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Abstract: Soil microbial communities play an important role in plant health and soil
quality. Researchers have developed a wide range of methods for studying the structure,
diversity, and activity of microbes to better understand soil biology and plant-microbe
interactions. Functional microbiological analyses of the rhizosphere have given new
insights into the role of microbial communities in plant nutrition and plant protection
against diseases. In this review, we present the most commonly used traditional as well as
new culture-independent molecular methods to assess the diversity and function of soil
microbial communities. Furthermore, we discuss advantages and disadvantages of these
techniques and provide a perspective on emerging technologies for soil microbial
community profiling.
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1. Introduction

One of the biggest challenges in agriculture nowadays is to increase yield and sustainability of crop
production as the global population is approaching nine billion people by 2050 [1]. According to
projections of the Food and Agriculture Organization of the United Nations (FAO), the demand for
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cereals will increase by 70%, and will double in developing countries [2]. To increase the yield of basic
food grains, additional inputs for crop production are needed and new technologies are essential for
managing soil nutrients as well as crop pests and diseases.

Soil quality is believed to be an integrative indicator of environmental quality, food security, and
economic viability [3]. Soil quality was defined as “the capacity of a specific kind of soil to function,
within natural managed ecosystem boundaries, to sustain plant and animal productivity, maintain or
enhance water and air quality, and support human health and habitation” [4]. Therefore, the evaluation
of soil quality will be closely associated with the role for which the soil was designated. Intensive soil
exploitation particularly for agriculture has led to physical, chemical, and biological changes, as well
as soil erosion that are compromising plant health and sustainability of crops. Soil quality has been
decreasing dramatically due to the exacerbated anthropogenic disturbance that accelerates the
degradation and desertification of soils [5].

Deficiencies of soil minerals that are not commonly included in fertilizers (e.g., sulfur) are
becoming increasingly common and may reduce drastically plant growth and crop yields [6]. Mineral
plant nutrition includes the supply, absorption, and utilization of essential nutrients for the growth and
yield of crop plants [7]. Plants require at least 17 different minerals for adequate nutrition. Several
factors including soil, plant species, microbial interactions, and environment can affect the acquisition
of these nutrients.

Microbial communities play an important role in nutrient cycling by mineralizing and decomposing
organic material, which are released into the soil as nutrients that are essential for plant growth.
These communities can influence nutrient availability by solubilization, chelation, and oxidation/reduction
processes. In addition, soil microorganisms may affect nutrient uptake and plant growth by the release
of growth stimulating or inhibiting substances that influence root physiology and root architecture.
It has been suggested that microbial inoculants are promising components for integrated solutions to
agro-environmental problems because inoculants possess the capacity to promote plant growth [8,9],
enhance nutrient availability and uptake [10-12], and improve plant health [12].

No single agricultural practice is sufficient to guarantee the quality of soils. However, changes in
microbial communities could be used to predict the effects of soil quality by different environmental
and anthropogenic factors. In addition, knowledge on soil microbial processes will provide insight into
how agricultural practices such as tillage systems can be better managed to increase soil quality. In this
review, we describe and discuss advantages and disadvantages of conventional and modern
microbiological approaches to evaluate soil quality and access alternatives to increase crop yield.

2. Rhizosphere Plant-Microbe Interactions

The rhizosphere is one of the most complex environments with thousands of interactions that play
crucial roles for plant health. Plants secrete up to 40% of photosynthates that reach the roots into the
rhizosphere [12]. Because most of the soils are carbon deficient, these hot spots of carbon increase the
microbial densities from 10 to 1000 times, compared to bulk soil [13]. The elevated concentration of
microorganisms in this particular region is due to an exchange of nutrients between the plant and the
different communities surrounding the root, which allows different types of associations (Figure 1).
A number of factors have been shown to influence the quantity and quality of root exudates including
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plant species [14], soil type [15,16], developmental stage [17], and nutritional status [18]. If specific
elements associated to the release of such exudates are better understood, novel approaches to enhance
beneficial microbial communities could be proposed.

Figure 1. Examples of plant-microbe interactions in the rhizosphere. Plant roots release
exudates containing sugars, organic acids, and amino acids that may attract microbes.
In exchange, they protect the plant against pathogens releasing antimicrobial compounds;
or increase nutrient uptake. On the other hand, these carbon-containing compounds can
also attract pathogens. They can compete for nutrients, infect the plant, and affect the

rhizosphere microbial community.

Recent studies have revealed that plants are able to shape their rhizosphere microbiome [12,19,20].
Some plant species have been demonstrated to host specific communities and attract protective
microorganisms to suppress pathogens in the rhizosphere [21]. Soil physical, chemical, and biological
properties will also play an important role in the establishment of such plant-microbe interactions [12].
Although pathogens can severely affect plant health, certain beneficial bacteria and fungi that also
thrive in the rhizosphere, or inside plant tissues, also known as endophytes, can compete with these
pathogens for space and nutrients; therefore exert an antagonistic effect on them [22,23]. Root-associated
beneficial soil bacteria are generally known as Plant Growth Promoting Rhizobacteria (PGPR).

PGPR grow in, on, or around root plant tissue and enhance plant growth, increase yield, protect
plant against pathogens, and/or reduce abiotic or biotic stress [24]. Growth promotion can be achieved
directly by the interaction between the microbe and the host, as well as indirectly, due to antagonistic
activities against plant pathogens. Various interacting microbes produce phytohormones, which have
been shown to inhibit or promote root growth, protect plants against biotic or abiotic stress, and improve
nutrient acquisition by roots [25,26]. PGPR represent an environmentally sustainable alternative to
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increase crop production and plant health as they have the potential to at least partially replace
chemical fertilizers and pesticides and their use may then be reduced (Figure 1).

An interesting example of the role of microbial communities in plant nutrition and health is the
interaction between rhizosphere fluorescent pseudomonas and plants. Plants reduce soil iron (Fe)
availability by acquiring iron and releasing exudates which attract to the rhizosphere microbes that
also utilizes Fe. In Fe-stressed environment, siderophore-producing bacterial populations are enriched,
which then suppress pathogens such as fungi and oomycetes through competition for Fe. The plants,
however, are able to utilize siderophores-bound iron, which enhances their growth [27].
Another instance applied to plant disease suppression is the ability of resident microbiota in
suppressive soils or compost to prevent pathogen infection [28]. In a soil suppressive to the fungal
pathogen Rhizoctonia solani, Proteobacteria, Firmicutes, and Actinobacteria were prominent taxa
found to be involved in disease suppression [21]. There is also evidence to suggest that plants may use
microbial communities to their own benefit to avoid infections [21].

