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Abstract: Both soil and the human gut support vast microbial biodiversity, in which the microbiota
plays critical roles in regulating harmful organisms. However, the functional link between microbiota
taxonomic compositions and disease suppression has not been explained yet. Here, we provide
an overview of pathogen regulation in soil and mammals gut, highlighting the differences and
the similarities between the two systems. First, we provide a review of the ecological mechanisms
underlying the regulation of soil and pathogens, as well as the link between disease suppression
and soil health. Particular emphasis is thus given to clarifying how soil and the gut microbiota
are associated with organic amendment and the human diet, respectively. Moreover, we provide
several insights into the importance of organic amendment and diet composition in shaping beneficial
microbiota as an efficient way to support crop productivity and human health. This review also
discusses novel ways to functionally characterize organic amendments and the proper operational
combining of such materials with beneficial microbes for stirring suppressive microbiota against
pathogens. Furthermore, specific examples are given to describe how agricultural management
practices, including the use of antibiotics and fumigants, hinder disease suppression by disrupting
microbiota structure, and the potentiality of entire microbiome transplant. We conclude by discussing
general strategies to promote soil microbiota biodiversity, the connection with plant yield and health,
and their possible integration through a “One Health” framework.

Keywords: antibiotics; biochar; compost; diet; soil fumigation; organic amendments; beneficial
microbes; soil-borne pathogens; microbiota transplant

1. Introduction

Increasing public awareness concerning the sustainability of vegetable and crop pro-
duction has prompted research into the development of efficient, but low-input, agricul-
tural management practices. Agroecosystems are prone to the spread of pest and plant
pathogens, which represent a serious problem for farmers. Intensive cultivation systems
based on monoculture are not resistant to biological invasion of pests and pathogens, which
can rapidly spread and cause substantial losses to crop production. Standard control strate-
gies include the extensive use of insecticides, fungicides and, in case of soil, disinfestation
by the use of fumigants [1]. However, the long-term use of pesticides has environmen-
tal and economic negative impacts. At farm scale, the repeated application of pesticides
disrupts the soil microbial network, which results in the loss of natural soil suppression,
causing greater need for the use of intense applications [2]. At regional and global scale,
extensive use of pesticide contributes to environmental pollution [3] and, in recent decades,
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has caused the evolution of weed, insect, and pathogen resistance [4]. With the aim of
limiting the environmental impact, the approved list for the safe use of fungicides and
fumigants is periodically subjected to revision by European Union, with severe restrictions
adopted for many pesticides [5]. However, the progressive restrictions on the use of pesti-
cides increase, in parallel, several risks related to effective crop protection and, in the long
term, food security [6]. Therefore, studies that focus on eco-friendly but effective methods
for pathogens control are a priority at this time.

The control of soil-borne pathogens by eco-friendly techniques is facing particu-
lar challenges due to the capability of these species to survive in the soil for numer-
ous years in an inactive state [7]. For instance, microsclerotia of Verticillium dahliae can
survive for more than 15 years without suitable host plants. Several eco-compatible
methods have been proposed for use, including disinfestation through solarization [8],
bio-fumigation with plant tissue like brassiceous seed meal [9], and anaerobic soil dis-
infestation consisting of soil incorporation of fermentable organic substrate followed by
tarping [10]. An alternative approach that avoids the eradication strategy is the introduc-
tion of beneficial microbes or the stimulation of native beneficial microbiota through the
use of organic amendment. Organic amendment, like green and animal manure, compost,
and biochar, is widely adopted in both conventional and organic farming to increase soil
fertility [11], improve soil structure [12], and control the spread of soil-borne pathogens [13].
The list of pathogens approved to be controlled by organic amendments includes bacteria
(e.g., Ralstonia solanaceaurum), oomycetes (e.g., Pythium spp., Phytophthora spp.), many
fungi (e.g., several Fusarium oxysporum forme specialis, Rhizoctonia solani, Sclerotinia minor,
Sclerotium rolfssi, and Verticillium dahliae) and some viruses [14]. Within the literature,
four main mechanisms have been proposed to explain the capability of organic amend-
ments to control soil-borne pathogens: (i) increased competition for nutrients that causes
fungistasis [15], (ii) antibiosis and hyper-parasitism [16], (iii) induced systemic resistance
by beneficial microbes (Zhang et al. 1998), and (iv) direct fungitoxic effect of organic
compounds released during the decomposition of the organic substrate [17]. Despite the
underlying mechanisms that have been clarified in several previous study cases, their
relative importance and impact under field conditions is still poorly understood. There-
fore, the extensive commercial application of organic amendments is still limited by the
lack of predictability and consistency of the achievable results in different plant-pathogen
systems. In fact, several studies have found that organic amendments are not effective in
disease control and, in some cases, may incite plant disease incidence and severity [18]. In-
deed, an improvement of the mechanisms that regulate organic amendment-based disease
suppression will help to develop new and more effective product applications. In recent
decades, several reviews have explored the connection between organic amendment and
disease suppression, trying to quantify their effectiveness, the underlying mechanisms, and
the efficiency of the application of specific materials like compost “tea” [19] and biochar [20].
More recently, the connection between soil microbiome and organic amendment application
under different farming systems has been also reviewed [21,22].

