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REVIEW ARTICLE

Summary. Soil health refers to the biological, chemical, and physical features of
soil that are essential to long-term, sustainable agricultural productivity with min-
imal environmental impact. Thus, soil health provides an overall picture of soil
functionality. Although it cannot be measured directly, soil health can be inferred
by measuring specific soil properties (e.g. organic matter content) and by observ-
ing soil status (e.g. fertility). There is also increased interest in studying soil
microorganisms in their particular environments, as microbial diversity is intimate-
ly related to soil structure and function. One of the key objectives in determining
soil health is to acquire indicators that can be used to evaluate the soil’s current sta-
tus and hence to develop sustainable agricultural systems. In this regard, significant
progress has been made over the last few years in the development of specific bio-
markers and macromolecular probes, enabling rapid and reliable measurements of
soil microbial communities. In addition, modern molecular biological techniques,
such as fluorescence in situ hybridization (FISH), reverse transcriptase polymerase
chain reaction (RT-PCR), denaturing gradient gel electrophoresis (DGGE), and ter-
minal restriction fragment length polymorphism (T-RFLP), have facilitated the
analysis of microbial biodiversity and activity, whereas the application of modern
analytical techniques, such as nuclear magnetic resonance (NMR) and pyrolysis-
gas chromatography-mass spectrometry (Py-GC-MS), have provided data on soil
chemistry. The combination of these two approaches offers promise in determining
soil health status. [Int Microbiol 2005; 8(1):13-21]
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Soil health—a new challenge
for microbiologists and
chemists

Introduction

Soil represents the largest carbon pool on the Earth’s surface
(2157–2293 Pg), the amount of this element being twice as
high in soil as in the atmosphere and two or three times larg-
er than the amount in all living matter [6,48]. Because of the
large quantity of C stored in soils, small modifications in soil
C status may have a significant effect on the global C balance
and therefore on climate change [31]. Soils contain an intri-
cate network of plants and microbes in a heterogeneous solid
medium in which chemical and physical conditions vary at the

scale of the molecule and the cell. It is therefore difficult to
understand the variations in soils in the absence of knowledge
derived from both chemical and biological approaches,
because microorganisms affect the environment and vice
versa. Despite their small volume, soil microorganisms are
key players in the global cycling of organic matter, reworking
organic residues or mineralizing them to CO2, H2O, nitrogen,
phosphorus, sulfur, and other nutrients [12]. Nutrients immo-
bilized in microbial biomass are subsequently released when
microbes are grazed by microbivores such as protozoa and
nematodes. The purpose of this article is to give a current,
multidisciplinary view of the study of soil health, with a brief
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description of the chemical and biological techniques now
being used to analyze soil composition. We summarize cur-
rent knowledge about the biological and chemical indicators
of soil health, with particular emphasis on the classical and
molecular techniques most widely used for its assessment.

Soil organic matter

Soil organic matter (SOM) can be seen as a mixture of bio-
genic components that include, in variable proportions and
evolutionary stages, microorganisms and non-decomposed
plant materials (1–10%). Depending on the turnover time in
soil, SOM can be either active (fast recycling, corresponding
mainly to carbohydrate, amino acid, and lipid fractions),
remaining in the soil for months or even decades (10–40%),
or passive or refractory (humic fraction), remaining in the
soil for centuries to millennia (40–60%) [7]. SOM has taken
on new significance because it correlates well with a number
of important physical, chemical, and microbiological proper-
ties of soil. The SOM content of agricultural topsoil, for
example, is usually in the range of 0.1–6%. From a qualita-
tive point of view, SOM influences the physical and chemical
properties of soil as well as the availability of nutrients for
microbial and plant growth. It accumulates over long periods
of time and its current distribution in a soil profile is the
result of continuous reprocessing by microbes, recombina-
tion by chemical reactions, physical movement by soil ani-
mals, disturbances such as tree falls, and movement of the
soil solution. Consequently, carbon cycling and its stabiliza-
tion in soils are intimately associated with soil structure [40].