The presence of potentially toxic compounds, low availability of essential minerals and pathogens
in the soil often restrict crop production. To address these issues, numerous studies have focused on
specific genes from plants and microbes that are involved in nutrient uptake and defense against
pathogens [29-31]. Different molecular techniques have been used to conduct these studies. These methods
range from DNA-based techniques [32,33], microscopic observation of labeled microorganisms
colonizing roots [34,35], and incorporation of labeled nutrient substrates [36—38].

Using molecular methods to address research questions in soil environments is often challenging
given the intrinsic characteristics of soil samples. The most common problems include presence of
enzyme-inhibiting organic compounds such as humic and fulvic acids, as well as low extraction yields
due to adsorption of nucleic acids to soil particles, incomplete cell lysis, and DNase and RNase
contamination [39,40]. Extraction methods using bead-beating are the most used and they were shown to
be so far the most efficient to overcome the problem of adsorption of nucleic acids to soil particles [41].
RNA-based studies are even more challenging because of the higher instability of RNA molecules
compared to DNA. The ubiquity and stability of RNases make it difficult to obtain RNase-free
enviroments. In addition, often mRNA is fragmented even before cell lysis, because of simultaneous
transcription and translation occurring in archaeal and bacterial cells [42]. For approaches that focus
on mRNA, such as microarray and metatranscriptomics analysis, often an rRNA subtraction step is
advised as only up to 5% of extracted total RNA is comprised of mRNA. For this purpose, several
methods have been developed and a comprehensive review describing methods and alternatives to deal
with most methodological problems can be found elsewhere [43]. In the following sections, some of
the methods that have been used as indicators of soil quality are briefly described and advantages and
disadvantages are discussed.

3. Methods for Studying Microbial Communities

Robust indicators are necessary to monitor changes in soil quality. One of the advantages to study
soil microorganisms is their rapid response to disturbances; therefore, they may provide instant
information about soil health. During the last decade, new molecular, enzymatic, and organism-based
techniques have been developed to diagnose soil health and complement existing physicochemical
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properties [44]. These techniques have been systematically evaluated for their sensitivity and capacity
to discriminate between types and uses of soils, as well as their ecological relevance. A summary of

advantages and disadvantages inherent to each method is summarized in Table 1.

Table 1. Advantages and disadvantages of molecular methods described in this study to

characterize soil microbial communities. Methods are sorted based on their ability to

profile microbial biomass, diversity or activity. Chloroform Fumigation-Extraction (CFE);
Phospholipid Fatty Acid Analysis (PLFA); Quantitative PCR (Q-PCR); Denaturing
Gradient Gel Electrophoresis (DGGE); Temperature Gradient Gel Electrophoresis
(TGGE); Single-Strand Conformation Polymorphism (SSCP); Terminal Restriction
Fragment Length Polymorphism Fingerprinting (T-RFLP); Automated Ribosomal
Intergenic Spacer Analysis (ARISA/RISA); Length-Heterogeneity PCR (LH-PCR);
Random Amplified Polymorphic DNA (RAPD); Amplified Ribosomal DNA Restriction
Analysis (ARDRA); Fluorescence Irn Situ hybridization (FISH); Fluorescein Diacetate (FDA);
Stable-Isotope Probing (SIP).

Methods Advantages Disadvantages Ref.
-Measurements of microbial
. Y . -Clay soils may need to be corrected for
CFE biomass can be done in recently
the amount of chloroform C added to [45,46]
added and freshly decomposed ; )
assess the concentration of biomass C
substrates
-Sensitive detection and accurate
quantification of different microbial
groups -Time consuming
- -Rapid and efficient -Low number of samples can be treated at [47]
‘fﬂ -Useful information on the the same time
= dynamics of viable bacteria
©) .
= -Reproducible
-Quick, accurate and highly
sensitive method for sequence
quantification that can also be used  -Can only be used for targeting of known
to quantify microbial groups sequences. (48]
-Relatively cheap and easy to -DNA impurities and artifacts may create
implement false-positives or inhibit amplification.
-Specific amplification can be
confirmed by melting curve analysis.
-Time consuming
.. . -Multiple bands for a single species can
-Sensitive to variation in DNA wHp . gesp .
be generated due to micro-heterogeneity
sequences [49]

DIVERSITY

-Bands can be excised, cloned and
sequenced for identification

-Can be used only for short fragments
-Complex communities may appear
smeared due to a large number of bands
-Difficult to reproduce (gel to gel variation)
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Table 1. Cont.

Advantages
-Community members can be
identified

-Screening of potential variations in

sequences
-Helps to identify new mutations

-Enables analyses of a wide array of

microbes
-Highly reproducible
-Convenient way to store data and

compare between different samples

-High resolution when detecting
microbial diversity
-Quick and sensitive

-Results are reproducible
-Easy and rapid
-Efficient and reliable

-Suitable for unknown genomes
-Requires low quantities of DNA.
-Efficient, fast and low cost

-Highly useful for detection of
structural changes in simple
microbial communities

-No special equipment required

-Allows detection and spatial
distribution of more than one
samples at the same time

586
Disadvantages Ref.
-Short fragments
-Lack of reproducibility
-Several factors like mutation and size [50]
of fragments can affect the sensitivity of
the method
-Artifacts might appear as false peaks
-Distinct sequences sharing a restriction [49.51,52]

site will result in one peak.
-Unable to retrieve sequences

-More than one peak could be generated
for a single organisms

-Similar spacer length in unrelated [49]
organisms may lead to underestimations
of community diversity

-Limited by the bacterial species known
in public databases

-Not enough information is available for

52-54
fragment length on databases to [ ]
compare LH-PCR lengths with
environmental microorganisms.

