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Abstract: More than a thousand million cells encompassing bacteria, fungi, archaea, and protists
inhabit a handful of soil. The bacterial and fungal biomass can account for 1–2 and 2–5 tha−1 in
temperate grassland soils, respectively. Despite this huge microbial biomass, the volume occupied by
microorganisms is less than 1% of the available soil volume because most micro-niches are hostile
environments. Soil microorganisms and fauna play a crucial role in soil ecosystem services, and
functional redundancy is a peculiar characteristic of soil as a biological system. Complex interactions
are often mediated by molecular signals that occur between microbes, microbes and plants, and
microbes and animals. Several microbial species have been detected in soil using molecular techniques,
particularly amplicon sequencing and metagenomics. However, their activities in situ are still poorly
known because the use of soil metatranscriptomics and, in particular, soil proteomics is still a technical
challenge. A holistic approach with the use of labelled compounds can give quantitative information
on nutrient dynamics in the soil-plant system. Despite the remarkable technical progresses and the use
of imaginative approaches, there are many knowledge gaps about soil as a biological system. These
gaps are discussed from a historic perspective, starting from the seven grand questions proposed by
Selman A. Waksman in 1927.
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1. Introduction

It is well established that soil is one of the most important natural resources, with essential
functions in terrestrial ecosystems. Indeed, it supports plant growth and a myriad of living organisms;
controls the fate of water in the hydrological system; and recycles the wastes and bodies of plants,
animals, and microorganisms. These functions depend on the biological, chemical, and physical
properties of soil. However, biological properties are more sensitive than chemical and physical
properties to changes in environmental conditions, including pollution problems. This has resulted
in an extensive bibliography, as shown by the several international journals and books completely
dedicated to soil biological properties. However, the historic perspective is often ignored because
older works, especially those created before the arrival of electric searches, are ignored. The historic
perspective is important in order to have a view of the development of knowledge and thus knowledge
gaps and also to promote innovative studies. Several knowledge gaps about soil as a biological system
were already clear at the beginning of 1900s. In 1927, Selman Waksman proposed the following seven
grand questions, which were reviewed by Mc Laren in 1977 [1] and Van Elsas and Nannipieri in
2019 [2]:

1. What organisms are active under field conditions and in what ways?
2. What associative and antagonistic influences exist among soil microflora and fauna?
3. What relationships exist between soil organic matter (SOM) transformations and soil fertility?
4. What is the meaning and significance of energy balance in soil, in particular with reference to C

and N?
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5. How do cultivated plants influence soil transformations?
6. How can one modify soil populations and to what ends?
7. What interrelationships exist between physicochemical conditions in soil and microbial activities?

The aim of this mini review is to discuss the advances in knowledge relative to these seven
questions by discussing the main properties of soil as a biological system. I shall not refer to each
question in this section of the mini review, because it can be easily done by the reader. On the contrary
in the Perspective section, I shall discuss one knowledge gap still existing per each of the seven grand
questions, evidencing that we have a lot still to learn about soil as a biological system. Of course, it is
not possible to have an exhaustive review due to the complexity and vastness of the treated matter,
which exceeds the limits of a single mini review. I apologize for the many reviews not cited, but this is
a mini review dealing with a vast topic and the relative and extensive bibliography cannot be cited.
In addition, I apologize for the brief discussion of the several topics of this review. For a more detailed
discussion of the treated matter, I suggest that the reader consult the many cited reviews.

2. Properties of Soil as a Biological System

2.1. Physicals Structure and Distribution of Organisms in Soil

Soil is a peculiar environment for living organisms, being composed of solid, liquid, and gaseous
phases. The solid phase prevails, and the extent of the liquid and gaseous phases can change depending
on agricultural practices and climatic conditions. The soil structure—that is, the organization and
arrangements of soil particles—influences the biological, chemical, and physical properties of soil.
Soil particles differ in their size, shape, and chemical composition, and thus they can be linked with
different bonds. Soil structure is a hierarchical organization because primary particles bind together
to form secondary particles that can interact to form bigger particles, such as microaggregates and
macroaggregates [3]. This process varies in time and space [4], and the organization of the solid particles
creates differently sized pores that may be filled by water or telluric atmosphere. According to Elliott
and Coleman [5], pores can explain the spatial separation of soil organisms because (i) microarthropods
can only inhabit macropores; (ii) nematodes can also live in intermacroaggregate pores; (iii) protozoa,
small nematodes, and fungi can also be present in intramacroaggregate or intremicroaggregate pores;
and (iv) intramicroaggregate pores can only be occupied by bacteria and viruses [6]. Indeed, the pore
occupancy depends on the organism size; for example, bacterial size is a few micrometres, that of
fungi is less than 100 µm, and that of Acari and Collembola ranges from 100 µm to 2 mm [6]. Such
separation can have important effects on soil organisms because, for example, bacteria inhabiting
intramicroaggregate pores escape protozoa predation.