Intensive agriculture is practiced in many countries with
adverse consequences on biodiversity and SOM status.
Changes in the nutrient status of the soil, such as a decrease in
the organic matter content, directly affect its microbial biodiver-
sity. Some of the more resilient soils are found in grassland pas-
tures, where bacteria are associated with root material and are
attached to clay particles [43]. In well-drained soil sustained by
a healthy bacterial microbiota, much of the space between soil
aggregates is filled with air, which is necessary for soil produc-
tivity. Knowledge of the biodiversity of microbes in soil is
therefore essential to maintaining agricultural productivity [19].

Biological indicators used for 
determining soil health, and standard
analytical procedures

The concept of soil health refers to the biological, chemical,
and physical features necessary for long-term, sustainable

agricultural productivity with minimal environmental
impact. Thus, soil health provides an overall picture of soil
functionality. Healthy soils maintain a diverse community of
soil organisms that help to: (i) control plant diseases as well
as insect and weed pests; (ii) form beneficial symbiotic asso-
ciations with plant roots (e.g. nitrogen-fixing bacteria and
mycorrhizal fungi; (iii) recycle plant nutrients; (iv) improve
soil structure with positive repercussions for its water- and
nutrient-holding capacity; (v) improve crop production. One
of the most important objectives in assessing the health of a
soil is the establishment of indicators for evaluating its cur-
rent status. These indicators are listed in Table 1, and several
of them are discussed below.

Microbial biomass. Both direct and indirect meth-
ods have been used for the estimation of microbial biomass
in the soil. Direct counting includes the use of staining tech-
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Table 1. Biological, physical, and chemical indicators used for determining
soil health, and standard analytical procedures

Indicator Measurement*

Microbial biomass Direct microscopic counts 
Chloroform fumigation
SIR
CO2 production
Microbial quotient
Fungal estimation
PLFA

Microbial activity Bacterial DNA synthesis
Bacterial protein synthesis
CO2 production

Carbon cycling Soil respiration
Metabolic quotient (qCO2)
Decomposition of organic matter
Soil enzyme activity

Nitrogen cycling N-mineralization
Nitrification
Denitrification
N-fixation

Biodiversity and microbial Direct counts
resilience Selective isolation plating

Carbon and nitrogen utilization patterns
Extracellular enzyme patterns
PLFA

Bioavailability of contaminants Plasmid-containing bacteria
Antibiotic-resistant bacteria

Physical and chemical properties Bulk density
Soil physical observations and estimations
pH
EC
CEC
Aggregate stability and soil slaking
Water holding capacity
Water infiltration rate
Macro/micronutrient analysis

*Acronyms: SIR, substrate induced respiration; PLFA, phospholipid fatty acids; EC,
electrical conductivity; CEC, cation exchange capacity.
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niques in conjunction with epifluorescence microscopy or
automated image analysis [10,11]. The most common indirect
methods are chloroform fumigation and substrate-induced res-
piration (SIR) [17]. In chloroform fumigation, the chloroform
vapors kill the microorganisms in the soil and the size of the
killed biomass is estimated either by quantification of respired
CO2 (CFI) or by direct extraction of the soil immediately after
the fumigation, followed by quantification of extractable car-
bon (CFE) (ISO-standard 14240-2:1997). SIR (ISO standard
14240-1:1997) measures the metabolically active portion of
the microbial biomass by measuring the initial change in the
soil respiration rate as a result of adding an easily decompos-
able substrate (e.g. glucose) [3]. Soil microbial biomass is sub-
sequently calculated using a conversion factor [37].

Soil respiration is the biological oxidation of organic matter to
CO2 by aerobic organisms, notably microorganisms [1]. It is pos-
itively correlated with SOM content, and often with microbial bio-
mass and microbial activity, and can be determined as CO2 or O2

production using chemical titration, electrical conductivity, gas
chromatography, or infrared spectroscopy [1]. The metabolic quo-
tient (qCO2), also called the specific respiratory rate, is defined as
the microbial respiration rate per unit microbial biomass [4].

