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Abstract

Microbes constitute about a third of the Earth’s biomass and are composed by an enormous
genetic diversity. In a majority of environments the microbial communities play crucial
roles for the ecosystem functioning, where a drastic biodiversity alteration or loss could
lead to negative effects on the environment and sustainability. A central goal in microbi-
ome studies is to elucidate the relation between microbial diversity to functions. A better
understanding of the relation diversity-function would increase the ability to manipulate
that diversity to improve plant and animal health and also setting conservation priorities.
The recent advances in genomic methodologies in microbial ecology have provided means
to assess highly complex communities in detail, making possible the link between diversity
and the functions performed by the microbes. In this work we first explore some advances
in bioinformatics tools to connect the microbial community biodiversity to their potential
metabolism and after present some examples of how this information can be useful for a
better understanding of the microbial role in the environment.

Introduction

Biodiversity has been recognized as the primary factor that affects the functioning of the
ecosystem (Wagg ef al., 2014). Diversity has been linked to nutrient cycling, biogeochemi-
cal process, ecosystem stability and productivity. A better understanding of the ecosystem
functioning is of paramount importance in the pursuit for sustainable practices, and the
microorganisms that inhabit the soil should be taken into consideration. Soil-borne micro-
organisms represent the largest biodiversity pool on Earth, with more than 10%° microbial
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cells and estimates of 10* to 10° different species per gram of soil (Whitman ef al., 1998;
Torsvik et al., 2002). Soil microbial communities hold a central place in terrestrial eco-
systems due to their enormous number, large biomass and involvement in numerous key
biogeochemical functions. These communities carry out essential ecosystem functions,
such as nutrient cycling, plant nutrition, and disease suppression (Bardgett et al., 2008).
However, soil microorganisms are sensitive to environmental disturbances, with conse-
quences for microbial diversity and functions. In this sense, increased attention has recently
been paid to microbial communities living in soils from different environments, but despite
the increased appreciation of belowground microbial diversity, little is known about the
functional responses of the microorganisms to alterations in soil management and chemical
properties.

Microbial diversity studies are important in order to understand the microbial ecol-
ogy in soils and other ecosystems (Atlas, 1984). In the past two decades, molecular tools
have been allied to classical microbiology methods to provide new insights into microbial
ecology of soils. The rapid increase of molecular ecology issues has emerged as a result of
the advancement of molecular biology. The molecular ecology applied to environmental
microbiology should include not only diversity studies, but should address studies of func-
tional traits related to microbial process. The development of tools in molecular biology has
helped researchers to answer important questions in microbial ecology. Fingerprinting tech-
nologies, such as T-RFLP (Thies, 2007), ARISA (Fisher and Triplett, 1999), and DGGE
(Muyzer and Smalla, 1998), have helped answer diversity issues, such as the richness and
abundance of species. Sequencing technologies have provided consistent information about
‘who’ are the species in a given environment. The challenge now is to respond what these
species are doing there, in other words, what are the functions performed by each species.
In this sense, the assessment of microbial diversity will be advanced by the development of
new technologies that answer some key questions about the ‘who, what, when, where, why,
and how’ of microbial communities (Knight ef al., 2012).

In recent years, the use of metagenomics in the studies of soil microbial communities has
enabled researchers to have an overview not only of the diversity, but also the functional
traits, which are an important approach to define microbiological parameters. The analysis
of functional diversity can also provide information on how adaptive microorganisms may
influence the environment. The rapid advance of sequencing technologies allied to bioin-
formatics tools are increasing the possibility of massive studies on microbial ecology for a
deep comprehension of the composition and functions that microorganisms play in a wide
range of ecosystems.

In this work we discuss the use of metagenomics to link the microbial community
diversity to functions. Here we show some tools and few examples on how to bring
taxonomic—functional dichotomy in microbial ecology into one perspective by analysing
metagenomic datasets.