Soil organisms inhabit less than 1% of the available space. The microsites (hotspots) with the
higher microbial abundances are those where nutrients are available, such as the rhizosphere (the soil
attached to roots), the detritusphere (the soil around a plant residue), the drilosphere (soil around
biopores created by earthworms), etc. [7,8]. A plausible explanation of the limited occupancy of soil
volume by living organisms is the hostile environment of most soil micro-niches; conditions such
as acidity; low water or O2 availability; competition between different organisms; predation; and
frequent disturbances, such as drying-rewetting and freezing-thawing cycles and the presence of toxic
compounds, can inhibit the activity of soil organisms [9]. However, as shown in Table 1, the microbial
biomass is huge, ranging from 1% to 5% of the organic matter of soil; these values, expressed as
microbial biomass C or microbial biomass N, can range from 280 to 1940 kg·ha−1 and from 40 to
385 kg·ha−1, respectively [10].
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Table 1. Some values of microbial biomass C (MBC) and microbial biomass N (MBN) in soil (redrawn
from Smith and Paul 1990, [10]).

Soil Vegetation MBC (kg·ha−1) MBN (kg·ha−1)

Sandy loam Pasture 280 40

Silt loam Cereal-grass 288 48

Clay Pasture 750 100

Silt Pasture 800 309

Clay loam Cereals 1200 240

Clay loam Wheat 1940 385

2.2. Microbial Diversity and Microbial Functions

The microbial diversity is huge, as shown by the use of molecular techniques. According to
Dini-Andreote and Van Elsas [9], “A handful of soil contains, on average, more than a thousand million
cells encompassing bacteria, archaea, fungi and protists—collectively called the soil microbiome”.
However, molecular studies have revealed that a well-defined core set of taxa is present in soils
sampled from different parts of the world [9]. Two percent of bacterial phylotypes were dominant
and averaged 41% of the 16S rRNA gene sequences of surface soils from 237 locations across
18 countries of 6 continents [11]. Some of the ubiquitous and dominant phylotypes included
Alphaproteobacteria (Bradyrhizobium spp., Sphingomonas sp., Rhodoplanes sp., Devosia sp., and
Kaistobacter sp.), Betaproteobacteria (Methylibium sp. and Ramlibacte), Actinobacteria (Streptomyce
ssp., Salinbacterium sp. and Mycobacterium sp.), Acidobacteria (Candidatus sp., and Salibacter), and
Plancttomycetes. Less than 18% of the identified phylotypes matched an available genome at the
97% 16S rRNA sequence similarity level, and only 40% matched even at the 90% 16S rRNA sequence
similarity level. However, the detection of a taxon does not mean it is active in soil [12]. Indeed, at
least 95% of the total microbial biomass is inactive in soil, and microbial activity changes in time and
space [13]. Additionally, the assumption that soil functions are those carried out by the dominant
taxon under in vitro conditions may not be valid because rare taxa often play an important role in the
measured microbial activity, as revealed for the alkaline phosphomonoesterase activity of soil [14] and
the microbial activities of soil from a glacial retreat [15]. In addition to soil microorganisms, protozoa,
nematodes, microarthropods, macroarthropods, Enchytraeidae, and Earthworms, collectively termed
soil fauna, can inhabit soil [5,7]. Among the soil fauna, earthworms are the most studied and act as
ecosystem engineers, with significant effects on the structure and functions of soil [16]. Viruses are also
present in soil, but they have been less studied than soil organisms; they are mainly bacteriophages
and can infect pathogenic bacteria as well as beneficial bacteria for plants, such as rhizobia [17]. Both
the abundance and diversity of viruses are markedly affected by agricultural practices [18], and the
ratio between viral and bacterial abundances is higher in soil (330-470) than in water ecosystems (1–50),
but the role of viruses in biological processes and the survival of organisms in soil is poorly known [17].