Phospholipid fatty acids. Most soil microorgan-
isms cannot be characterized by conventional cultivation tech-
niques; indeed, it has been estimated that 80–99% of all
species have not yet been cultured. Currently, the analysis of
phospholipid fatty acids (PLFA), essential membrane compo-
nents present in living organisms, can be used to overcome this
limitation, thereby providing information on the trophic struc-
ture (at the phenotypic level) of microbial communities. The
use of PLFA patterns for the characterization of microbial
communities in soil has been reviewed by Zelles [60]. In gen-
eral, PLFA analysis is a fast, reliable method for the detection
of changes in the structure of soil microbial communities [27],
and the variations detected can be related to changes in soil use
and management [13].

Microbial activity

Measurements of microbial activity at the community level
include the quantification of bacterial DNA and protein syn-
thesis. The amount of DNA synthesis can be determined by
measuring the incorporation of 3H- or 14C-thymidine into bac-
terial DNA [5]. Similarly, the amount of incorporation of 3H-
or 14C-leucine, an amino acid that is incorporated only into
proteins, reflects the level of bacterial protein synthesis [5]. 

There are a number of key indicators related to microbial
activity, and some can be used to estimate both biomass and
activity (e.g. soil respiration and the microbial quotient).

Indicators of carbon cycling measure activity at the ecosys-
tem level. For example, organic matter decomposition can
be estimated using either litter bags [57], cotton strips, or
wood sticks [34]. The information provided by each of these
tests allows comparisons of the decomposition rates of dif-
ferent sites and ecosystems and at different times. In addi-
tion, well-documented assays are available for many soil-
enzyme activities (e.g. cellulase, urease, phosphatase, and
phenol oxidase) [20]. The mineralization of soil organic
nitrogen through nitrate to gaseous nitrogen by soil microor-
ganisms is a major component of global nitrogen cycling
(Fig. 1). Therefore, measuring the activities of enzymes
involved in these processes (e.g. urease) is an important
aspect of determining overall microbial activity.

Microbial biodiversity and resilience

As in other well-studied ecosystems, the resilience of the soil
is associated with biodiversity such that increasing the micro-
bial diversity of the soil increases its resilience capacity.
Thus, the aim of isolating viable microorganisms in soil is to
estimate not only their numbers but also the diversity of the
isolates. To do this, a medium satisfying the nutritional
requirements of as many microorganisms in the soil as possi-
ble is required. The functional diversity of microbial popula-
tions in soils may be determined by measuring the expression
of different enzymes, e.g. with respect to carbon utilization
patterns [59]. Another aspect of soil biodiversity, soil sup-
pressiveness, is an indicator of the capacity of soils to sup-
press specific plant pathogens through inherent biotic and
abiotic factors [21]. Several methods are available for deter-
mining soil suppressiveness, including the inoculation of tar-
get plants seeds directly into the test soil or into a pathogen-
infested test soil [14].

Bioavailability of environmental 
contaminants

Microorganisms can be used to determine the bioavailability of
a given chemical compound in soil. Specifically, measurement
of plasmid-containing bacteria, using either an endogenous or
exogenous approach, serves as a general indicator of environ-
mental contaminants. In the endogenous approach, plasmids
are extracted from soil bacteria isolated on agar plates [16]. In
the exogenous approach, a soil sample is mixed with plasmid-
free bacteria, which, by conjugation, subsequently acquire nat-
urally occurring plasmids from the soil bacteria [53]. If the
number of plasmids is found to have increased at a given site,

SOIL HEALTH
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an investigation of the responsible stress factor can be initiated.
Similarly, monitoring of antibiotic-resistant bacteria in soil can
be used as an indicator of industrial and urban pollution. 

Soil physical and chemical indicators

Among the variables proposed to assess soil health, physical
indicators are of prime importance [22,56]. However, their site-
specific interpretation with respect to soil quality will, in many
instances, depend on specific land use and crop tolerance.