In the last ten years, the key role of microbiota for soil and plant health has become a
central topic for research activities [23]; and agronomic practices, including pesticides and
organic amendment, are strong factors affecting the structure and functionality of these
microbiota [24]. In this review, we explore the opportunity provided by recent advances
of chemical and metagenomic tools in the studies that link organic carbon sources with
both microbiota composition and functions to pathogen spread and invasion in soil and
animal gut. In this context, we explicitly compare the role of the gut, where the role of
the microbiota in a mammal’s health is well established, and soil microbiota in controlling
pathogens. Specifically, our effort is devoted to identifying common and divergent points
with the aim of improving organic amendment applications. We start by investigating
how microbiota responds to repeated disturbance practices, i.e., fumigants in agricultural
soil and antibiotics for mammal gut. Then, we investigate the potential mode of stirring
suppressive microbiota by comparing organic amendment application in soil and diet
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regimes for human. Finally, we discuss the potentialities as well as the limitations of
microbiome transplant in the soil of agroecosystems and mammals gut.

2. Antibiotics, Fumigations, Microbiota Disruption and Disease Reappraisal

Since the discovery of antibiotics in 1940, they have been a keystone innovation
in several fields including medicine, public health, and animal husbandry. It is well
established that the use of antibiotics carries both risks and benefits. Therapies based on
antibiotics are critical for the effective cure of life-threatening infections of humans and
animals, but extensive use could lead to side effects that include emergence and spread
of antibiotic resistance [25]. At an individual scale, the use of antibiotics may cause short-
term collateral damage by impairing the indigenous host-associated microbiota. In detail,
broad-spectrum antibiotics cause rapid but transient reduction of bacterial diversity in
the gut, associated with the collapse of some specific bacterial taxa. As a consequence of
microbiome diversity decrease and formation of empty ecological niches, the resistance to
biological invasion by pathogenic species decreases drastically [26].

The importance of an intact intestinal microbiota for mucosal protection from pathogen
infection has been widely demonstrated for both animals and humans. First, the use of
germ-free animals has clearly demonstrated that such model organisms are extremely sus-
ceptible to enteric infection [27]. Second, several studies have reported that the application
of broad-spectrum antibiotics could increase the susceptibility to pathogens attacks by
many species including Escherichia coli, Salmonella enterica, and Vibrio cholerae [25,28,29].
The loss of colonization resistance to pathogens invasion could be within a short-term
period, as in the case of Salmonella infection often observed in the days that follow antibi-
otic applications [26]. Direct competition for organic compounds as well as interference
competition are involved in the short-term resistance to colonization by pathogens pro-
vided by the intact microbiota. Antibiotics cause a rapid reduction of the inner microbial
population, a drop in microbiome diversity, and the disruption of the community structure.
A study using a mouse model indicated that antibiotics could lead to an episodic, local
increase in the abundance of host-derived organic compounds in the gut, including free
sugars and sialic acid, which triggers their use by pathogens like Clostridium difficile and
Salmonella enterica [30].

In general, the impact of antibiotics on gut microbiome composition is represented
by a sharp reduction in bacterial diversity, with more or less complete recovery some
weeks after the treatment. Moreover, steep declines and expansions were observed in the
relative abundances of specific bacterial taxa. In most taxa, a nearly complete recovery
was observed several weeks after the treatment, although some long-lasting effects after
several months were reported [31]. The long-term legacy effect on specific microbial taxa
could be associated with the persistent reduction of colonization resistance. For example,
Croswell et al. [26] found that different antibiotic regimens perturbed the mice’s gut
microbiota, enhancing Salmonella enterica colonization immediately after the treatment.
However, despite the rapid microbiota recovery in terms of bacterial counts and the relative
abundance of several dominant taxa, the mice retained their susceptibility to Salmonella
spread and associated enteritis. This result demonstrated the long-lasting deleterious
impacts even after withdrawal of antibiotics treatment. Similar findings have been reported
in the case of Clostridium difficile-associated diarrhea infection, in which the therapies are
commonly based on antibiotics that are 70–85% effective against initial episode patients,
but these values dramatically drop to 30% in the case of patients with subsequent disease
relapses [32]. In fact, subjects prone to disease relapse have a microbiota depleted of specific
taxa because of the repeated antibiotic treatments that make the whole microbiota less
resistant to recolonization by the germ C. difficile [33].