Among soil organisms, bacteria and fungi play the most important role in soil processes, such
as the oxidation of organic matter, including xenobiotics, N, P, S, and micronutrient transformations,
and have both beneficial and negative effects on plants. [8,9]. Functional redundancy characterizes
several soil metabolic processes being carried out by many different microbial species; for example,
the loss of microbial diversity was thought not affect processes such as C and N mineralization [8],
with a certain threshold value of microbial diversity being important [19]. However, a meta-analysis
showed that the loss of diversity reduced soil C respiration by 25% [20]. It is important to underline
that meta-analysis concerns different soils, plant covers, agricultural practices, and climatic conditions,
whereas the comparison of the response of different microbial diversities obtained in the same soil
studied under laboratory conditions avoids effects due to different parameters. However, Bao et al. [21]
found that the taxonomical variability was much higher than the functional variability in bacterial



Appl. Sci. 2020, 10, 3717 4 of 11

communities degrading straws. Generally, processes carried out by only some microbial species, such
as nitrification, are affected by a decrease in microbial diversity [8]. Microbial diversity reduced by
heavy metal pollution did not affect soil organic mineralization but affected simazine degradation [22].
It is important to underline that processes such as the mineralization of specific organic compounds in
soil can only be determined by using the labelled compound with the determination of the labelled
carbon dioxide, because it discriminates the behavior of added C from that of soil organic C. However,
by carbon dioxide there have been no insights into the sequence and type of enzymes responsible
for the degradation of the organic C compound; this sequence can be different, as it occurs for the
degradation of cellulose and hemicellulose [9]. Future research should study the effects of changes in
microbial diversity not only on the rate of the produced carbon dioxide but also on the activities of the
several enzymes which are responsible of the oxidation of the labelled compound in soil.

2.3. The Role of Important Biological Molecules Adsorbed or Entrapped in Soil

Another peculiar aspect of soil as a biological system is the ability of surface-reactive particles to
adsorb important biological molecules, such as nucleic acids and proteins, and protect them from the
degradation of the heterotrophic soil microbiome [8]. Enzymes released from active cells to degrade
polymers to monomers or released after the death of microbial cells can be adsorbed and protected
against proteolysis, remaining active [23,24]. This extracellular and stabilized enzyme activity is
independent of the extant microbial activity, and it can be active under hostile conditions for microbial
activity. The present enzyme assays do not distinguish the activity associated with these extracellular
and stabilized enzymes from that due to microbial activity, which is due to free extracellular enzymes,
enzymes attached to the outer surface of viable cells with the active site extended into the extracellular
environment, and intracellular enzymes [23,24].

DNA can be released into extracellular soil environments by the lysis of dead cells [25] by the
border cells of the root tip [26] and during the formation of bacterial biofilms, whose presence in soils
(except for waterlogged soils) has not yet been proven [25]. DNA can move through the soil with
water either by leaching or capillarity if it is not adsorbed by surface-reactive particles or degraded
and used as a C, N, and P source by the heterotrophic microbial communities [25]. Adsorbed DNA can
be protected against degradation by nucleases and taken up by competent bacterial cells, giving the
bacterial transformation that is the incorporation of the relative gens in the genome of the host bacterial
cell [25]. Despite the fact that bacterial transformation can occur at very low frequencies, it can have
important implications in the gene transfer between cells located in different soil microhabitats.

2.4. Interactions between Microbes, between Microbes and Plants, and between Microbes and Fauna

Interactions can be categorized not only by the interacting species (bacteria, fungi, plant, animal
or virus) but also by how cells sense neighboring other cells of the same species. This can occur at
(i) the physical level, because two cells occupy the same microenvironment; (ii) the biochemical level,
because a cell responds to molecular signals released from the other one; and (iii) the nutritional level,
due to metabolic interactions between the two cells [27]. Of course, these three types of interactions
can occur simultaneously [27]. Interactions between microbes have been extensively studied in vitro
but not in soil due to the complexity and heterogeneity of soil. However, it is plausible to hypothesize
that these interactions are very important in soil habitable microsites, which are isolated each from the
other in dry but not in wet periods, when water connections are established between two separate
microenvironments [8]. Of course, mobile organisms (such as protozoans; nematodes and earthworms),
fungi, with their hyphae, chain-forming organisms, (such as Bacillus mycoide, actinomycetes, and fungi),
and plant roots, can visit different soil microenvironments [27]. Likely, in wet periods, there is the risk
of increasing anaerobic microsites due to low oxygen diffusion in water [8].