-Low reproducibility [55,56]

-Sensitive to reaction conditions

-More applicable to environments with

low complexity

-Several restrictions are needed for

adequate resolution [51]
-Labor- and time-intensive

-Different bands can belong to the same

group

-Autofluorescence of microorganisms
-Accuracy and reliability is highly [57]
dependent on specificity of probe(s)

-Analyzes a vast amount of genetic

information simultaneously

-Requires the construction of an array
and access to a scanner

-Issues with specificity/cross
hybridization

-Requires normalization

-Sensitivity and reproducibility can be
problematic

-Limited by the presence of probes on
the array

[58,59]
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Next
Generation
Sequencing
(16S rRNA
amplicon
sequencing)

Next
Generation
Sequencing
(metagenomics)

Functional
Gene Arrays
(RNA-based)

Next
Generation
Sequencing

(Metatranscrip
tomics)
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Table 1. Cont.
Advantages Disadvantages Ref.
-Rapid method to assess biodiversi : .
. v -Relatively expensive
and abundance of many .. . .
. . ... -Replication and statistical analysis are
species/organizational taxonomic units .
. . essential
simultaneously and at a considerable . . .
-Computational intensive
depth compared to the methods that Challenging in terms of data analysis
have been available so far SHE v
-Biodiversity can be studied in -High cost
more detail -Data analysis is challenging and time-
-Captures polymorphism in consuming
microbial communities -Difficult to use for low-abundance
-Reveals the presence of thousands  communities. [60.61]
of microbial genomes -The high biodiversity in soil leads to ’
simultaneously many incomplete genomes
-Provides information about the -Current sequencing methods and
functions of microbial communities computing power still in its infancy to
in a given environment the high biodiversity in soil
-Low-cost, easy and fast method to  -The measurement of soil microbes by
measure microbial activity for soil ~ FDA can be contaminated by external [62,63]
samples sources, e.g. plant matter
-High sensitivit . .
. . . U : -Incubation and cycling of the stable
-Provides evidence on the function ; ) o
) . . isotope might cause biases within the [64]
of microorganisms in a controlled ) : ..
. microbial communities
experimental setup
-Requires the construction of an array and
access to a scanner
-Issues with specificity/cross
: hybridization
-Analyzes a vast amount of genetic ’ . .
. . -Requires normalization
information simultaneously . . [58,59]
-Insufficient sensitivity and
reproducibility can be problematic
-Limited by the presence of probes on
the array
-Issues with RNA extraction from soil
-Allows rRNA and/or mRNA
rofiling and quantification without . . .
2 . . o -Many issues with isolation of RNA
prior knowledge of sequence .
Provides a snapshot of microbial from soil
- v . . . .
) P ) : -mRNA isolation and often amplification
transcripts at the time of sampling . .
are required for gene expression analyses [43,65]

that may allow deduction of
microbial ecosystem function
-Helps to understand the response
of microbial communities to
changes in their environment

-Current sequencing methods, data bases
and computing power are not sufficient yet
to cover the high biodiversity in soil.
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3.1. Low to Medium Resolution Fingerprinting Methods Based on PCR Analysis

Since a few decades ago, molecular approaches have been used to investigate the diversity and
composition of soil communities. DNA arrays, fatty acid analysis, fingerprinting, and in situ
techniques (FISH) are commonly used to assess soil quality. Many genetic fingerprinting techniques
are based on PCR amplification that provides information about the genetic structure of a community.
They can be divided into two groups according to the differential electrophoretic migration on agarose
or polyacrylamide gels: (1) migration depending on the size (T-RFLP, ARISA/RISA, RAPD, SSCP,
LH-PCR) and (2) migration depending on the sequence (DGGE, TGGE; abbreviations are explained
below). The generation of amplified fragments by selected primers can be used to evaluate the
community structure of microbial populations. These approaches are particularly useful for comparing
bacterial communities [66]. The main advantages and disadvantages of each method described below
are summarized in Table 1 and further discussed in Section 4 to assist with methods choice and
possible complimentary approaches. For example, all PCR based fingerprinting methods are likely to
underestimate diversity, but are useful for tracking the dominant members of the community in
complex environments such as soil. This is because PCR typically preferentially amplifies short
fragments, with weak secondary structures (low GC contents), and from cells that provide easily
extractable DNA [67]. Advantages of DGGE/TGGE, SSCP, ARISA/RISA, LH-PCR, RAPD in
comparison to the other PCR-based fingerprinting methods include (i) fast evaluation of community
changes, (ii) there is no need to clean-up of amplification products or digestion with restriction
enzymes [53].

3.1.1. DGGE/TGGE

Denaturing Gradient Gel Electrophoresis (DGGE) and Temperature Gradient Gel Electrophoresis
(TGGE) were developed to separate PCR-amplified ribosomal DNA fragments of DNA with the same
length but with variation in nucleotide composition. Over the years these methods were adapted to
analyze bacterial community structure. The separation principle for both methods is applying a linear
gradient of DNA denaturing agents (such as a mixture of formamide and urea in DGGE), or
temperature (TGGE) on polyacrylamide gels to influence the electrophoretic mobility of partially
melted double-stranded DNA. Melting temperatures are associated to the sequence, and DNA
fragments stop migrating when regions of base-pairs with the lowest melting temperature reach this
temperature. This occurs due to a transition of conformation from helical to partially melted, and
consequently the movement along the electric field will stop. A GC clamp (GC rich sequence) attached
to the 5'—end is used as a special primer to anchor the PCR fragments and prevent them from
completely dissociating. Soil bacterial dynamics, structure, and diversity are still being assessed
through these methods but have also been increasingly replaced by the advent of high-throughput
sequencing platforms. This is because DGGE and TGGE can only detect the most abundant organisms
present in the bacterial community. In addition, interpretation can be misleading as a single band may
represent multiple species and same species may be represented by multiple bands [68,69].
Taxon-specific primers combined with nested PCR have then been developed to profile microbial
populations that occur in low abundance and appear to be able to show congruent results with more
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thorough methods such as 16S rRNA gene amplicon pyrosequencing to profile low abundance
microbial populations [70]. These methods have contributed to elucidate changes in microbial
community structure in response to long-term effects of diverse minerals and molecules [71-73].
Different rhizosphere studies have utilized DGGE/TGGE methods to compare microbial communities
under shifting conditions. For instance, Zhou and Wu (2012) identified changes in structure and
composition of bacterial and fungal communities under different concentrations of the autotoxin [74].
In addition, molecular fingerprinting of microbial communities demonstrated changes in environmental
conditions at a volcanic CO; vent reported by Frerichs ef al. 2012 [75]. Another study reported the
effect of genetically modified microorganisms introduced for rhizoremediation and their impact on
native community structure of eubacteria, o and B—proteobacteria, actinobacteria, and acidobacteria
using TGGE [76]. In general, gradient gel electrophoresis-based methods are more laborious compared
to other fingerprinting methods using gel electrophoresis, such as RISA or RAPD (described below).