In the agroecosystem, the use of antibiotics is banned in the European Union, although
field application is still possible in the USA and some other countries. Nonetheless, agri-
cultural soils under intensive management are often subject to reiterated and intensive
applications of pesticides, in particular fumigants. Fumigants are usually applied as a pre-
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plant treatment for vegetables, or in the case of replanting in orchards. Fumigants, usually
having a broad spectrum of activity, are applied to eradicate pathogenic bacteria, oomycetes,
fungi, nematodes and also weeds. The global ban of methyl bromide in 2005, due to the
depleting effect on stratospheric ozone, caused the substitution with other products like
chloropicrin, metam sodium, and 1,3-dichloropropene, among others [1]. However, despite
the extensive use of fumigants in many agricultural systems, soil-borne pathogens are still
causing considerable crop losses. In this regard, recent studies suggest that fumigants con-
tribute to the development of soil microbiota that are subject to disease relapses due to their
loss of resistance to pathogens colonization. In the short term, fumigation causes a notable
reduction of pathogens inoculum, a drop of bacterial and fungal diversity, and subsequent
release of mineral nitrogen forms by mineralization of killed microbial biomass. Reduction
of pathogen density and the release of mineral nutrients contributes to the well-known stim-
ulation of plant growth immediately after soil fumigation [34,35], and contributes to their
extensive application in different agricultural systems. However, the short-term vegetation
lush has considerable environmental costs, including the decline of soil organic carbon
stock [36] and the reduction of soil suppressiveness against pathogens. As reported for gut
microbiota treated with antibiotics, fumigated soil often shows a rapid recovery of micro-
bial biomass, as well as diversity that often reaches the pre-existing state, or even higher
levels, a few weeks after the treatment [37,38]. This pattern has been reported for a range
of fumigants. However, most of the available studies are short term and were reported to
be transient, but significant changes have been in the taxonomic composition of fumigated
soil compared to untreated control [39,40]. Nevertheless, studies monitoring microbiota
response over multiple years in fumigated soil were lacking until recent years, resulting
in the inability to assess the long-term effect of this practice on microbiota resistance to
pathogen infestation, crop health and yield. A notable exception is the study of Mazzola
et al. [9] concerning the effect of 1,3-dichloropropene-chloropicrin in overcoming the replant
disease problem of apple (Malusdomestica) caused by the nematode Pratylenhcus penetrans,
the fungus Rhizoctonia solani, and the oomycetes Pythium. The positive effect of fumigation
on tree growth was limited to the first season but disappeared thereafter. In the first year,
soil fumigation reduced nematode and pathogen abundance in the rhizosphere microbiota
of apple trees. However, after two years, the microbiome in the untreated control and
fumigated soil was not different, with substantial nematode lesion and pathogen attack in
root planted in fumigated soil, demonstrating the limited resistance of this soil to pathogen
re-establishment. More recently, Bonanomi et al. [41] investigated the impact of organic
amendment application and chemical fumigation with metam sodium for two years on
the crop yield of rocket (Eruca sativa) and the soil microbiota structure. Fumigated soil
achieved the highest yield in the first year, but the lowest after two seasons due to soil acidi-
fication, increased soil salinity, and sharp reduction of soil microbiota activity and diversity.
More generally, Bonanomi et al. [42] compared the soil microbiota of greenhouse vegetable
cultivation managed organically or conventionally based on mineral fertilizer and repeated
soil fumigation. Notably, anellida belonging to the family Enchytraeidae, were practically
absent under conventional management, but were a very abundant component of the
soil microbiome in organic farms. This demonstrates that repeated fumigation disrupts
the upper levels of the soil microbiome food web, with a negative impact on ecosystem
functions. Accordingly, we found that the organic soils were more suppressive to the
spread of the fungal pathogen R. solani compared to conventionally managed soils [43].

This section highlights that the application of broad-spectrum biocides on species’
rich, complex microbiota, like that harbored by mammals’ guts and soils, causes short-term
negative effects as well as long-lasting legacy impacts (Figure 1). In both guts and soils,
antibiotics and fumigation perturb microbiota equilibrium, enhancing the susceptibility to
pathogen re-establishment. Accordingly, with the fluctuating resources hypothesis [44],
ecosystems subject to periodical disturbance become prone to biological invasion because
their capability to efficiently use available resources is drastically reduced. In this regard,
the use of aggregate microbiota traits like microbial biomass, total cultivable bacteria,
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species richness and diversity are all unable to predict the long-lasting negative impact of
biocides. Further studies that identify synthetic microbiota traits able to capture the short-
and long-term impact of biocide treatments are urgently needed.
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3. Microbiome Stirring to Enhance Disease Suppression