Metagenomics in microbial ecology and bioinformatics tools

In view of the recent technological advances in the genomic area, studies based on metagen-
omics, defined here as the sequencing of total DNA extracted from environmental samples,
can be of great value to investigate microbial community responses when environmental
factors are being experimentally tested (Prosser, 2015). In many environments, 99% of the
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lineages in the resident microbial community cannot be cultured (Handelsman, 2004).
Metagenomics is a powerful tool that allows the study of environmental communities with-
out this culture-bias and understand the real diversity presentin microorganisms just by using
rapidly developing DNA sequencing approaches (Handelsman, 2004). Next-generation
DNA sequencing technologies have accelerated the sequencing process, decreased the
cost, and opened new horizons in the environmental understanding (Zhang et al., 2011).
In order to facilitate better-educated comparative analysis and biological interpretations of
the sequence data the integration of metagenomics data with their associated metadata is
strongly recommended (Pagani et al., 2011). Ifapplied to test microbial community response
under different environmental conditions, metagenomics could contribute to the discovery
of new metabolic pathways as well as novelty in the way that microorganisms interact with
each other in the environment (Prosser, 2015). Understanding microbial communities is
important in many areas of biology. For example, it discriminates taxonomic and functional
profiles of microbes associated with human (T.H.M.P. Consortium, 2012), global ocean
microbiomes (Sunagawa et al., 2015) and soil ecosystems (Leff, 2015). Particularly, soil is
the most challenging environment due to the diversity of microbial communities living in
such environment. It has been estimated that one gram of soil may contain more than 107
prokaryotic cells in forest ecosystems, while in cultivated soils this number can increase by
100 times (Daniel, 2005 ). Microbial diversity can be translated to genetic, taxonomic, phy-
logenetic and functional diversity. Depending on the environmental conditions, the same
microorganisms may play different functions. However, decreasing taxonomical diversity
might implicate in loss of functions (Philippot, 2013). On the other hand, increasing the
taxonomical diversity could lead to a higher functional redundancy and, consequently, the
maintenance of essential ecosystem services (Mendes et al., 2015a). Thus, the assessment of
microbial diversity and their link to functional activities would increase our comprehension
of the microbial communities’ role in the environment and the consequences of diversity
losses.

Computational tools for functional profiling of metagenomics
datasets
Next generation sequencing (NGS) technologies can generate gigabase (Gb)-sized
sequences. However, raw datasets require preliminary analysis before properly assign-
ment of the genetic information encoded in the reads. This preliminary analysis in general
includes normally the filtering of low quality and low length sequences. In general analysis,
it is recommended to remove reads below quality Q20 and below length S0bp. After the
filtering step, the tools implemented to decode the information from the reads will depend
basically on the scientific question driving the experiment (Prosser, 2015). Reads can be
assembled into contigs (contiguous sequences), which enhances the chances of retrieving
complete genes but reduces the analytical precision regarding the conclusions inferred for
the abundance of these genes. Additionally, avoiding assembly of chimeric contigs is also a
question of concern. Here in this work we will focus on the direct analysis of metagenomics
reads, since we believe that by using appropriate methods, as discussed below, this approach
provides a powerful comprehension of the abundance of functions and pathways/subsys-
tems across the datasets.

Functional profiling of metagenomics sequences normally requires the alignment of
sequences to a curated large database of annotated sequences to identify similar matches
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(Mendoza et al., 2015). There are many databases for functional annotations, including the
SEED (Overbeek et al., 2005), which contains subsystems (protein families with a similar
function), and the large metabolic pathway databases KEGG (Kanehisa and Goto, 2000)
and MetaCyc (Caspi et al.,, 2010). These databases overlap at some point. The SEED data-
base, mostly derived from KEGG, was pointed to harbour more compounds than MetaCyc.
In turn, MetaCyc was found to harbour more diversity of pathways and reactions (Altman
etal,2013).