3.1.2. T-RFLP

Terminal restriction fragment length polymorphism fingerprinting (T-RLFP) uses either the 5’ PCR
primer, or both primers, labeled with a fluorescent dye. The labeled primer allows the tagging of
amplification products that are then digested with one or several restriction enzymes, which result in
labeled terminal restriction fragments whose sizes are determined by capillary methods or on a
sequencing gel [77]. As different soil microbial communities will exhibit distinct combinations of
restriction sites because of the variation on the sequences of the gene that has been amplified,
“fingerprints” are obtained for particular assemblages of organisms. However, different DNA amounts
may disturb the abundance and phylotypes in a T-RFLP profile. Dumber et al. suggested using the
profile with the smallest total peak heights as a base to normalize the total peak heights. This method
will produce a correction factor for each profile. Once each peak is adjusted, the different amounts of
DNA will be compensated [78]. T-RFLP approaches have provided a better understanding of changes in
the structure and composition of soil communities in a number of environments including soil [79-81].
Several studies involving crops have included this method. For instance, Hilton et al., 2013, identified
the cause of a decline in yield of oilseed rape (OSR) monocultures using T-RFLP and other methods.
This study showed that two fungi that showed high similarity with plant pathogens were enriched in
monocultures compared to OSR cultivated in a range of rotations [82]. Furthermore, it is well known
that arbuscular mycorrhizal (AM) plays an important role in soil bacteria population and plant health.
Using T-RFLP, Toljander et al., 2007, identified changes in bacterial community composition in
response to AM extraradical mycelia exudates in vitro [83]. Compared to the previously described
methods, T-RFLP offers the advantage of allowing higher throughput.

3.1.3. SSCP

Similarly to DGGE/TGGE, single-strand conformation polymorphism (SSCP) is an electrophoresis
method adapted to the analysis of microbial communities; however the separation is based on
single-stranded DNA. Secondary structures formed with the single-stranded DNA are used to separate
between products from different phylotypes. Unlike DGGE/TGGE or T-RFLP, in SSCP neither GC
clamps nor restriction digestions are required. Typical problems with this technique are the occurrence
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of three bands due to several conformations of one product. Recently, this technique has been used for
the rapid profiling of soil microbial communities [84,85] and phylogenetic studies [86]. An interesting
study on diversity and distribution of polyhydroxyalkanoate-producing bacteria has used SSCP as a
culture-independent approach. Gasser et al., 2009, concluded that the method helped to confirm that
rhizosphere is an attractive reservoir for bacteria, which are producers of polyhydroxyalkanoate.
However, at a strain level some incongruities between the culture-dependent and culture-independent
(SSCP) methods were detected [87]. SSCP-based approaches have been also used as well on fungal
communities. For example, Zachow et al., 2009, used SSCP analysis to assess rhizosphere fungal
diversity on the Canary Islands. In this study, Trichoderma-specific communities which play a major
role in soil health exhibited low diversity [88]. An improved variation of this technique, namely the
Capillary Electrophoresis-Single Strand Conformation Polymorphism (CE-SSCP) fingerprinting has
been developed and used to profile communities with low complexity [85], but its application for
highly diverse environments is still under evaluation. An alternative of this variation is polymerase
chain reaction-free; however it has also been tested only in low diversity samples [89].

3.1.4. ARISA/RISA

The automated ribosomal intergenic spacer analysis (ARISA/RISA) method aims to monitor
changes in microbial diversity, based on the variation in lengths of the Intergenic Transcribed Spacer
(ITS) region between the 16S and 23S, as well as 18S and 28S rRNA-encoding genes, for bacteria and
eukaryotes (in particular fungi), respectively. This method has been used to compare microbial
community structure and estimate species richness of multiple samples from several environments
including soils [90-95]. Zancarini et al., 2012, studied the different responses of rhizosphere microbial
communities under N availability and plant genotype. The influence of those two variables was
determined by the ARISA method. According to the results, nitrogen availability affected bacterial
communities only in presence of the plant [96]. This technique has also been used in agricultural fields.
Baudoin et al., 2009, used ARISA fingerprints to determine the effect of plant growth-promoting
rhizobacterium (PGPR) Azospirillum lipoferum CRT1 on the structure of rhizobacterial communities
in field-grown maize. Results showed that this method was able to distinguish from plant to plant
variability, as well as to detect changes in native rhizobacteria communities after Azospirillum
inoculation [97]. Two main limitations of this method have been raised. Firstly, the length of the
spacer may vary in a single genome due to differences in multiple operons, which would cause an
overestimation of richness. Secondly, spacer regions with the same length may be found in unrelated
microbes. An in silico approach used hundreds of complete bacterial genomes to obtain a dataset of
bacterial 16S-23S spacers and simulate ARISA profiles to evaluate the accuracy of richness
estimations [98]. It revealed that ARISA is not suitable to estimate richness of highly diverse
ecosystems such as soils. However, despite the fact that this method overestimates species richness,
a correction can be applied to assess species richness in low diversity ecosystems [98].

3.1.5. LH-PCR

Amplicon Length-Heterogeneity PCR (LH-PCR) is a technique analogous to ARISA. This method
is based on the natural differences between lengths of amplified gene fragments. So far it has been
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used for analysis of 16S rRNA fragments. The length differences within the 16S rRNA genes or inter-genic
spacer regions can be compared with databases in databases to identify the most probable identity of
microbial groups. Available databases include Greengenes, SILVA, Integrated Microbial Genomes, or
NCBI. LH-PCR can provide insight into the community structure without the construction of clone
libraries and DNA sequencing analysis [53]. In soil, it has been successfully used to assess differences
in soil bacterial community structures [54,99,100]. For instance, it has been used to characterize
phylotypes in soil fungal communities. Wu et al., 2008, demonstrated that soil fungal communities
were affected by land and crop management practices [101]. The inherent limitations of this method
are the same as ARISA.