Soil and the gut are considered to be bioreactors in which very complex microbiota,
potentially made up of trillions of living cells dominated by bacteria in the human gut
and hundreds of bacterial and fungal species in soil, coexist by competing and exploiting
a range of organic carbon sources. Temperature, available oxygen, and pH are the main
abiotic factors that shape soil and mammal gut microbiota, with both the content and
chemical quality of the exogenous organic carbon that provides the fuel supporting its
activity and, through intense competition, shapes community diversity and taxonomic
composition [45]. Organic carbon input in the soil of natural ecosystems consists of freshly
fallen litter, root exudation, and turnover, and, in agroecosystems, exogenous application
of organic amendments makes a further contribution [46]. In humans and mammals, diet
is the primary source of organic carbon for the gut microbiota, which supports the animal’s
energy requirement. In both gut and soil, the microbiota can be altered by external stimuli,
and its plasticity creates opportunities to reshape diversity and structure. As demonstrated
in animals and humans, where gut microbiota diversity and composition can be reshaped
by the diet [47], the content and chemical quality of crop residues and organic amendment
are crucial for stirring soil microbiota. In this context, an accurate definition of diet and
organic amendment chemical composition is a crucial step to developing reliable guidelines
for the correct and effective management of microbiota by modulating diet and organic
amendment type, and the amount and frequency of application.

3.1. Gut Microbiota, Diet and Human Health

Diet plays a pivotal role in human health, with unbalanced food intake being linked to
chronic [48] and cardiovascular diseases [49]. Diet not only provides essential nutrients and
carbon sources to support human metabolism, but also feeds gut microbiota that modulates
human physiology, psychology, and, finally, health [50]. Several studies have extensively
reviewed the intersection between different dietary patterns (e.g., Mediterranean diet,
Western diet, ketogenic diet, Paleolithic diet, and vegan/vegetarian diet, among others),
gut microbiota, and human health [51,52]. In recent decades, scientists have recognized
that both macro- and micro-nutrients affect the gut microbiota, but among macronutrients,
carbohydrates (CHO) play a principal role [53]. The Western diet, which is rich in fat
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and simple CHO, mainly sucrose, causes a rapid shift in the microbiota and could trigger
metabolic dysfunction in model animals [54]. Similar deleterious effects have been reported
with high sucrose dosage when applied in other dietary patterns. Conversely, dietary pat-
terns rich in fiber and indigestible CHO can remodel microbiota with positive consequences
for human health. Accordingly, diets rich in fibers and poor in simple CHO, like those
employed by the societies of nomadic hunter–gatherer populations, supports a very rich
gut microbiota. Such species-rich gut microbiotas are able to enzymatically degrade sev-
eral CHO that are indigestible to humans, thus providing a slow energy release. Some
authors have proposed the term “microbiota-accessible carbohydrates” (MAC) instead of
the generic term “fiber” to better identify CHO that are accessible to gut microbiota [55].

There is evidence to suggest that diet patterns deprived of MAC alter microbiota struc-
ture, diversity and functionality. In animal models, diets with low levels of MAC cause a
rapid decrease in microbiota diversity that persists for several generations even after the
reintroduction of an appropriate diet [55]. Similarly, lower diversity of gut microbiota is
observed in Western societies that follow a diet poor in MACs but rich in fat and simple
sugars. Notably, this lower diversity was associated with over-grazing by some bacterial
taxa in search of alternative carbon sources on the intestinal mucus layer. Depletion of the
mucus layer causes inflammation and opens the way to pathogen attack [56,57]. Moreover,
MACs provide key carbon sources for gut bacteria that produce, through fermentation,
several short-chain fatty acids, including butyrate and propionate. Short-chain fatty acids
in the intestine are important compounds that regulate energy homeostasis, as well as
lipid and CHO metabolisms, and suppress inflammatory responses [58]. In this regard,
restriction of MACs in the diet can substantially reduce short-chain fatty acid production,
thus impairing several physiological processes (Figure 2). To overcome the chronic de-
privation of MACs caused by the Western diet, some oligosaccharide MACs have been
proposed as diet prebiotics to selectively stimulate the proliferation of beneficial species
like Bifidobacterium and Lactobacillus. Despite promising experimental data, results in
this direct are contradictory [59]. More generally, the available evidence indicates that a
delicate balance between intake of simple CHO and MACs is required to support diverse
and functional gut microbiota. In this context, some researchers are focusing their attention
on the definition of microbiota-targeted dietary patterns, like the specific carbohydrate
diet [60].

3.2. Organic Amendment to Feed Soil Microbiota and Promote Disease Suppression

The amount and chemical quality of organic input in the soil ecosystem shapes
the microbiota and, in return, controls soil function, including fungistasis and disease
suppression. In natural ecosystems, litterfall, root exudation, and microbial turnover are
the main organic input in soil, more or less continuously feeding a complex food-web
largely composed of microbial saprotrophs and invertebrate detritivores [61]. It is well
known that leaf and root litter chemistry varies dramatically among plant species in relation
to the plant type (e.g., broadleaf, conifer, nitrogen-fixing, sedge and grasses), and within
species in terms of the organs (e.g., leaves, root, and wood debris). The leaf economic
spectrum predicts that leaf litter chemistry changes with soil fertility, with litter tissue being
richer in nitrogen and poor of structural lignin as fertility increases [62]. Moreover, plant
leaves have a higher nitrogen content and a lower lignin content compared to root and
woody tissues [63]. Overall, the organic input received by a certain ecosystem depends on
the biochemical composition of plant tissues type, the frequency of litterfall, the intensity
of turnover, and the type of abiotic stress, including fire, which provides, in addition to
inorganic ash, also charred materials with specific chemical and functional properties [64].