MEGAN (Mitra et al., 2014) and MG-RAST (Meyer et al., 2008) align the query
sequences to a reference database to profile the metagenomics data. MEGAN uses as input
the tabular results files created from programs such as BLAST, DIAMOND, or RAPSearch2
to the non-redundant database, and creates taxonomic and/or functional profiles. MG-
RAST predicts the open reading frames (ORFs) on the metagenomics data and aligns them
to the MS non-redundant database using BLAST. Alignment of sequences is normally the
most expensive computational process, and it can be the most time-consuming step.

Most of the available tools for alignment of sequences use homology (evolutionary
hypothesis based on similarity measurements between alignments), i.e. the metagenom-
ics sequencing reads are aligned against a curated reference database. Homology-based
approaches normally use BLAST (Altschul et al., 1997) or BLAT (Kent, 2002) to find the
best hit in a reference database; however, those algorithms are slow because they were devel-
oped when metagenomics datasets inputs were small. New homology search methods such
RAPSearch2 (Zhao et al., 2012) and DIAMOND (Buchfink et al., 2014) have recently been
developed to reduce the run time. Both tools use basically the same strategy to reduce time
of analysis and they are recommended for alignments of short reads.

As an alternative to alignment based approaches, metagenomics reads can also be
assigned to database sequences via k-mer based approaches, where k means the size of the
sub-set of a sequence, use short sequences to find exact matches in a metagenomics query.
These approaches assume that the size (k) of the sub-set encodes the genomic signature
of the sequence, which is sufficient enough to assign any other sequence with the same
genomic signature by exact match. For instance, real time metagenomics (RTMg) (Edwards
et al., 2012) identifies all words (i.e. sub-sets of the sequence) of length k (between k=7
and k= 12 amino acids) for a set of functionally related proteins, and uses them to find exact
matches in the query to identify the functions present in the metagenomics sample. These
methods based on k-mer approaches, as alignment-free approaches, tend to be more reliable
due to the lower computational burden required.

Recently, there has been released a new approach — SUPER-FOCUS SUbsystems Profile
by databasE Reduction — combining K-mer matches with fast alignment tools such as DIA-
MOND, RAPSearch2 and BLAST for taxonomical and function annotation, respectively
(Silva et al., 2016). SUPER-FOCUS classifies each sequence in the metagenome into a
subsystem by aligning all the input data against a reduced database. The speed-up com-
pared to other available tools comes from three improvements compared to the standard
metagenome annotation pipelines. First, a clustered version of the SEED database; second,
identify the genera present in the metagenomics sample using FOCUS (Silva et al., 2014);
and finally, align input data against the reduced database using RAPSearch2 which is 100
times faster than blastx with no reduction in sensitivity or specificity (Berendzen et al.,
2012). SUPER-FOCUS is up to 1000 times faster than other tools with little loss of sensitiv-
ity and still computationally eflicient. In turn, FOCUS produces in seconds the taxonomic
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profile for metagenomes. It is much faster than homology approaches because it does not
align all the query sequences against the database. Instead, it reduces the computational
time using k-mers and non-negative least squares to find the optimal set of genomes present
in the metagenome. We believe this approach is useful especially for trivial users, because
the database reduction performed by FOCUS demand less computational resources to the
complete (taxonomical and functional) annotation of metagenomics datasets. Even though,
other computational tools might provide the same results.

The advances of bioinformatics tools for data analysis follow the current advances of
sequencing techniques. However, the next challenge will be to create and/or improve the
databases used as reference for a more robust and reliable analysis and interpretation of the
information generated. Nevertheless, the current methods to access the microbial diversity
has contributed to a better understanding of the dynamics and functional role of communi-
ties in wide range of environments, as exemplified in the following section.