3.1.6. RAPD

Random Amplified Polymorphic DNA (RAPD) is a technically simple method that was developed
to analyze genetic relationships and genetic diversity [102]. Short (10-mer), single synthetic
oligonucleotide primers of arbitrary nucleotide sequence are used to anneal at multiple locations on the
microbial genomes. A range of amplicons that are characteristic of the template are then generated.
Typically, very low annealing temperatures are used to allow promiscuous pairing of the primer
(approximately 36 °C). For this reason, reproducibility of profiles is often an issue. This technique has
been one of the most commonly-used molecular techniques to develop DNA markers. It is also less
time consuming and cheaper than T-RFLP. RAPD is described as a useful tool for soil microbial
community analysis to access soil microbial genetic structure [103—105] and genetic fidelity of
micro-propagated plants [106].

3.1.7. ARDRA

Amplified Ribosomal DNA Restriction Analysis (ARDRA) generates restriction fragment profiles
from the 16S rRNA gene amplicon of bacterial populations, or from the 18S gene of fungal
populations. After amplification of a specific region, the product is digested using tetracutter
restriction enzymes. The amplified products can be used as a pool for fingerprinting or as clone
libraries to differentiate each sequence in further analyses [5S1]. Universal primers cannot provide
much information on particular organisms in the sample but can be used to compare microbial
community structure across samples. Alternatively, specific primers for certain microbial types can be
used for phylogenetic analysis. ARDRA has been used as a tool for the classification of isolates with
antagonistic properties against Phytophtora capsici [107], identification of clusters isolated from
glacier soils [108], and confirmation of PGPB strain inoculation in strawberry between mother-plant
and daughter-plant via stolon [109]. In addition, this method has been traditionally used to assess
microbial diversity in a number of environments, including soils [107,110,111].

3.1.8. Q-PCR

Real-time quantitative PCR (Q-PCR) or reverse transcriptase Q-PCR (RT-PCR) is a technique that
collects amplification data while the PCR occurs [112]. Different fluorescence chemistries are
available, including SYBR green and TagMan. The first dye binds to any double-stranded DNA. The
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latter requires pre-designed probes that will be hydrolyzed given the 5’ nuclease ability of the DNA
polymerase during the extension step and fluorescence emission will be consequently higher. The PCR
cycle where amplification is first detected is known as cycle threshold (CT) and can be identified when
the background fluorescence is lower than the fluorescence intensity. Real-time has been used in
several rhizosphere studies such as in the evaluation of soil acidobacterial communities’ responses
from soybean croplands and adjacent amazon forest [113]. In addition, the effect of long-term
fertilization on the activity of ammonia oxidizers communities in the rhizosphere of a fluvo-aquic soil
was also assessed through this method [114]. An interesting approach has been proposed to estimate
relative abundances of the most common taxonomic groups of bacteria and fungi in the soil using
taxon-specific real time primers [115]. An improvement of these primers was later proposed by
increasing coverage without affecting their specificity [116]. The limitation for using this approach is
that the taxonomic resolution is considerably low. Compared to other PCR-based techniques;
Q-PCR provides quantitative data on gene and transcript abundances, and does not require post-PCR
handling avoiding potential contamination of samples [117]. Q-PCR is usually restricted to a relatively
low number of sequences as it requires specific primers, although high-throughput Q-PCR has also
been developed [118].

3.2. Non-PCR Based Methods
3.2.1.CFE

Chloroform Fumigation-extraction (CFE) uses chloroform as a biocide. Microbial components are
degraded by enzymatic autolysis and converted into extractable compounds. Following incubation
with chloroform, the components are extracted using 0.5 M K,SO4. Total dissolved carbon can then be
determined on a TIC/TOC analyzer. For N extraction, samples are required to be digested via Kjeldahl
digestion. The C and N difference between fumigated vs. non-fumigated soils is the chloroform-labile
C or N pool (EC) and it is proportional to microbial biomass C or N (C, N).

C =EC/KEC or N = EN/KEN

Where kEC and kEN is soil-specific. It has been estimated as 0.45 and 0.54 respectively [119-121].
This method is one of the most commonly used to estimate soil microbial biomass carbon [122,123].
Biomass measurements are important to characterize soil basic properties as well as to prognosticate
metal transport models from soil [45]. Soil microbial biomass has been estimated by CFE and
combined with stable isotope analysis to identify the source of microbial biomass carbon and measure
turnover rates of different molecular size compounds in soil [124]. In recent studies, microbial biomass
C and N were measured using CFE to understand the influence of biological soil crust (BSCs) on
microbial communities in sand dunes [125].

3.2.2. PLFA

Phospholipids derived from microbial cell membranes can be used to distinguish specific microbial
taxa. These phospholipids contain unique fatty acids composed of different acyl chains and can be
used as biomarkers for microbial groups. Phospholipid Fatty acid Analysis (PLFA) is widely used in
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microbial ecology as chemotaxonomic markers of microorganisms. The technique is based on the
premise that phospholipids are rapidly degraded, therefore phospholipids remaining should belong
to living organisms. Buyer and Sasser [126] have developed a new procedure with increased
throughput and therefore a large number of PLFAs can be analyzed. The method has been used to
detect changes and structure of soil microbial communities [127—129]. The PLFA method has been
used recently to understand the formation of soil organic matter (SOM) and the involvement of
microbial cell-envelope fragments in this process. Results from PLFA provided a better understanding
of SOM development and the relationship between microbial abundance and activity [130]. The use
of PLFA to determine diversity indices has been criticized as the phylogenetic resolution of
community characterization is low [131].

3.2.3. FDA

Fluorescein diacetate (FDA) has been used since early 80s as a measure of microbial activity [132].
FDA is hydrolyzed by free exoenzymes and membrane-bound enzymes that convert the colorless FDA
in a colored fluorescein. Fluorescein can then be quantified by spectrophotometry at 490 nm
wavelength [62]. This method is generally applied to estimate total microbial activity and has been
proposed to be used as a biochemical/biological indicator of soil quality [63]. Recent publications have
used this method in a subtropical coal mining dump as a bioindicator for revegetation practices [133],
in a glacier forefield to measure the effect of reciprocal soil transfer on microbial activities along a
temperature and soil moisture gradient in glacier forefield [134], and in a flooded soil to assess the
impact of elevated temperature and carbon dioxide on soil enzyme activities in a tropical flooded
rice plantation [135].