In agroecosystems, organic amendments, like manure, have been used for millennia
to support soil fertility and functional microbiota. In the last century, instead, the intro-
duction of synthetic inorganic fertilizers has allowed farmers to break the link between
organic amendments that feed microbiota and soil fertility and crop yield [13]. As a result,
organic materials present in agroecosystems, including crop residues and manure from key
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resources, have become solid waste. In most ecosystems, crop residues are removed from
soil or burned to reduce pathogen inoculum and limit the spread of plant diseases [65].
Moreover, in well-watered and fertilized agroecosystems, the litter quality is higher, i.e.,
it possesses high N and labile carbon content with low lignin concentration, thus support-
ing a high decomposition rate and fast carbon cycle. As a consequence, the microbiome can
become starved and receive only periodic input of organic matter, mostly composed of very
labile carbon forms like sugars and amino acids from root exudates, and highly decompos-
able crop residues. It is well established that reductions in organic input cause reductions in
soil organic carbon stock, as well as a progressive reduction of nutrient mineralization [36].
Less known, however, are the associated changes in the microbiota, which becomes domi-
nated by fast-growing, opportunistic bacteria, in particular Proteobacteria, but depleted of
oligotrophic Acidobacteria. More importantly, several studies have observed a reduction
in fungal biomass and functionality, especially the guild of saprotrophic species capable
of decomposing plant debris rich in lignin, associated with the reduction of the organic
inputs [66,67]. Under such conditions, microbiota are less capable of using the periodical
input or organic matter, opening up the possibility for the spread of pathogenic fungi
capable of saprotrophic activity, like Rhizoctonia solani, Fusarium species, and Pythium spp.
Such changes have important feedback effects on crop yield and health. Soil sterilization,
through heat and steam, has become routine in nursery and intensity cultivation, as well
as fumigation under field conditions. The popularity of this practice derives from farm-
ers’ requirement to periodically remove dysbiotics, pathogen-rich microbiota, from soil.
In support of this practice, most of the studies that have compared non-sterile with sterile
soil collected in intensively cultivated agroecosystems found a notable increase in plant
growth following microbiota removal [68–70]. Conversely, in semi-natural grasslands and
forest soils, sterilization, in most cases, causes a reduction in plant growth, indicating the
associated positive soil microbial community feedback [71,72]. We speculate that periodical
sterilization combined with reduced carbon input in agroecosystems causes a systematic
removal of highly specialized microbes like ectomycorrhizal fungi, saprotroph fungi ca-
pable of degrading lignin, predator protozoa, and metazoan, thus causing a disruption of
food web upper levels [42]. Unfortunately, most such microbes have low resilience, and
as a result, become locally extinct, and the limit dispersal capability does not allow their
rapid soil recolonization.

Restoration of dysbiotic soil microbiota could be pursued by managing the frequency
of application and the chemical quality of organic amendment. Usually, in order to adapt
the application of organic amendment to ordinary agricultural practices, organic inputs
are applied once a year and in large amounts, often exceeding 20–30 tons per ha per
year [18]. Although this is practically simple, the consequence is the generation of alternat-
ing bursts and declines in microbial activity, causing fluctuations and general instability in
the functionality of the soil microbiota, which becomes prone to pathogen invasion [73,74].
Notably, the few experiments that have studied the use of organics amended frequently
(i.e., applied every week or month) and at low rate reported a positive response of soil
microbiota, with higher enzymatic activities [75] and total active microbial biomass [76].
Bonanomi et al. [77] found that frequent applications (i.e., every two days) of four organic
amendment types were able to increase soil fungistasis against four pathogenic fungi, i.e.,
Aspergillus niger, Botrytis cinerea, and Pyrenochaeta lycopersici. Specifically, soil subjected to
repeated organic applications required a substantially reduced time for the restoration of
fungistasis, and hence, there was a reduced window of opportunity for pathogens to use
the organic source, and increasing the potential inoculum. In general, a frequent rate of
organic amendment provides continuous support to soil microbiota, but more studies are
required to adapt this principle to different cultivation systems.