One of the most studied molecular signals between bacterial cells is the quorum sensing (QS),
discovered in 1980s; it involves the regulation of several bacterial processes, such as symbiosis,
virulence, competence for transformation, conjugation, antibiotic production, motility, sporulation,



Appl. Sci. 2020, 10, 3717 5 of 11

and biofilm formation [25]. These signals are important in the assemblage of bacterial cells, because the
cells of species with specific QS signals can exclude the cells of species with anti-QS signaling traits [25].
There are also interactions not mediated by QS, like the release of antibiotics, which can either kill
or inhibit the growth of the microbial partner. Bacteria can interact with fungi both positively and
negatively; fungi can promote the soil colonization of bacteria inhabiting the external surface of their
hyphae and using fungal exudates. Other positive interactions involve the bacterial use of monomers
or oligomers produced by the extracellular breakdown of polymers, such as the cellulose of plant
residues, due to the activity of extracellular enzymes released from fungi [25]. Negative interactions
can also involve several mechanisms, such as the predatory action of myxobacteria on fungi, the release
of antifungal compounds by bacteria, and the use of bacterial cells as nutrient sources by some fungal
species [25]. These are only few examples of the several interactions occurring among microbial species
in soil.

Of course, both fungi and bacteria can be used as nutrient sources by soil eukaryotic organisms,
thus originating the soil food web. The microbial loop is an example of the complex interactions among
bacteria, protists, and plants in nutrient dynamics [28]. Bacteria inhabiting the rhizosphere can grow
due to the presence of the root exudates released from root tips; however, bacteria have to mine N from
soil organic matter because root exudates are generally C-rich compounds [28]. Then, protozoa graze
on bacteria, reducing their number and releasing ammonium-N because the C/N ratio of protozoa cells
is higher than that of bacterial cells. The released ammonium is taken up by the plant, and thus the
microbial loop shifts the competition for N between plants and bacteria in favor of plants [28]. This is
just an example of the interactions between bacteria and protists, but other issues may be involved,
such as selective grazing by predators [29].

The rhizosphere is the soil around the roots with a higher microbial activity than the bulk soil as
the result of rhizodepostion, which includes root exudates, mucilage, root debris, and whole detached
root cells [30]. Beneficial, pathogen, and neutral microorganisms inhabit the rhizosphere soil. Among
the beneficial microorganisms, the plant growth-promoting bacteria can stimulate plant growth by
providing nutrients and protecting plants from various abiotic and biotic stresses (among the latter,
the biological control of pathogens) [30]. Some of microorganisms can positively infect plant roots,
giving origin to symbiosis after a complex molecular cross-talk involving both the release of root
exudates and microbial exudates. The most studied molecular cross-talks are those between rhizobia
and legumes [31] and mycorrhizae and plants [32].

Generally, microbial diversity decreases when passing from the bulk to the rhizosphere soil as the
result of rhizodeposition [30]. However, soil plays a fundamental role in affecting the microbial diversity
of the rhizosphere. Indeed, denaturing gradient gel electrophoresis (DGGE) profiles showed that the
microbial diversity of the rhizosphere soil of Carex arenaria, a non-mycorrhizal plant species so as to
avoid confounding the effects of mycorrhizae, depended on the soil type [33]. The use of sequencing
confirmed that soil could impose a larger selective pressure on plant-associated bacterial communities
than plant species [34,35]. However, the soil effect decreases by comparing microbial diversity of
rhizosphere soil with that of the endosphere (the interior of roots colonized by endophytes) [36]; indeed,
40% of the variation in microbial diversity depended on the host species in the endosphere but only
17% in the rhizosphere soil when 30 angiosperms were grown in a garden soil [37].

2.5. The Main Research Approaches

Soil biologists and soil biochemists have struggled and still struggle with knowing what is in soil
and what it is doing, with the aim not only to better know the system but also to properly quantify soil
functions [9]. They have carried out different research approaches. Studies using simplified systems,
such as those only using two soil components, have brought a better understanding of interactions
between soil components, such as the interactions of a single clay mineral with DNA, proteins, or
microbial species [23–25,38]. Of course, caution is required to extrapolate the results of these studies
on simplified systems to soil, which contains a huge variety of microbial species and, for example, not
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pure clay minerals, being covered by other inorganic constituents and organic material. Even DNA and
proteins are released in soil with other cellular components, which may interfere with their adsorption
by surface-reactive particles. This brief discussion about the drawbacks of soil omics methods and the
problems with interpreting relative data does not want to discourage their use but to help with the
proper discussion of the obtained data. Nowadays, omics techniques are among the most powerful
ones to determine microbial diversity and microbial functions in soil.