Water infiltration rate. Infiltration rates are subject to
significant changes with soil use, management, and time. They are
affected by the development of plant roots, earthworm burrows,
soil aggregation, and overall increases in stable organic matter.
Depending on the soil type, texture, structure, and soil water con-
tent, the water infiltration rate may improve immediately after
tillage due to the loosening of surface crusts or compacted areas.
Nonetheless, tillage also disrupts aggregates and soil structure, cre-
ating the potential for renewed compaction and surface crusting,
and leading to a loss of continuous surface-connected pores.

Bulk density. Defined as the ratio of oven-dried soil
(weight) to its bulk volume, soil bulk densities range, in gener-
al, from < 1.0 (in organic soils) to 1.7 g cm–3 and are dependent
on the densities of the soil particles (sand, silt, clay, and organic
matter) and their packing arrangement. Compacted soil layers
have high bulk densities, restrict root growth, and inhibit the
movement of air and water through the soil. 

Soil pH. By estimating hydrogen-ion activity in a soil solu-
tion, the acidity or alkalinity of a soil can be measured. Soil pH

affects the solubility of soil minerals, the availability of plant nutri-
ents, and the activity of microorganisms. Acidity is generally asso-
ciated with leached soils, whereas alkalinity generally occurs in
drier regions. However, agricultural practices, such as liming or the
addition of ammonium fertilizers, can alter soil pH. In general, pH
values between 6 and 7.5 are optimal for crop growth. 

Electrical conductivity. The electrical conductiv-
ity (EC) of a soil-water mixture is an indication of the
amount of ions (dissolved salts) present in the soil solution.
Excess salt content seriously affects plant growth and soil-
water balance [26]. This may occur either naturally or as a
result of inappropriate soil use and management. In general,
electrical conductivity values between 0 and 0.8 dS m–1 are
acceptable for general crop growth.

Ion-exchange capacity. The soil’s ability to sup-
ply major plant nutrients, mainly calcium, magnesium and
potassium, is reflected by its ion-exchange capacity.
Specifically, the cation exchange capacity (CEC) is, to a
large extent, related to the amount of soil colloids, organic
matter, and clay, which are negatively charged and thus
enable the soil to retain cations. Changes in pH and salt con-
tent affect the CEC. For example, aluminum toxicity occurs
in certain soils at pH < 5, and soil dispersion with serious
losses in structure may appear at high sodium concentrations
(increasing salinity), both limiting factors for soil productiv-
ity and health.

Aggregate stability and soil slaking. An
aggregate consists of several soil particles bound together
and is usually formed by interactions of soil biota and the
plant community and their products with soil mineral com-
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Fig. 1. The cycling of nitrogen through
the biosphere.
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ponents. Aggregates play a major role in several aspects of
soil health: the movement and storage of water, soil aeration,
physical protection of SOM, the prevention of erosion, root
development, and microbial community activity [54].
Aggregate stability is a measure of the vulnerability of soil
aggregates to external destructive forces. Soil aggregation can
naturally develop, disintegrate, and reform periodically [36].
Slaking is the process of fragmentation that occurs when
aggregates are suddenly immersed in water [18] due to their
inability to withstand the stresses of rapid water uptake. At
fast rates of wetting, internal stresses arise from differential
swelling and air entrapment in the soil aggregate [38]. Soil
slaking can be used as a measure of the ability of the soil to
maintain its structure and is affected by water content, rate of
wetting, texture, clay mineralogy, and organic matter content.

Soil physical observations and estimations.
Topsoil depth, root growth, and penetration resistance are also
important indicators of soil health. Changes in topsoil thick-
ness are usually the result of erosion processes accelerated by
plowing, burning, overgrazing, and other management prac-
tices that remove the protective vegetative cover. These
changes result in a loss of both the most fertile soil layer and
its water-holding capacity as well as soil organic carbon con-
tent and productivity. Anomalies observed in root growth
along a soil profile are indicators of physicochemical restraints
in the soil, including compaction and the presence of areas
with a higher penetration resistance, deficiencies in soil struc-
ture, high salt content, and low depth to bedrock, the stone
layer, hard pan, the frozen layer, and the water table. All of
these factors can result in plant stress and, eventually, in
reduced crop growth and productivity [9]. Soil texture, i.e. the
size distribution of primary soil particles smaller than 2 mm
(sand, silt, and clay), is one of the most stable properties of soil.
Texture is only slightly modified by cultivation and other prac-
tices that cause mixing of the different soil layers. Texture
influences almost all other soil health indicators and helps
determine water intake rates, water storage in the soil, ease of
tillage, and soil aeration.