Metagenomics and microbial ecology in tropical soils: linking

diversity to functions

The development of techniques for sequencing DNA directly from environmental
samples was a crucial factor for the discovery of the enormous degree of prokaryotic
diversity in almost every environment. Along with that, the development of appropriate
bioinformatics tools has helped researchers to assess and interpret the results obtained
by the high-throughput sequencing methodologies. This approach has increased our
understanding of the microbial community dynamics in changing environments. In the
last year, much attention has been paid to the effects of land use changes on microbial
communities, due to the importance of microorganisms for soil environments (Nesme
et al., 2016). The growing demand for agricultural and livestock production has led to
the opening of new areas of native forest. However, when conservation practices are not
adopted, the intensive land use affects negatively both the environment and agricultural
productivity (Cerri et al., 2004; Foley et al., 2005). One assumption often made is that
biodiversity loss is happening more rapidly in the tropics due to agricultural activities,
and these transformations in the environment due to land use changes have a direct
effect on the soil microbial community. The advances in agriculture in these regions have
transformed natural areas into agricultural fields, where studies on microbial ecology are
needed to increase our knowledge about the effects of land use changes over the microbial
community structure, composition, and function. Several studies have linked alterations
in biodiversity to soil functioning, showing that soil stability is very dependent on micro-
bial diversity (Tardy ef al., 2014), and higher microbial diversity increases resistance and
resilience of microbial processes (Girvan et al., 2005). In this sense, a deeper compre-
hension of the composition and role of microorganisms in soil systems is of paramount
importance for the development of sustainable practices in agriculture.

In this section, we discuss the effects of land use changes on soil microbial diversity, com-
position and distribution in tropical soils. Through studies using a metagenomics approach
we examine the effects of agriculture practices on aspects of the soil ecosystem from both a
taxonomic and functional perspective, in order to illustrate how the assessment of microbial
communities and their functional profiles can contribute to our comprehension of soil man-
agement and its sustainable use.

Curr. Issues Mol. Biol. Vol. 24
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Effect of land use changes in Amazon soils on microbial communities

The Amazon forest harbours 40% of all remaining tropical rainforest, playing a funda-
mental role in biodiversity conservation, biogeochemical cycles, and climate regulation.
The Amazon is the Earth’s largest reservoir of plant and animal diversity, including the
microorganisms (Rodrigues et al., 2013). Despite its global importance, the Amazon’s ‘arc
of deforestation’ has been the world’s most active deforestation frontier in recent decades.
Deforestation in the Brazilian Amazon can be defined as clear cutting and conversion of the
native forest to other land uses, mainly agriculture and cattle pasture. The increasing expan-
sion of the agriculture has become the main agent of disturbance in the Amazon region,
and such land use change has consequences on soil microorganisms (Mendes et al., 2015a).
For this reason, increased attention has recently been paid to the belowground microbial
communities in Amazon soils.

The first description of the microbial diversity in Amazon soils was made by Borneman
and Triplett (1997) who used a Sanger sequencing approach to analyse sequences from
forest and pastures. In this first glimpse, they showed an immense microbial diversity and
differences in composition between forest and pasture. Sequences affiliated to Clostridia
were related to forest samples while Bacillus were related to pasture. More recently, other
studies in the Brazilian Amazon have also contributed to a better comprehension of the
effects of land use changes on the soil microbial communities (Cenciani et al., 2009; Jesus
et al., 2009; O’Neill et al., 2009; Grossman et al., 2010; Pazinato et al., 2010; Taketani and
Tsai, 2010; Navarrete et al., 2010,2011, 2013a, 2015b,c; Germano et al., 2012; Rodrigues et
al., 2013; Taketani et al., 2013; Brossi et al., 2014; Mendes et al., 2014, 2015a). These stud-
ies have shown that Amazon soils harbour high diverse microbial communities and have
demonstrated that the land use changes alter the structure, diversity and composition of the
communities.

