the first results of this project were published, including 27,752 
samples analyzed from 7 continents and 43 countries, with over 
two billion sequences, 308 identified species, over 60 published 
articles, and nearly 2000 publications that have used the project’s 
proposed protocols (Thompson et al., 2017). Given the favorable 
reception that this project received and the high demand of the 
obtained results, a second phase of the project deemed “Earth 
Microbiome Project 500” (EMP500) was established that aims to 
perform the metagenomic sequencing and metabolic profiling 
of 500 microbial communities from around the world (https://
earthmicrobiome.org/emp500/).

7. Limitations of soil metagenomics

While soil metagenomics has the potential to revolution-
ize our understanding of soil microbiomes, there are significant 
challenges that need to be addressed. 

One of these challenges is the physicochemical properties 
of the soil. These properties influence the composition and func-
tion of soil microbiomes, however many studies on soil metage-
nomics only measure a limited set of parameters such as pH, 
soil organic carbon, moisture, and temperature, leaving out ele-
ments of relevance such as potassium, phosphorus, or iron. Ad-
ditionally, these properties may vary with soil depth (e.g organic 
carbon, total nitrogen) and change with seasonal fluctuations or 
environments (Leite et al., 2022; Shi et al., 2020) so it is uncertain 
whether the findings of studies carried out on a specific soil or 
ecosystem can be extrapolated to identify the microorganisms at 
a global level (Frąc et al., 2018).

Even though soil metagenomics is generating a vast amount 
of sequencing data and despite the recommendation to use cu-
rated databases such as UNITE or SILVA for analysis, the sheer 
volume of data generated has made it increasingly challenging 
to carry out research that can be replicated (Katz et al., 2022). 
In addition, there remains a significant number of sequences or 
taxonomic units (OTUs/ASVs) for which no information is cur-
rently available (Frąc et al., 2022). 

8. Conclusions

Through a variety of techniques and projects outlined 
above, utilizing the abundance and diversity of microorgan-
isms has been shown to be useful for evaluating the state of soil 
health. Metagenomics can be considered one of the most impact-
ful techniques in this field, given that it allows for an exploration 
of the biodiversity, the community structure, and the potential 
functions of the microbial communities from distinct environ-
ments.

Enriching our understanding of specific groups of microor-
ganisms is useful not only for evaluating soil health, but also for 
distinct fields such as bioremediation, agriculture, and human 
health, given that it may help identify and broaden our under-
standing of the different mechanisms of resistance seen in some 
microorganisms.

As shown above, a large number of steps in a variety of pro-
grams exist to carry out analyses of metagenomic data, whether 
from the guided or shotgun approaches. Nonetheless, in order 
to understand biodiversity and mitigate possible errors during 
the assembly and annotation of genomes, we suggest using pro-
grams and tools integrated into bioinformatic workflows such as 
QIIME2, MOCAT2, and MetAMOS, among others.

It is crucial to incorporate soil physicochemical properties 
in all soil metagenomic studies to facilitate comparison between 
studies and improve our understanding of soil microbiomes.
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