Molecular techniques to measure soil
health: microbial biomass

An understanding of coupled biological and geochemical process-
es at the molecular level is fundamental for assessing the condition
of the soil. Thus, a number of molecular and cellular techniques are
currently being used in conjunction with biological and chemical
indicators to increase our ability to evaluate soil health (Table 2).

Fluorescence microscopy. The number of bacte-
ria in soil, their cell volumes, and the frequencies of dividing

cells can be determined by fluorescence microscopy and
computerized image analysis [10]. Soil microbial biomass
can be estimated by staining with fluorescent dyes such as
fluorescein isothiocyanate.

DNA measurement. Quantification of DNA follow-
ing its extraction from soil may provide a simple and practi-
cable method for estimating the amount of microbial biomass
[29]. However, further work on correlating DNA measure-
ments with a particular soil type is required. 

Fluorescence in situ hybridization. FISH is a
direct, cultivation-independent technique using rRNA-target-
ed oligonucleotide probes that is frequently used for the iden-
tification of microorganisms in soils. While this technique
allows selective visualization of bacterial cells of different
phylogenetic groups, it also has some limitations, particular-
ly regarding quantitative analysis of complex samples [44].

RNA measurement. The composition of soil micro-
bial communities can be estimated by reverse transcriptase
polymerase chain reaction (RT-PCR) followed by gel elec-
trophoresis of the amplified cDNA fragments [25]. The

SOIL HEALTH

Table 2. Molecular techniques for determining relevant microbial and geo-
chemical indicators for soil health

Indicator Measurement*

Microbial biomass Fluorescence microscopy
Computerized image analysis
Soil DNA estimation 
FISH

Microbial activity RNA measurements using RT-PCR
FISH

Carbon cycling SIP
FISH

Nitrogen cycling SIP
FISH

Genetic and functional biodiversity DGGE
TGGE
T-RFLP
mRNA diversity using RT-PCR
BIOLOG TM assay

Microbial resilience Equitability (J) index

Bioavailability of contaminants RNA measurements
Geochemical indicators

SOM lipid analysis PLFA (GC-MS)
SOM humic substances analysis Non-destructive techniques: 

15N-NMR, 13C NMR
UV/Vis and IR spectroscopy

Destructive techniques:
Pyrolysis-GC-MS
Chemolysis-GC-MS

*Acronyms: FISH, fluorescence in situ hybridization; RT-PCR, reverse transcriptase
polymerase chain reaction; SIP, stable isotope probing; DGGE, denaturing gradient gel
electrophoresis; TGGE, temperature gradient gel electrophoresis; T-RFLP, terminal res-
triction fragment length polymorphism; SOM, soil organic matter; PLFA, phospholipid
fatty acids; GC-MS, gas chromatography-mass spectrometry; NMR, nuclear magnetic
resonance.
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analysis of specific mRNAs reflects the expression of the
corresponding gene in soil. Such measurements can also be
done by real-time quantitative RT-PCR, which allows the
detection and quantification of of mRNAs present in low
amounts in environmental samples, including soils [47].
However, this method requires previous knowledge of the
sequence of the mRNA of interest. 

Stable isotope probing. SIP is a culture-independ-
ent technique that allows the identification of microorgan-
isms directly involved in specific metabolic processes. In this
method, labeled nucleic acids that were synthesized during
assimilation of an isotopically enriched substrate are isolated
and analyzed [50]. The technique has been used to study for-
est soils [51] and to identify the active components of an
ammonia-oxidizing population in lake water [58].