For a better comprehension of the effects of land use change in Amazon soils, some
recent studies explored the microbial communities using soil DNA shotgun metagenomics
approach to assess the microbiome in a chronosequence from a native tropical forest, fol-
lowed by deforestation and cultivation of soybean croplands and pasture. They found that
the land use system had a primary effect on the soil bacterial communities, whereas param-
eters such as pH, C, N, NO," and K content significantly correlated to overall community
structure (Mendes et al., 2015b). Soils of forest were related to the phyla Proteobacteria, Aci-
dobacteria and Verrucomicrobia. Deforested sites presented high abundance of Chloroflexi
and Actinobacteria. Agriculture and pasture soils related to Bacteroidetes and Firmicutes,
respectively (Fig. 6.1a). The differential distribution of these phyla in each land use system
can be explained by the life-style and functions performed by these bacterial groups. Mem-
bers of the phylum Proteobacteria are important to global carbon, nitrogen, and sulfur
cycling, functions that were abundant in forest soils (Mendes ef al., 2015a). Acidobacterial
responses arise at least in part through alterations on acidity- and nutrient-related properties
of the Amazon soils (Navarrete et al., 2013a, 2015c). Also, high abundance of Verrucomi-
crobia in forest may be explained due to its specialization on the degradation of more
recalcitrant carbon compounds and high soil moisture, that are characteristics parameters of
forest soils (Fierer et al., 2013; Navarrete et al., 2015b). As a consequence of slash-and-burn,
the deforested site presents an increased soil temperature and a deposit of a high amount of
carbon from the ashes. This process can explain the abundance of Chloroflexi and Actino-
bacteria in this area. Some members of the Chloroflexi phylum are aerobic thermophiles,
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Figure 6.1 (a) Most abundant microbial groups (upper circles) and functional categories
(bottom circles) present in forest and altered soils. (b) Graph showing the comparison between
forest and altered soils for environmental and microbiological parameters. This figure is based
on the results of Mendes et al. (2015a).

growing well in high temperatures; Actinobacteria are important decomposers and also
capable to produce spores, which allow them to resist perturbation (Ventura et al., 2007).
Bacteroidetes phylum includes plant-growth promoting bacteria and cellulose decompos-
ers, which might be related to the soybean cultivation in the agricultural area (Mendes et al.,
2015b). The high abundance of Firmicutes in pasture soils may be due to their resistance to
desiccation and extremes of environmental variation, scenario commonly found in pastures
(Battistuzzi and Hedges, 2009; Rodrigues et al., 2013).

In this context, gathering information about functional traits of the microbial groups is
fundamental to a better interpretation of the diversity and composition of the soil commu-
nities. An analysis of the microbial functional profile in these Amazon soils revealed that the
most prevalent core of functions in native forest soils was related to respiration, photosyn-
thesis and nutrient cycle (phosphorus, potassium, sulfur and nitrogen). In the other hand,
the altered soils (deforested, agriculture and pasture) presented a core of genes associated
to DNA and RNA metabolism, protein metabolism, cell division and cell cycle (Mendes et
al., 2015a) (Fig. 6.1a). These results are an indication of soil stress after the deforestation
process, since these enriched functions in the altered soils are linked to adaptations of the
organisms to thrive under disturbed conditions.

Interestingly, several studies with different molecular approaches showed an increased
taxonomic diversity after the conversion of Amazon forest (Cenciani et al., 2009; Jesus et al.,
2009; Rodrigues et al., 2013). Mendes et al. (2015a) also found that agriculture and pasture
soils were among the most diverse in comparison to natural forest soils. In order to better
understand the increased microbial diversity in the altered soils, they linked the diversity
with functions by analysing metagenomics data. To predict the functional patterns of the
microbial communities in each site, they selected functional categories related to nutrient
cycle metabolisms (nitrogen, phosphorus, potassium, and sulfur), respiration and response
to stress (DNA and RNA metabolism, stress response, and virulence/disease/defence).
They evaluated the number of genera and the abundance of genes related to these functions
and found that altered sites presented higher taxonomical and functional diversities and
higher richness of genera playing specific functions in comparison to forest. On the other
hand, although the forest soils presented lower diversity of genera playing these functions,
these functional genes were 2- to to 4-fold more abundant than in the disturbed sites (Fig.
6.1b). In this sense, they suggest that the higher diversity found in altered soils led to higher
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functional redundancyj i.e. different groups playing same function, which are important to
maintain the ecosystem functioning after a stress event. But then, in an environment in equi-
librium, such as forest, the ecosystem functioning is maintained based on a high abundance
of microorganisms. In this example, the access of the functional profile of the soil microbial
communities allowed a better interpretation of the role of diversity in these soils.