Knowledge of the microbial taxa inhabiting soil is improved using molecular techniques, in
particular amplicon sequencing and metagenome techniques. However, these studies are often based
on the assumption that the detected microbial species carry out in soil the same functions observed
in vitro [12]. The presence of functional genes is often taken as a sign that the relative function
potentially occurs in the soil where these genes are detected without determining the gene expression
or relating this presence to the measurement of the target activity [12]. Most of the microbial species
inhabiting soil are generally in a dormant state, as already mentioned [13]. In addition, rare species can
be active and responsible for the target activity when the expression of genes is related to the measured
activity, as reported for rare species encoding alkaline phosphomonoesterase activity [14]. It is well
established that metagenome studies should be combined with proteomic analyses to gain insight into
soil functions because proteins are the final expression of each genome. Unfortunately, soil proteomics
still has challenges and pitfalls, such as the fact that it is not technically possible to determine all
expressed proteins in soil due to their huge number, and that the complete protein extraction from soil
is not possible with a single extraction procedure because proteins have different properties (low and
high molecular weights, hydrophilic and hydrophobic moieties, different isoelectric points) and thus
different interactions with the surface-reactive particles of soil [39].

The holistic consideration of the soil system represents the best approach to quantify nutrient
transformations in the soil-plant system, especially if it is combined with the use of labelled (for
example, with 14C or enriched with 15N) compounds or the determination of changes in the abundances
of stable isotopes (for example, 13C) [8]. According to the holistic approach, the system is portioned
into pools (for example, microbial biomass C, microbial biomass N) with a functional meaning, and
fluxes between these pools can represent abiotic processes (for example, nitrate leaching or ammonia
volatilization) or biotic transformations (for example, nitrification, mineralization, etc.). In this way,
the distribution of the labelled compound can be monitored through the different pools and be
discriminated from the respective nutrient already present in the soil (for example, the 15N enriched
fertilizer is distinguished by the native soil N) [8]. One limit of this approach is that the organic pool is
considered as an undifferentiated whole; both N immobilization and N mineralization play a crucial
role in affecting the amount of N available to plants, with the organic N pool being important in both
processes with a part of it cycling more rapidly than the other part. [8]. Usually, models set up to
simulate the N dynamics in soil represent both pools, but the advances in modeling N as well as C, P,
and S in soil requires measurements of at least two organic pools with different biological activities.

Stable isotope probing (SIP) is a technique that combines the holistic approach with molecular
methods because it can determine the active microbial population using the substrates labelled with
stable isotopes (usually 13C or 15N); it directly links the function to the identification of species using
the substrate because these species are present in heavy (labeled) DNA, which can be separated
from light (unlabeled) DNA [12]. This technique can give insight not only into the stimulation of
rare and dominant taxa using the labelled compound but also into the microbial taxa indirectly
affected by the added compound by analyzing changes in the abundance of unlabeled taxa compared
to those of the control soil (only water added) [40]. In addition, the determination of labelled
phospholipid fatty acids (PLFA-SIP) can be used to trace the 13C-labelled compounds released by
plants pulse-labelled with 13CO2 not only into rhizosphere microorganisms but also into strictly
plant-associated microorganisms [41]. There are two main drawbacks with the SIP technique: (i) the
sensitivity of DNA-SIP is less than that of phospholipid fatty acid (PLFA)-SIP, because the former
requires cell replication for incorporation and thus incubation times longer than those required for
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PLFA; and (ii) the cross-feeding—that is, the labelling of microorganisms not directly involved in the
substrate utilization but using the labelled metabolites produced by the users [12].

3. Perspective

Despite progression in the knowledge of the soil biological system promoted by both
methodological advances and imaginative studies, many biological aspects of soil remain still obscure.
Indeed, nowadays many issues about Waksman’s questions are still poorly known despite more than
90 years of research. It is not possible to discuss here all these knowledge gaps due the vastness of
the matter, involving the activity, abundance, and composition of soil organisms; interactions among
them and with different plants; and the effects of different soil properties, environmental conditions,
management practices, and polluting agents, etc. I shall only discuss one knowledge gap per each
question as an example of the needed future research (Figure 1).

Figure 1. The seven grand questions by Selman A. Waksman and one knowledge gap for each question
still present nowadays.