3.2.4. SIP

Stable-isotope probing (SIP) incorporates *C-labeled, '“C-labeled or '°N substrates into cellular
biomarkers. SIP is applied to the identification of active microorganisms without the use of
radioactive isotopes. The substrate can be purified from unlabeled nucleic acid by density-gradient
centrifugation [64,136]. This is typically followed by molecular profiling or sequencing analyses by
using one of the techniques described in the present review. This technique has been applied to detect
spatial variation of active microorganisms related to the C flow in the rhizosphere [137]. In addition,
fungal-bacterial interactions have been studied using SIP in an effort to understand the role of each
community in the litter degradation of soils [138]. Interactions involving fungi and bacteria have been
studied using SIP to better understand the role of each community in litter degradation of soils [138].
The method also allows to track different processes like matter fluxes and biochemical activities in
microbial communities. Comparing with other methods, SIP can provide information about C fluxes
involving microbial communities in the soil [64].

3.2.5. DNA Arrays

After 17 years since its first appearance, microarray techniques have evolved in gigantic steps [139—141].
Thousands of microarray papers are published annually and the number keeps growing. A DNA array
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is solid surface that has been spotted with an arrangement of DNA samples. Spots containing DNA,
cDNA, or oligonucleotides (DNA chips) typically represent genes with known and unknown function
as well as non-coding RNA. DNA or reverse-transcribed RNA is then hybridized onto these spots and
information on thousands of genes can be simultaneously collected. Various reports on genome-wide
transcriptional profiling of soil microbes as well as numerous studies assessed changes in bacterial
diversity after a disturbance or treatment through microarrays [142—147]. For example, the PhyloChip
was used for microbial community profiling of disease suppressive soils [21].

Microarray applications on soil microbial communities include profiling of taxonomic groups and
functional genes or RNA (cDNA from mRNA or rRNA). DNA microarrays containing functional
microbial genes are also known as Functional Gene Arrays (FGA), and a typical example is the
GeoChip 3.0 that harbors 57,000 genes with known function from many different species and gene
variants from 292 functional gene families [148]. mRNA-based expression profiling aims to identify
and characterize differentially expressed genes, some of which can be grouped into clusters based on
similar or coordinated gene expression patterns. These “regulons” may belong to specific signaling or
biochemical pathways in microorganisms. However, most FGAs have been used for microbial DNA
and the profiling of the presence of certain genes rather than gene expression (mRNA) [149,150].
It should be mentioned that the use of microarrays for soil microbial communities is limited to the
sequences provided as probes. Typically, microarray data and other methods are verified and further
analyzed for the presence of certain microbes, certain microbial genes or individual differentially
expressed candidate genes. This can be done by either nucleic acid blot hybridization or by Q-PCR.

3.2.6. FISH

Fluorescence in situ hybridization (FISH) is a technique that has been used since the late 80s. A
fluorescent molecule or fluorochrome is conjugated with an oligonucleotide probe. In microbiology,
16S rRNA is generally used as a probe due to its genetic stability and high copy number. The
fluorescent probe binds to a complementary sequence that can therefore be detected using fluorescence
microscopy. Nowadays, FISH is a widely used tool in several fields in microbiology including
ecology, phylogenetics, and diagnostics [57]. For example, the presence of live bacteria was detected
in root segments of Arabidopsis thaliana by CARD-FISH, which is a variation of FISH that improve
its sensitivity through the use of horseradish peroxidase-labeled probes in combination with catalyzed
deposition. This study provided a better understanding of the influence of soil type, plant development
stage and genotype as key factors to mold the root microbiome [20].

3.3. High-Throughput Sequencing Technologies

High-throughput sequencing approaches (also referred to as next generation sequencing; NGS) are
increasingly being used for estimates of microbial diversity in complex environments such as soils in a
culture-independent manner. Due to advances in nanotechnology and bioinformatics, alternative
technologies have been created to increase the throughput of DNA and RNA sequencing have
emerged. Such technologies play a major role in metagenomic (DNA-based), and metatranscriptomic
(RNA-based) approaches, which provide a comprehensive picture of potential and active functions of
microbial communities, respectively [43,151]. The most widely-used platforms for massive parallel
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sequencing for assessing soil microbial diversity are Roche 454 Genome Sequencer (Roche
Diagnostics Corp., Branford, CT, USA), HiSeq 2000 (Illumina Inc., San Diego, CA, USA), and AB
SOLiD™ System (Life Technologies Corp., Carlsbad, CA, USA). Other commonly used high
throughput sequencing systems that have been applied to other approaches including
metatranscriptomics and whole genome re-sequencing are also described below for comparison, which
includes Ion Personal Genome Machine (Life Technologies, South San Francisco, CA, USA),
Heliscope (Helicos Bioscience Corp., Cambridge, MA, USA), and PacBio RS SMRT system (Pacific
Bioscience, Menlo Park, CA, USA). A comparative summary of the main features of these platforms is
shown in Table 2.

Table 2. Comparative summary of high-throughput sequencing platforms.

Read Run Error Output

Technology  Cost . Notes Ref.
length time rate per run
T -Provides one of the longest reads, which
0
1500 makes it ideal for studies aiming at
b measuring microbial diversity as it provides
454 Low ((1_218 23 h Low 0.7 Gb a more refined taxonomic assignment. [152,153]
-The calibration base calling cannot
FLX+) )
interpret long stretches of the same
nucleotide
-Error rates increase past 32 bp
120 Gb -Provides the highest output of reads, which
) 2x100  3toll makes it suitable for metatranscriptomics
Illumina Low Low to 600 . . . . [152]
bp days Gb studies, which require considerable
sequencing depth for detection of rare
transcripts.
. . Up to [152,154,
SOLiD High 50 bp Moderate 150 Gb  -Offers 99.9% accuracy
8 days 155]
Mod From 20
0
PGM . 400bp 3h High Mb to -Inadequate for SNP or mutation analysis [156-158]
erate
400 Mb
Over 1 ; . .
. . 30 . -Single molecule sequencing has higher raw
HeliScope High 35bp High Gb per [154,155]
days error rates
day
1100 . -It has the ability to observe and capture
SMRT Low 2h High 230 Gb o } [159]
bp kinetic information