Ecological process governing soil microbial assembly and functions
during land use change in Amazon soils

The last few years have brought a new landmark for microbial ecology. Due the increased
efforts in sequencing technologies (e.g. new-generation sequencing) and data mining,
microbial ecologists may now go deeply into the ‘Toots’ of microbial interactions in soil
and plants (Metzker, 2010). The main challenges now concern about: how to analyse and
interpret microbial patterns of diversity generated by millions of taxonomic and functional
data? Which are the ecological effects of the forest-to-agriculture conversion? And, how to
integrate microbial taxonomic and functional biodiversity with the environmental factors
that it can interact with? Microbial metagenomics is trending in community ecology, and
allows us to elucidate microbial black box in several agroecosystems (Daniel, 2005; Mendes
et al., 2015a; Souza et al., 2015).

Here we summarize the results of two studies, emphasizing the relationship among taxo-
nomical and functional diversity and environmental factors that modulate them. The first
study was performed in the Brazilian Atlantic Rainforest Biome, with the aim to evaluate
soil microbial taxonomic and functional alterations imposed by niche and neutral model
assemblies, in order to gain insights into the relationship between community assembly
and ecosystem functions (Souza, 2015). Soil samples were collected in a land use gradient,
from forest remnants to grassland and cropping systems. The results showed that land use
was more important to drive microbial assembly than the forest conversion. Factors like
restriction in range of C and energy sources in grassland may subject microbial communi-
ties to a strong process of homogenizing selection (Wawrik et al., 2005). Grass root system
increases the soil connectivity by removing potential barriers to migration (e.g. aggregate-
to-aggregate continuity) and may lead to higher microbial dispersal in space and time
(Murphy and Foster, 2014). As a consequence, the overall microbial diversity is impacted.
No-till cropping increases carbon storage, maintains carbon residues and supplies microbial
communities with resource heterogeneity. Ecological theory supports that species coexist-
ence increases as a result of niche-partitioning due to resource availability (Carrol et al.,
2011) and empirical support has been provided for plant and animal communities (Finke
and Snyder, 2008; Mori et al., 2013). It was found that resource heterogeneity in no-till
increased niche specialization and reduced the importance of the process of homogenizing
selection on microbial assembly.

By analysing a large range of taxa, functional and environmental data, it was shown that
soil microbial community assembly is not dependent on conversion, but on the land use
after conversion, and influenced by the net biodiversity outcome. Furthermore, the relative
weight of divergent ecological processes, depending on land use, determined a niche- or
neutral-based model of assembly, with implications to function. The long-term grassland
leaded to biotic homogenization and functional stress, through environmental selection. In
the other hand, long-term no-till cropping has shown no differences, when compared to
forest. Future investigations stand to gain valuable information from assessing ecological
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processes combined effect in different ecosystems and across multiple scales of space and
time. Understanding microbial community assembly as well as characterizing fundamental
processes that guide dynamic responses in community organization have the potential to
provide important insights into ecosystem modelling of biodiversity and microbial conser-
vation.

The second study was performed in the last border of Amazon Rainforest (Souza, 2015).
The aim of this work was to evaluate the microbial community dynamics in long-term no-till
cropping and the power of selection of soybean along a chronosequence, using agriculture
sites arisen by the deforestation of the Amazon Rainforest. The outcome was a framework of
the microbial dynamics along soil fractions and time. Soil samples were collected in a land
use gradient, from forest remnants to grassland and cropping systems. Microbial communi-
ties have evolved in long-term no-till cropping management, shifting taxa along the time.
The microbial community fluctuations were constant in bulk soil and gradually increased
in the rhizosphere, the extent the chronosequence advanced. Despite of the trade-offs, the
microbial communities of bulk soil-rhizosphere interface became more similar along time.
In the bulk soil, both taxa and functions shifted along the chronosequence, meaning that sto-
chasticity is a major driver of the community dynamics, which explains the higher number
of samples assembled by neutral model and the tighter connections between taxa, functions
and environmental factors. In the rhizosphere, the fight for niche occupancy increased the
extent the chronosequence advances, characterized by the high taxa trade-off, high homog-
enizing selection and reducing stochasticity. Despite of that, the functional resilience acted
in order to guarantee the maintenance of the niches, with high functional redundancy and
niche stability. This explains why, despite of the increased number of connections between
taxa, functions and environment, these connections were sparser. In conclusion, the long-
term no-till leads to homogenization of the microbial community in both bulk soil and
rhizosphere. The rhizosphere of the plant increases its power of taxa homogenizing selection
along the chronosequence, but the functions are kept.