Concerning the first question, despite the use of molecular techniques, many species inhabiting soil
are still undetected and future research should fill this gap. Several methods can determine microbial
activity in soil, but the in situ determination of active microorganisms is questionable. The RNA/DNA
ratio has been used as an indicator of microbial activity or microbial growth, as RNA synthesis is
involved in activity and growth, whereas DNA increase is only involved in growth [42]. However, this
ratio cannot be applied to clay soils, and its use does not discriminate maintenance-related synthesis
versus microbial biomass production. The use of targeted transcriptomics/proteomics approaches is
required but, as discussed above, soil proteomics especially are still a technical challenge.

The interactions between microorganisms and fauna are important (second question), as discussed
above. However, there are several knowledge gaps about the interactions of microorganisms with all
fauna components. Taking protists as an example of soil fauna, it is unknown which groups are the
dominant ones in soil and, thus, which type of microbial interaction with protists is prevailing [29]

It is well established that soil organic matter plays a fundamental role in affecting soil fertility
(third question). However, it is crucial to set up methods determining the easily degradable and the
less degradable organic pool so as to trace main elements (C, N, P, and S) using the respective labelled
compounds. This will improve the accuracy of models simulating the dynamics of these elements in
soil. A great advance in soil nutrient studies was obtained by setting up the fumigation method, which
enables the tracing of the dynamics of nutrients through soil microbial communities [43].

Soil microorganisms can use several organic substrates for energy provision or C supply, and this
depends on several factors (fourth question), as discussed by Kästner and Miltner [44]. The C use
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efficiency (CUE) (the ratio between the formed microbial biomass divided by the consumed substrate)
can give insight into the amount of organic C which potentially can accumulate in soil. According to
Kästner and Miltner [44], it is crucial to have models predicting the organic C dynamics and energy
balance in soil for the quantification of CUE and its relationship to soil microbial diversity.

It is still not possible to analyze root exudates in the presence of soil, despite their crucial role in
the recruitment of microorganisms by plant roots (fifth question). Root exudates are collected under
hydroponic conditions, but they differ in composition and properties when the plant is in the presence
of soil. It is challenging to gain a complete extraction of root exudates from soil, not only because the
extraction yield depends on the soil and exudate type but also because they are immediately used by
microorganisms inhabiting the rhizosphere soil. Transporters involved in root exudation are mainly
uncharacterized, and this knowledge is important in order to understand how and why plant roots
release root exudates [26]. It is well established that distinct microbial communities colonize the several
parts of the root due to spatially defined exudation, and the success of microbial colonization depends
on chemotaxis, substrate specificity, competitiveness, and cooperativeness, but it is challenging to set
up models considering all these issues.

The manipulation of the soil microbiome (sixth question) by inoculating specific microbial species
in the soil-plant system for several purposes, such as controlling pathogens, improving plant growth,
and bio-remediating polluted soils, has been extensively studied. However, the frequent failure
of inoculated microorganisms depends on the fact that an insufficient number of inoculated active
microbial cells carry out the function for which they have been inoculated in the soil-plant system.
According to Gamalero and Glick [45], not only is the proper carrier of the inoculated microbial species
important for the success of the inoculation, but so also is the proper understanding of the local
conditions affecting the microbial inoculum. Finally, it is often a challenge to monitor the fate of the
microbial inoculum in the soil-plant system, and this is crucial in order to understand the mechanisms
of the effects of the inoculated microbial species [46].

Microbial activities in soil markedly depend on the soil physico-chemical properties, with
temperature, moisture, and pH playing the most important role (seventh question). Several methods
determine microbial activity in soil, but the most used is that determining carbon dioxide evolution
from soil [8]. It is still challenging to understand how microorganisms perform their activities at the
microenvironment scale. In 1982, Burns [23] concluded that it was not possible to verify experimentally
the validity of his hypothesis on the ecological role of immobilized enzymes because of the lack
of probes of the soil microenvironment. After almost 40 years, it is still challenging to simulate
microenvironments under laboratory conditions.

4. Conclusions

This review has discussed briefly the main properties of soil as a biological system and the
knowledge gaps that still persist for some of the questions raised in 1927 by Selman Waksman about the
biological properties of soil. The persistence of these knowledge gaps is mainly due to the complexity
of soil. Methodological progresses have allowed us to fill some of the knowledge gaps related to
Waksman’s questions. However, technology-driven research and hypothesis-driven research should
be combined in order to fill the remaining gaps. Particularly imaginative research should address the
simulation of the soil microenvironment so as to understand which factors regulate microbial activities
in micro-niches. Of course, this is not an exhaustive review due to the complexity and vastness of the
treated matter, which exceeds the limits of a single mini review; we suggest that the reader consult the
many cited reviews to have a better view of the underlying mechanisms.
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