3.3.1. Roche 454 FLX Pyrosequencer

This system is based on the detection of pyrophosphate (PPi) that is released during DNA synthesis.
The intensity of the visible light that it generates is proportional to the number of nucleotides
incorporated. The FLX instrument applies 100 flows of each nucleotide. The resulting reads of the
GS FLX Titanium XL + yield up to 700 Mb of data. The read length provided by the latest 454
platform can come to 1000 base pairs (bp). Due to reasonably longer sequences compared to the other
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high-throughput sequencing platforms (see below sections) and higher output compared to
conventional cloning sequencing approaches, pyrosequencing allows the detection of rare bacterial and
archaea genera. Recently, this method has been extensively used to characterize composition and
diversity of soil microbial communities [20,107,160—-163] and has also been applied to understand the
effect of heavy metals and disturbances on soil microbial communities [162,164,165].
The particularity of this method is that it provides reads that are long enough (average 500 bp but up to
1000 bp) to assign probable taxonomic identity up to genus level and rare groups can be detected as
thousands of reads can be obtained per sample. For instance, Lundberg et al. (2012) [20] provided new
insights into the bacterial communities associated to Arabidopsis thaliana through 16S rRNA gene
amplicon pyrosequencing. A comparison of the composition of microbial communities colonizing the
rhizosphere with the endophytic compartment showed an enrichment of Actinobacteria and
Proteobacteria in the endophytic compartment in both soil types tested [20]. In farming systems,
pyrosequencing has been used to evaluate the effect of conventional and organic systems on bulk soil
bacterial communities [166]. Another study found differences in soil bacterial community composition
in the rhizosphere of plants with activated jasmonate signaling pathway [137]. However, compared to
other methods it is more costly and analytically more challenging to assess changes in microbial
community structure.

3.3.2. [llumina Genome Analyzer

The Illumina genome analyzer platform is based on parallel, fluorescence-based readout of millions
of immobilized libraries that are sequenced using reversible terminator chemistry. Nowadays, Illumina
offers four sequencers: HiSeq 2500, Hi Seq 2000, Genome Analyzer IIx and MiSeq platform. The
most powerful of them is the HiSeq 2500, which delivers up to 600 Gb of data with a maximum of six
billion reads per run, and a read length of approximately 2 x 100 bp [167]. Compared to the Roche 454
FLX pyrosequencer, Illumina sequencers have shorter reads but a much higher throughput, which
makes them very appropriate for gene expression studies of complex environments such as soils. This
method has enabled the characterization of a number of microbial communities [168] and
demonstrated a low cost access to DNA from organisms with low relative abundances [169].
The problem with performing microbial diversity studies with this platform is that although the output
is much higher than pyrosequencing, the length of reads are shorter, which turns the taxonomic
assignment less accurate. Still, a few studies have used this method to measure diversity in microbial
communities. For instance, soil management practices such as tillage was reported to affect microbial
diversity in a subtropical acrisol [170]. Another study documented distinct fungal community
compositions in green roofs and five city parks in New York City, with only 54% of taxonomic group
overlap between green roof media and park soils [171]. A combined approach using metagenomic
analysis and functional assays provided evidence to suggest that soil resource availability and soil
stratification had an effect on functional diversity and to a lower degree on taxonomic diversity [172].
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3.3.3. Applied Biosystems Sequencing by Oligonucleotide Ligation and Detection (SOLiD) Sequencer

Similarly to the 454 platform, the Sequencing by Oligonucleotide Ligation and Detection (SOLiD)
system uses emulsion PCR to produce clone libraries. However, different from the other technologies,
SOLiID uses a DNA ligase as well as a unique approach to sequence amplified DNA fragments.
In brief, a fluorescently-labeled probe hybridizes to its complementary sequence. DNA ligase is added
to join the dye-labeled probe to the primer. Fluorescence imaging determines the identity of the ligated
probe. This technology generates billions of short sequence reads (2 x 60 bp) at once (120 Gb of data).
In a recent study, SOLiD was used to sequence the genome of the Pectobacterium sp strain SCC3193,
which is known for causing soft rot and blackleg disease in different plants. This platform was used to
correct the homopolymer and assembly errors obtained by 454 sequencing [173]. The main
disadvantage of this platform is the difficult assemblage of short reads, which also applies for the
[llumina platform. However, its two-base sequencing technology provides the highest accuracy of all
platforms. It is widely used for transcriptomics and epigenomics.

3.3.4. Ion Personal Genome Machine (PGM)

This platform uses semiconductor sequencing technology. Each time a nucleotide is incorporated
into the DNA a proton is released, and the subsequent change in pH is measured by pH-sensitive field
effect transistor. Therefore, no labeled nucleotides are used and synthesis is detected directly. It offers
shorter run times when compared to systems based on fluorescence detection. Currently, it delivers
400 bp reads in four hours. A microbial ecology sequencing platform has been recently proposed to
assess bacterial and archaeal community dynamics using the PGM [174]. This platform was also used
in a study which showed that diesel biodegradation was affected by modifying the microbial
community structure [175]. Furthermore, consistent microbial community shifts were observed when
diesel and nutrients were added to Arctic soils. Actinobacteria and Proteobacteria became dominant in
low-organic matter and high-organic matter, respectively [176].