Microbial indicators in sugarcane systems

Sugarcane (Saccharum sp.) is one of the most important croplands for tropical agriculture.
This plant is a high-sucrose accumulator and one of the crops that more efliciently convert
solar energy to chemical energy. The production of sugarcane biomass serves to supply
the sugar and ethanol market. Additionally, more recently, the residues of the harvesting
are being destined to the generation of bioelectricity. Brazil is currently the world’s major
producer of sugarcane, where a total area of cropland occupies more than 9 million hectares
(Della-Bianca et al., 2013).

Considering the economical importance of sugarcane fields in Brazil, metagenomics data
have been integrated with environmental metadata to reveal microbial indicators in soil for
sugarcane model systems. A multianalytical approach based on measurements of carbon
dioxide and nitrous oxide emissions from soil, chemical factor analysis of the soil samples,
and a survey of the soil microbial community using methods to determine the microbial
biomass (conventional microbiological parameter for soil quality), and abundance of taxo-
nomic groups of bacteria (57 soil metagenomics datasets and real-time quantitative PCR)
was used. This approach revealed Acidobacteria, Actinobacteria and Verrucomicrobia, and
their subgroups as potential indicators of effects of organic and inorganic amendments
and straw retention in sugarcane-cultivated soils, which can alter the soil chemical factors
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(Navarrete et al., 2015b). Functional microbial profiling of metagenomics datasets can also
compose this multianalytical approach as shown in Fig. 6.2.

Based on the integration of soil metagenomics with their associated environment meta-
data biologically relevant methods can be developed to assess soil quality. In this sense,
high-throughput soil DNA sequencing applied to screening microbial community diversity
and functions in soils under sugarcane biomass production systems can be associated to soil
characteristics and processes occurring in soil, such as, fertility, nutrients availability, micro-
bial biomass, enzyme activity and gas emissions from soil. This combinatorial approach has
been initially applied to evaluate the potential impacts of bio-based sugarcane production
processes on microbial functions and soil quality.

Sugarcane soils receive high amounts of fertilizers. Every year around to 80-150kg/ha of
nitrogen is amended to the soil to maintain the production of biomass (van Raij et al., 1997).
However, a great proportion of the N input is lost to the atmosphere due to denitrification
processes. Loss of N is caused by volatilization and by the action of microbes capable of
producing denitrification enzymes. The incomplete denitrification seems to be prevalent
over the complete process, which is terminated by the release of N, through the reduction
of N, O, thereby enhancing the impact of agriculture by increasing emissions of greenhouse
gases (GHG). Nitrogen inputs can naturally happen as a consequence of the metabolism of
N, -fixing microbes. Even though N, reduction by nitrogenases is an exergonic process, the