Molecular techniques to measure soil
health: genetic and functional 
biodiversity

Genetic diversity is most commonly studied by analyzing the
diversity of genes encoding 16S rRNA (18S rRNA for eukary-
otes). These genes occur in all microorganisms and show species-
dependent variations in their base compositions. Three methods
are commonly applied to examine the diversity of 16S (and 18S)
rDNA sequences in total DNA extracted from soil microbial com-
munities: denaturing gradient gel electrophoresis (DGGE), tem-
perature gradient gel electrophoresis (TGGE), and terminal
restriction fragment length polymorphisms (T-RFLP).

Denaturing gradient gel electrophoresis.
Differences in the melting behavior of small DNA fragments
(200−700 bp) that differ in as little as a single base substitu-
tion can be detected by DGGE [45]. The denaturants used are
heat (a constant temperature of 60oC) and a fixed ratio of for-
mamide (ranging from 0−40%) and urea (ranging from 0−7
M). The position in the gradient where a domain of a DNA
fragment melts and thus nearly stops migrating is dependent
on the nucleotide sequence in the melted region. The benefit
of this approach is that a molecular fingerprint of the com-
munity structure is generated for each soil. In fact, each band
in each lane of the gel theoretically represents a different bac-
terial species. In addition, this technique enables the excision
and subsequent sequencing of bands, allowing species iden-
tification using existing databases.

Temperature gradient gel electrophoresis.
In contrast to DGGE, the separation of DNA by TGGE [35]
does not depend on a chemical gradient of urea but instead on
a precisely defined and controllable temperature gradient.
This highly reproducible technique has the same advantages

as DGGE. By designing species-specific in situ probes that
hybridize to identified bacterial sequences, various species
can be examined in even greater detail.

Terminal restriction fragment length poly-
morphism. Organisms can also be differentiated according
to the patterns derived from cleavage of their DNA [41]. Thus,
in T-RFLP, the specific fingerprint of a community is revealed
by analyzing the polymorphism of a certain gene. T-RFLP is a
high-throughput, reproducible method that allows the semi-
quantitative analysis of the diversity of a particular gene in a
community. It requires the extraction of DNA from a soil sam-
ple and its PCR amplification using a fluorescently labeled
primer. T-RFLP yields a mixture of amplicons of the same or
similar sizes with a fluorescent label at one end. After purifi-
cation, the amplicon mixture is digested with a restriction
enzyme, which generates fragments of different sizes that are
separated by gel or capillary electrophoresis. The separated,
labeled fragments are then densitometrically detected and a
profile based on fragment lengths is generated. Recently, the
potential of T-RFLP to discriminate soil bacterial communities
in cultivated and non-cultivated soils was demonstrated [15]. 

BIOLOGTM. Carbon utilization patterns can be measured
by the BIOLOG TM assay [28]. In this test, a soil extract is
incubated with up to 95 different carbon sources in a
microtiter plate, and the redox dye tetrazolium blue is used to
indicate microbial activity. Specific carbon sources have
been selected for studies of soil microbial communities. The
result of the assay is a qualitative physiological profile of the
potential metabolic functions within the culturable portion of
the microbial community. Differences in the profiles can then
be analyzed by multivariate statistics.

Microbial resilience. The ability to estimate the rel-
ative abundance of each species of microorganisms in the
soil, using the three techniques described above, has led to
the suggestion that the “equitability index” (J) of numbers of
individual species is an important estimation of the resilience
of a soil. The use of statistical packages such as Phoretix
enables quantification of both diversity indices and equitabil-
ity [29,30].

Geochemical indicators

A number of analytical techniques are used for structural
characterization of the SOM. In general, these involve the
isolation of the free lipid and macromolecular fractions
(humic substances and other recalcitrant organic fractions),
which are among the most informative components of the
SOM. The macromolecular fraction can be degraded by sev-
eral means into small fragments that are chromatographical-

ARIAS ET AL.
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ly separated and then analyzed. This approach is aimed at
obtaining environmental information based on the variable
chemical composition of the SOM and it can be used to
assess the impact of external disturbances. A review of the
methods used can be found in [40].