The other option for stirring suppressive soil microbiota is to use the appropriate organic
amendment type. In this regard, the trial and error approach has been applied for a long time,
although with little benefit. According to the meta-analysis of Bonanomi et al. [18], based
on 2423 experiments, organic amendment had a suppressive effect in 45%, and a non-
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significant impact in 35% of cases, but there was a notable increase in disease severity in
20% of the bioassays. In this context, the key question is how to profit from organic amend-
ment with the aim of reshaping the soil microbiota and enhancing the activity of beneficial
microbes without stimulating pathogen populations and virulence. In fact, the identifica-
tion of the appropriate organic amendment type for shaping the suppressive microbiota is
a crucial, but not easy, task. As observed for the human gut, agroecosystems, where easily
accessible carbon sources are the main organic input, sustain dysbiotic microbiota and are
subjected to pathogen spread. In this regard, the use of materials rich in recalcitrant organic
carbon, like sawdust rich in cellulose and lignin, seems a profitable approach. Cellulose and
lignin-rich materials stimulate saprotrophic fungi, which increase the competitive ability of
soil microbiota against pathogens including R. solani [78]. However, this practice is limited
because of its obligation to be combined with large applications of mineral fertilizers in
order to avoid nitrogen immobilization in the microbial biomass due to the high C/N
ratio of such organic materials [79]. The use of biochar, a pyrogenic material that is highly
recalcitrant to microbial attack, appears also to be a profitable approach against a range of
plant pathogens. In the past decade, biochar has been found to be able to suppress diseases
caused by both soil-borne and airborne fungal pathogens, including B. cinerea, Leveillula
taurica, and several formae speciales of F. oxysporum, Pythium spp., Phytophthora species
and R. solani [20]. Recently, biochar was shown to be able to control the parasitic weed Phe-
lipanche aegyptiaca [80], the nematode Pratylenchus penetrans [81], and the Tomato Spotted
Wilt Virus [14]. The mechanisms of disease suppression of biochar are related to its high
specific surface area and the recalcitrant carbon type. During pyrolysis, the disappearance
of easily degradable carbon sources, the enrichment of aromatic fractions and the increase
of specific surface area make biochar an organic substrate capable of stimulating plant
growth, but not capable of acting as a food base for microbes, especially pathogens with a
limited saprophytic ability. Moreover, due to its porous structure, biochar provides a safe
site for beneficial microbial colonies [82], and adsorbs phytotoxic molecules and enzymes
used by pathogens to attack plants [83]. One promising approach is the combination of
biochar with other, non-pyrolyzed, organic amendments like manure, plant residues and
compost. Such products are commercially termed “terra preta”-like planting substrates [84].
In fact, specific combinations of biochar made from four feedstocks, i.e., the organic fraction
of municipal waste, Medicago sativa, Zea mays stalks, and wood chips, with non-pyrogenic
substrates have been found to be very effective in stimulating plant growth [85], thanks
to their capacity to adsorb potential phytotoxic compounds and, at the same time, pro-
gressively release mineral nitrogen [86]. Overall, the use of slow-decomposing substrates
(i.e., cellulose and lignin-rich material or pyrogenic substrates like biochar) that avoid the
boom-down response and the fluctuation of soil microbiota require special attention in
future research targeting the development of suppressive soil (Figure 2).
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microbiota structure and control functions. In both systems, the prevalence of simple, easily accessible organic carbon sources induces
instability and generates dysbiotic microbiota.

4. Microbiome Transplant: Potentialities and Drawbacks

Reconstruction of a depleted microbiome can be performed through the introduction
of beneficial microbes. A major achievement in plant disease protection was the isola-
tion, development, and commercialization of beneficial microbial inoculants in different
agricultural systems. Such probiotics commonly include well-known beneficial bacte-
ria, e.g., Bacillus, Pseudomonas, and Streptomyces, or fungi, e.g., Trichoderma, Coniothyrium,
and non-pathogenic Fusarium strains, among many others. The usefulness of probiotics
in agriculture is proven by the number of commercial products sold on the market world-
wide [87]. However, many such beneficial microbes are very effective under laboratory and
greenhouse conditions, but often fail in field applications. Several studies have suggested
that single-species probiotics suffer intense competition from native microbiota and, in
many cases, are poorly adapted to the ecological conditions of the donor soil ecosystem [88].
As a consequence, the effectiveness of such microbes requires an inundation approach
based on periodic application of large amounts of living bacterial cells or fungal spores,
with obvious increased costs for farmers. Similar problems have been reported for the use
of probiotics, based on single strain of Bifidobacterium and Lactobacillus, for the restoration
of depleted gut microbiota [59]. A possible solution to this problem is the combination of
biocontrol agents belonging to different functional types in order to reduce the biological
control variability. Such microbial consortia are often composed of antagonistic fungi,
mycorrhizal fungi, and plant growth-promoting rhizobacteria [89]. However, the major
drawback of microbial consortia is the limited species richness, usually less than 10 strains,
and the lack of specific adaptation to the donor ecosystem, which limits their capability
to effectively establish and colonize the new environment. A further step in this direction
would be the inoculation of the entire microbiome, which is much more complex, and
is composed of hundreds or even thousands of species. Hereafter, we compare studies
concerning microbiome transplantation in three systems: gut, vagina, and soil. Although
the methods are technically different in terms of practical aspects and implementation,
the approach and the logical bases are identical. The following sections highlight the
similarities and differences with a focus on pathogen resistance.