Microbial
bioindicators
for soil quality

Soil DNA isolation

Microbial taxonomic
diversity

Microbial functions

Figure 6.2 Representative scheme of the multianalytical approach used for integration of
metagenomics with their associated environment metadata to reveal microbial indicators in
soil for sugarcane model systems. Gas emissions from soil: carbon dioxide (CO,) and nitrous
oxide (N,O); soil chemical parameters: soil fertility factors including pH, potential acidity, Ca,
Mg, P, K, S, available micronutrients, exchangeable bases, cation exchange capacity, and base
saturation; conventional microbiological parameters: microbial biomass and soil enzyme; soil
metagenomics: which comprises isolation of soil DNA, and taxonomic and functional analysis
of the soil microbial community using high-throughput DNA sequencing; Bioinformatics
and statistics: analysis of metagenomics datasets and univariate and multivariate statistical
analysis. Adapted from Navarrete et al. (2013b).
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flow of energy generated is very expensive requiring much ATP; for this region, nitrogenases
are inhibited by NH, (Boyd and Peters, 2013). However, in sugarcane, endophytes symbio-
sis with N, -fixing microbes is known to happen, and they have been reported for more than
25 years (Cavalcante and Dobereiner, 1988).

Soil microbial community plays a crucial role not only on nutrients cycling, such as N
as mentioned, but many other beneficial functions in rhizosphere are maintained by soil
microbes. Pathogen suppression, probably by antibiotic production, and the supply of
growth hormones are additional consequences of plant-microbe interactions in the roots
(Bruto et al.,, 2014). Revealing the mechanisms behind these processes is of great concern to
relieve the exaggerated impacts of fertilizers inputs and GHG emissions. In this direction, it
is of considerable relevance to apply metagenomics approaches towards the understanding
of microbial functions and diversity in the rhizosphere.

Interestingly, in a similar approach as described in Navarrete ef al. (2015a), it is shown
that sugarcane rhizosphere can enrich the genetic potential of specific microbial subsystems
which are not detected in bulk soils. As demonstrated in Fig. 6.3, the enrichment of pathways
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Figure 6.3 Average relative abundance (%) of microbial functional subsystems detected
on sugarcane rhizosphere. Only microbial subsystems detected uniquely in rhizosphere are
represented. Metagenomics profiling was performed using datasets extracted from sugarcane
macrocosms in a similar approach as described in Navarrete et al. (2015a). Datasets from bulk
soil were compared to datasets from rhizosphere (n=3). Functional annotation of subsystems
was performed using SUPERFOCUS (Silva et al., 2016).
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associated to carbon cycling such as sugars and proteins was detected by metagenomics func-
tional profiling, including also the process of methanogenesis. N cycling pathways enriched
in the roots were probably qualitatively the same as enriched in the bulk soils. Additionally,
some mechanisms of resistance to antibiotics were also reported. This analysis illustrates the
importance of applying metagenomics approaches and its potential of reveling microbial
functions in a global perspective putting all the microbial community in one scale.

Final remarks

Metagenomics has become an indispensable tool for studying the diversity and metabolic
potential of environmental microbes, whose majority is still non-cultivable (Teeling and
Gléckner, 2012). The analysis of metagenomics sequences has enabled researchers to study
genes and functions from previously inaccessible microbes, opening the black box of micro-
bial diversity in several environments. Despite recent advances in sequencing technologies
and bioinformatics tools, the obtaining data are still biased by methodological process,
such as soil sampling, DNA extraction, adsorption of nucleic acids to soil particles, sample
preparation, sequencing protocols, sequence analysis and taxonomical and functional
annotations (Nesme et al., 2016). The use of different methodologies influences both the
qualitative and quantitative results of molecular surveys and metagenomics (Delmont et
al., 2013). Another recurring problem is that about half of the genes in a metagenome have
functions as yet unknown (Teeling and Glockner, 2016).

However, metagenomics studies have allowed the access to the enormous microbial
diversity, accelerating the discovery of novel phyla, classes, genera, and providing means
for correlation between taxonomy and potential metabolic functions. From now on, the
microbiologists are challenged to find less biased methodologies, which also should include
a better access to the rare biosphere (minimizing the effect of dominant organisms), differ-
entiating between active microorganisms and dormant cells, and increase the ability to link
microorganisms to their metabolic roles within a community. Also, the reference databanks
would be improved with information obtained through the combination of metagenom-
ics and classical microbiology, which could lead to more accurate ecological inferences and
interpretations.
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