Soil free lipids. This diverse group of hydrophobic
substances includes simple compounds, ranging from fatty
acids (which can be analyzed by the previously described
PLFA techniques), to more complex molecules, such as
sterols, terpenes, polynuclear hydrocarbons, chlorophylls,
fats, waxes, and resins, which constitute the principal group
of SOM biomarkers [39]. The extraction of soil lipids is fre-
quently carried out using solvents with variable polarity in a
Soxhlet apparatus, although alternative techniques, e.g.
supercritical fluid extraction (SFE), are also available [8].
Total lipid extracts can be further fractionated by preparative
chemical and chromatographic techniques, derivatized to
enhance separation, or characterized by gas chromatography-
mass spectrometry (GC-MS).

Humic fraction. Macromolecules with complex struc-
tures, including materials derived directly from the alteration of
biogenic materials as well as structures formed de novo in the
soil by biotic and abiotic factors [52], make up the humic frac-
tion. The term humic substances (HS) is operational and several
fractions are distinguished depending on their solubility in acid
and alkaline media [24]. Recent progress in HS research has
been made possible by the development of new approaches,
methodologies, and instruments. A combination of different
techniques appropriate for the study of complex matrices is
used. Generally, a first estimation of the maturity or humifica-
tion degree of the different HS fractions from SOM is obtained
based on the results of both non-destructive and destructive
methods. Among the non-destructive methods, solid-state 13C
and 15N NMR spectroscopy is a valuable technique to quantify
the different C and N structural groups: aromatic, aliphatic
[alkyl-(waxes, alkanes, cutins and suberins)], o-alkyl (carbohy-
drates, tannins and altered carbohydrates), amide, amine,
pyrrolic, etc. [33,49]. Infrared spectroscopy also provides valu-
able information on oxygen- and nitrogen-containing function-
alities, while UV/visible spectroscopy is useful to establish
humus maturity and the degree of HS aromaticness [55]. Among
the destructive techniques, conventional analytical pyrolysis
(Curie point or microfurnace), chemolysis in the presence of
alkylating reagents (“thermally assisted hydrolysis-methyla-
tion”) [32], and wet chemical degradation methods using speci-
fic reagents (CuO–NaOH, NaBO3, KMnO4, etc.) [2] generate
fragments amenable to GC-MS analyses, which can be unam-
biguously used to identify to structures present in the HS.

Other methods used to characterize the HS include iso-
tope ratio monitoring GC-MS (IRM-GC-MS), which pro-

vides both structural information and insight into the evolu-
tion and turnover times of different organic soil fractions
[46]. Other emerging techniques are variants of traditional
thermal analysis (TG-DSC) coupled with isotopic ratio mon-
itoring (TA-IRM) [42].

Future prospects

There is a need for a holistic consideration of soil health as
well as transdisciplinary soil management approaches that
integrate biological, chemical, and physical strategies to
achieve soils supporting a sustainable agriculture. The envi-
ronmental and economic benefits of sustainable soils are
enormous: increased resource efficiency, decomposition and
nutrient cycling, nitrogen fixation, and water-holding capac-
ity, as well as prevention of pollution and land degradation.
Current agricultural practices reduce soil biodiversity, main-
ly as a result of the overuse of chemicals, leading to com-
paction or other disturbances and hence irreversible adverse
ecological alterations, resulting in loss of agricultural pro-
ductivity. A series of long-term comparative studies have
shown that organic/sustainable systems can increase both
SOM accumulation and microbial activity. Moreover, the
organic C lost during intensive agriculture could be regained
through sustainable management practices, thereby con-
tributing to mitigating climate change. 