3.3.5. Heliscope Single Molecule Sequencer

The main innovation of this platform is the direct sequencing of DNA/RNA fragments, therefore no
amplification is needed. It involves fragmenting the template DNA and hybridizing on disposable glass
flow cells. Each of the 25 channels on one standard flow cell can be addressed individually for the
addition of samples. Once the flow cells have been prepared, they are inserted in the HeliScope
Sequencing system along with all the reagents necessary for sequencing by synthesis and imaging.
This system can generate billions of reads per run that range from 25 to 35 bp [154], and the data
output is over one Gb per day Heliscope might contribute to genome biology through direct
sequencing of nucleic acids. For example, Kapranov et al. [177] obtained sequence information for
counting abundance of short RNA (sRNAs) and discovery of new sRNAs through the HeliScope
sequencer in cultured cells. This technique counts with a high error rate that goes between 3 to 4%.
Compare to other methods it manage a higher cost than other platforms and still not popular in the
NGS market [152].
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3.3.6. Pacific Biosciences SMRT DNA Sequencer

Pacific Biosciences launched in 2010 a single-molecule real-time sequencing platform [156]. This
platform uses a structure called Zero Mode Waveguide or ZMW. This structure allows the observation
of a single nucleotide of DNA being incorporated by the DNA polymerase fixed at the ZMW. Each
nucleotide has been marked with different fluorescent dyes. A detector reads the fluorescent signal of
the nucleotide incorporated. SMRT has been used mainly in genome sequencing, re-sequencing and
methylation detection [178]. English et al. [179] presented new software (PBJelly) for upgrading
genome assemblies based on long-read sequence form Pacific Bioscience RS. This software will
improve annotation problems in gap-associated regions. Further improvements have been done for
genome assembly. Chin et al. [180] discussed the use of short reads to correct errors in the long SMRT
reads. This assembly requires at least two different libraries and a variety of sequencing runs. In recent
publications, the use of SMRT has been applied to analyze BAC clone that carries MATE1 gene
associated with aluminum tolerance in maize [181].

4. Choice of Methods and Complimentary Approaches

Soil is one of the most complex microbial environments where colonization of microhabitats
enables co-existence of thousands of species with essential ecosystem functions, including biomass
and nutrient cycling, mineralization and detoxification [182—185]. Culture-independent methods are
regarded as to provide a more accurate picture of microbial communities because most microbes from
soil currently cannot be cultivated. However, the use of different culture-independent techniques will
depend on the experimental design and the main focus of the research. The preference of one
technique over another is subjective to the researcher’s hypothesis and resources. Having knowledge
of the different advantages and disadvantages of the methods will increase the possibility to obtain
better data and acquire more information from the samples. In most cases, ecosystem functions of
microbial communities need to be revealed to increase our understanding of the microbiota and their
interaction with their environments. However, this is easier said than done. Some direct functional
insights can come from enzymatic measurements of the soil, biochemical analyses or be derived from
the effect of soil microbes on their environment (e.g., degradation of organic matter, nitrogen fixation,
phosphorus solubilization, plant growth promotion/inhibition, mineralization, greenhouse gas
emissions, filtration, detoxification of polluted soils, etc.). Most methods described above focus on
profiling soil microbial biomass and diversity (Table 1). These soil attributes are relatively easy to
measure and have been widely associated with “soil health” [186,187]. For example, agricultural soils
with low microbial biomass and diversity are linked to yield decline in sugarcane [188]. However, soil
microbial biomass, biodiversity and even DNA-based metagenomics approaches may not provide a
direct measure of current microbial activities in the soil. This is because a large proportion of the
microorganisms present in soil maybe dormant and even the quantification of microbial DNA maybe
misleading as extracellular DNA can be adsorbed on soil particles where its integrity can be
maintained [189] Microbial activity profiles, based on actual metabolic activity are therefore more
likely to reveal important microbial ecosystem functions. FDA, SIP, FGAs probed with cDNA, and
RNA-based next generation sequencing (metatranscriptomics or RNA-seq) may complement well
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biochemical methods and the indirect measures of microbial biomass and diversity. The choice of
methods is further limited by the availability of samples, resources including equipment and funding to
carry out the experiments. Most PCR-based fingerprinting methods are limited to a fraction of
microbial communities but are relatively cost-efficient. Recent progress in next generation sequencing
(NGS) allows a much more comprehensive analysis and costs have significantly decreased in recent
years. At present, the combination of more traditional methods with more inclusive new techniques
may provide the most powerful approach. It has been shown that the use of conventional methods plus
new platforms will diminish the error rate in some of the next generation sequencing methods and help
the data to be more robust. For instance, the use of pyrosequencing and DGGE fingerprinting has
helped for the assessment of bacterial composition in a mangrove environment, providing robust data
at a reasonable cost [70]. Similarly, Gézdereliler ef al. [190] adopted pyrosequencing and 16S rRNA
gene DGGE to investigate shifts in community structure and composition following exposure to
different herbicide concentrations.

NGS technologies have revolutionized research on environmental microbiology and have a great
potential to shed light into relevant questions in agriculture and soil biology. These technologies have
had a high impact on genome research in terms of feasibility and scale. However, the large amount of
data that has been generated will pose analytical challenges especially with regard to bioinformatics.
Furthermore, data processing and interpretation of results will require additional studies to avoid
misinterpretation of the data. Table 2 provides a summarized description of the different sequencing
platforms presented previously.

Finally, controlled experiments can be carried out on soil microbial communities to test hypotheses
about microbial ecosystem function. For example, a study involving SIP assessed how plant-fixed
carbon is translocated belowground under elevated atmospheric carbon dioxide [191] and 16S rRNA
amplicon sequencing of plants treated with defense hormones has revealed that plants are able to alter their
rhizosphere bacterial community to recruit potentially beneficial microbes that assist in plant defense [160].

5. Conclusions

Nowadays, the scientific community is focusing on major worldwide concerns such as food
security, energy sustainability and climate change. Researchers have been motivated to develop novel
approaches towards sustainability of agricultural practices. The recognition of the rhizosphere as a
critical interface for soil and plants has led to major research in this area, hence new technology and
new projects have been developed to face challenges posed by such a complex and diverse environment.

The intricate network of interactions occurring in the rhizosphere requires high-throughput
techniques to deal with all emerging data in a reasonable timeframe. However, the large number of
organisms involved and the highly dynamic nature of the rhizosphere itself makes it challenging to
provide the level of detail afforded by molecular techniques. Because of the complex nature of the
rhizosphere, the use of different techniques is necessary to propose appropriate soil management
strategies. However, it is important to take into consideration the pros and cons of the various
molecular methods that are available to assess soil health to avoid biased and distorted interpretations
of microbial diversity.
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Microbial community structure in soils, in particular rhizosphere soil, is considered of great
importance to assess soil quality to achieve high crop yields. The development and selection of
molecular methods that increasingly lead to the acquisition of data that better reflect soil quality is
imperative to evaluate agricultural practices that will contribute to the increase of food production in a
sustainable manner.
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