4.1. Microbiota Transplant in Gut and Vagina

The entire microbiota transplantation in human consists of the transplantation of fecal
microbiota from a donor, healthy individual, into an individual suffering from gastroin-
testinal disorders with the aim of restoring the normal functionality of the recipient’s gut.
The history of fecal microbiota transplant dates back to the 4th century in China, where it
was used as a therapeutic tool to treat diarrhea in humans [90]. However, the delivery of
dry feces or fresh fecal suspension by mouth to patients limits the diffusion of this tech-
nique for obvious reasons. In animals, in the 17th century, the fecal transplant was termed
‘transfaunation’ and was used in ruminants to restore microbiota in order to improve the
digestion process or different metabolic disorders [91]. Recent applications of microbiota
transfer have also been successful in other mammals as well as fish [92].

In modern medicine, Eiseman et al. [93] firstly published case studies concerning fecal
microbiota transplant as a successful method for the treatment of enterocolitis associated
with infection of Staphylococcus aureus. In recent decades, fecal microbiota transplant has
entered hospitals and clinics as a successful tool option for the treatment of diarrhea caused
by Clostridium difficile infection [32]. In fact, fecal microbiota transplant treatment has
been demonstrated in clinical trials to be effective in the treatment of recurrent C. difficile
infection in about 90% of cases, without reporting any severe adverse effects. For instance,
Fuentes et al. [33] reported that after fecal microbiota transplant, all patients successfully
recovered from recurrent C. difficile infection. Moreover, microbiota composition shifted
from low diversity dominated by Proteobacteria and Bacilli, typical of post-antibiotic
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treatment, to a more species-rich microbiota dominated by Bacteroidetes and Firmicutes
groups, with changes that were persistent over time. Recent research efforts have been
devoted to optimizing delivery systems, as well as the identification of the donor microbiota
traits necessary to provide effective and safe pathogen-free samples [94]. Fecal microbiota
transplant had a positive effect, although results are more variable, and in some cases
controversial, for the treatment of inflammatory bowel disease [95], Crohn’s disease [96],
ulcerative colitis [97], functional gastrointestinal disorders [98], obesity [99], and insulin
sensitivity in patients with other metabolic syndromes [100]. For this majority of diseases,
the mechanism underlying the fecal microbiota transplant effect is still unknown, but a
net increase in the abundance of beneficial bacteria combined with the increase in the
microbial diversity is likely, as is the indirect modulation of the immune system [101].
Fecal microbiota transplant is the current object of several studies in veterinary science
with applications in improving the health of wild, endangered species in zoos [102] and
domestic pets [103], and improving efficiency in livestock husbandry [104].

More recently, microbiome transplantation has been used for the treatment of in-
tractable bacterial vaginosis. Contrary to the complex microbiota of the gut or soil, where
microbial bacterial diversity is an indicator of healthy ecosystems, the healthy microbiota
of the vagina is dominated by only one of a few species belonging to the Lactobacillus
genus [105]. In these systems, an increase in bacterial diversity is a symptom of disor-
der. Specifically, bacterial vaginosis consists of an alteration of the vaginal microbiota
that switches from Lactobacillus monodominance to the presence of different anaerobic
species [106]. Bacterial vaginosis increases the risk of infections in the upper genital
tract, complications in pregnancy, and enhances susceptibility to sexually transmitted dis-
eases [107]. Bacterial vaginosis is commonly treated with antibiotics, but such intervention
is associated with a substantial relapse of up to 50–70% within a year [108]. Repeated
antibiotics application, as described for soil and gut, opens the way to vaginal candidiasis,
and infection by resistant bacterial strains. The use of probiotics consisting of Lactobacillus
strains, either applied orally and/or in the vagina, has produced very variable results and
was unable to restore a stable and healthy microbiota [109]. In recent years, some studies
have demonstrated that transplants of vaginal fluids from selected healthy donors could
be an effective approach for the restoration of functional microbiota [105,110]. The most
recent studies developed standard protocols to ensure that only beneficial microbes are
transferred, avoiding the presence of potential pathogens, but also sperm that could cause
unintended pregnancy. Moreover, future studies will focus on the effective screening of
donors that are not only pathogen free, but harbor a Lactobacillus-dominated microbiota
that can effectively restore the vagina of the recipient. Future studies should address the
idea of cultivating uniform, more standardized transplants that have high therapeutic
efficacy while limiting the risks associated with the use of vaginal fluids.