The development of approaches that do not require the
establishment of microbial cultures will undoubtedly enhance
our knowledge of biodiversity and promote the discovery of
new microorganisms with unique capacities for bioremedia-
tion, soil restoration, and therapeutic applications.
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La salud del suelo—un nuevo reto para
microbiólogos y químicos

Resumen. El concepto de salud del suelo se relaciona con las caracterís-
ticas biológicas, químicas y físicas que son esenciales para una productivi-
dad agrícola sostenible a largo plazo con un mínimo impacto ambiental. La
salud del suelo es el más fiel reflejo de su funcionalidad. Aunque no puede
medirse directamente, se puede inferir a partir de la determinación de
propiedades específicas del mismo suelo (p.e. el contenido en materia
orgánica) y por la observación de su estado (p.e. la fertilidad). El interés por
el estudio de los microorganismos del suelo en su propio medio está aumen-
tando, puesto que la diversidad microbiana está estrechamente relacionada
con la estructura y función del suelo. Un objetivo clave para determinar la
salud de un suelo es la disponibilidad de indicadores factibles de ser utiliza-
dos en la evaluación de su estado y, a partir de aquí, implementar sistemas
de agricultura sostenible. El desarrollo de biomarcadores específicos y son-
das macromoleculares ha evolucionado considerablemente en los últimos
años, lo cual ha permitido obtener medidas fiables y rápidas de las comu-
nidades microbianas del suelo. Por otro lado, las modernas técnicas biomo-
leculares más recientes (p.e. la hibridación in situ mediante fluorescencia
[FISH], la reacción en cadena de la polimerasa mediante transcriptasa inver-
sa [RT-PCR], la electroforesis en gel con gradiente desnaturalizante [DGGE]
y el análisis del polimorfismo en la longitud de los fragmentos de restricción
terminales [T-RFLP]) permiten analizar la biodiversidad y actividad micro-
bianas, mientras que la aplicación de técnicas analíticas modernas (p.e. re-
sonancia magnética nuclear [NMR], pirólisis-cromatografía de gases-espec-
trometría de masas [Py-GC-MS]) proporciona datos sobre la química del
suelo. La combinación de estas dos aproximaciones metodológicas ofrece
buenas perspectivas en la determinación del estado de salud del suelo. [Int
Microbiol 2005; 8(1):13-21]

Palabras clave: salud del suelo · indicadores microbianos · indicadores
químicos · métodos moleculares · métodos analíticos.

A saúde do solo—um novo desafio para
microbiologistas e químicos

Resumo. O conceito de saúde do solo relaciona-se com suas caracterís-
ticas biológicas, químicas e físicas, essenciais para uma produtividade
agrícola sustentável a longo prazo, com um mínimo de impacto ambien-
tal. A saúde do solo é o mais fiel reflexo de sua funcionalidade. Ainda que
não se possa medir diretamente, se pode inferir a partir da determinação
das propriedades específicas do mesmo solo (p.e. o conteúdo da matéria
orgânica) e pela observação de seu estado (p.e. a fertilidade). O interesse
pelo estudo dos microrganismos do solo em seu meio está aumentando,
uma vez que a diversidade microbiana está estreitamente relacionada com
a estrutura e função do solo. Um dos objetivos chave para se determinar a
saúde do solo é a disponibilidade de indicadores factíveis de serem utili-
zados na avaliação de seu estado e a partir daí implementar sistemas de
agricultura sustentável. O desenvolvimento de biomarcadores específicos
e sondas macromoleculares têm evoluído consideravelmente nos últimos
anos, e através deles se pode obter medidas confiáveis e rápidas das
comunidades microbianas do solo. Por outro lado, as modernas técnicas
biomoleculares mais recentes (p.e. a hibridação in situ mediante fluores-
cência [FISH], a reação em cadeia da polimerase mediante transcriptase
inversa [RT-PCR], a eletroforese em gel com gradiente desnaturalizante
[DGGE] e a análise do polimorfismo no comprimento dos fragmentos de
restrição terminais [T-RFLP]) permitem analisar a biodiversidade e a ati-
vidade microbiana, enquanto a aplicação de técnicas analíticas modernas
(p.e. ressonância magnética nuclear [NMR], pirólise-cromatográfica de
gases-espectrometria de massa [Py-GC-MS]) proporcionam dados sobre a
química do solo. A combinação dessas duas abordagens oferece boas
perspectivas na determinação do estado da saúde do solo. [Int Microbiol
2005; 8(1):13-21]

Palavras chave: saúde do solo · indicadores microbianos · indicadores
químicos · métodos moleculares · métodos analíticos
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