4.2. Microbiota Transplant in Soil Ecosystems

In many agricultural systems, soils are periodically sterilized by the use of physical
factors like steaming, but, more commonly, they are sterilized through chemical fumigation.
This agronomic practice, by removing the pre-existing microbiota, creates favorable condi-
tions for hosting exogenous microbiota because of the reduced competition by the native
microbial community. Therefore, such agroecosystems appear to be ideal systems for the
effective transplantation of entire functional microbiomes. Early evidence of soil transplan-
tation date back to the 1930s and 1940s, with studies concerning suppressive soils. The
transferability of disease suppression was elegantly demonstrated by the addition of small
amounts of suppressive soil, ranging from less than 1% to 10% (w/w), to a disease-conducive
soil which rapidly leads, as a consequence, to the transfer of the capability to control the
disease [111]. The use of a small amount of soil rules out the possibility that changes in soil
chemistry (e.g., pH, organic carbon, nitrogen, etc.) could be the causes of disease suppres-
sion. One of the earliest documented transfers of suppressive microbiota was published by
Menzies [112]. In this study, a small amount of transferred living, conducive, sterilized soil
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resulted in a dramatic reduction in potato scab caused by Streptomyces scabies. Notably,
more recent studies have demonstrated that disease suppression towards potato scab was
due to the activity of not pathogenic Streptomyces strains [113]. Since the early studies, the
effective transfer of specific suppressiveness by soil inoculum has been demonstrated for
many pathosystems, including the fungus Gaeumannomyces graminis var tritici, causing take-
all of wheat [114], Rhizoctonia solani, which attacks sugar-beet and other vegetables [115],
several forma specialis of Fusarium oxysporum [116], oomycetes belonging to Phytophthora
and Pythium genus [117], bacteria like Ralstonia solanacearum [118], and some nematodes
such as Meloidogyne incognita [119] and Heterodera spp. [120]. Although specific suppression
transfer is a well-known method, it has not become an established agronomic practice yet.
A major limitation is, obviously, the need to transfer 10% of the suppressive soil into the
new agroecosystem, which appears to be an unrealistic task. However, soil transplantation
could also be effective when using only 1% of donor soil, equivalent to ~30 t ha−1 of soil,
if assuming the amendment of a soil profile of ~25 cm with a bulk density of 1.2 g cm−3.
A recent study demonstrated that soil transplantation is possible at the field scale for rapid
restoration of ex-arable land into semi-natural grasslands [121]. Under this scenario, soil
transplantation appears to be a feasible practice, because ~30 t ha−1 falls well within the
range of organic amendment applications that are routinely made using manure, compost,
and biochar [18]. Moreover, soil quantity does not appear to be a real constraint in the
case of nursery or flower cultivations in greenhouses, where small amounts of substrates
are used.

This body of evidence suggests that soil transplant could be a powerful tool for the
development of sustainable agroecosystems. However, because of the very limited knowl-
edge concerning the traits of donor soil microbiota and their compatibility with recipient
soils, no reliable guidelines are currently available for farmers. Moreover, future studies
would need to investigate the impact of soil transplant on the diversity and functionality
of recipient microbiota. The enormous diversity of soils in terms of chemistry, together
with the large variety of potentially useful donor microbiota define a great number of
possible donor–recipient soils. Nowadays, no standardized approach is actually available
for the identification of donors for the purposes of microbiota soil transplant, unlike what
has been developed for the gut and vagina [110,122]. In this context, the aim for future
work will be the development of a standardized process for donor screening, as well as
rapid tests to assess the compatibility with the recipient soil, with the aim of optimizing
crop performance.

5. Conclusions and Future Directions

This review highlights the deleterious effect of reiterated application of antibiotics
in the gut and fumigations in soil. Such treatments, essential in some cases to control
specific diseases, if applied routinely, disrupt the complex microbiota structure, causing a
drop in their functionality that causes a reappraisal of infectious diseases. In this regard,
the effectiveness of microbiota transplantation for managing gut diseases suggests new
opportunities for the restoration of suppressive conditions in soils for controlling plant
diseases. Ecosystems subject to periodical disturbance like antibiotics and soil sterilization
become prone to biological invasion because their capability to efficiently use available
resources is drastically reduced. Under this scenario, a drastic reduction of fumigants in
agroecosystems appears to be of paramount importance in the development of suppressive
soils. Removal of soil fumigation as a standard agronomic practice is also required for the
rational and effective use of probiotics and organic amendment. In fact, well-characterized
organic amendments can potentially be considered as a powerful tool for stirring suppres-
sive microbiota, but several challenges still limit their extensive application. In this context,
the comparison between soil and mammal gut identified key similarities among such com-
plex systems. In both cases, organic input dominated by easily accessible carbon sources
triggers microbiota dysbiosis and alteration of stable functionality. Further studies are
required to better understand this functional convergence, especially taking into account
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that the different processes are operative in both the gut and soil. From an applicative
point of view, future studies must pursue the correct balance in organic input in terms of
CHO-MAC for dietary patterns. For soil, a reduction of the ratio between labile carbon
sources and more refractory carbon input (i.e., cellulose, lignin, and pyrogenic organic
carbon) seems to be a promising strategy, but more studies are needed to define specific
guidelines applicable in different cultivation systems. More generally, this approach could
open the way for the management of cellulose and lignin organic wastes in agriculture,
thus supporting the sustainable use of resources in the context of the circular economy.
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