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Abstract

During analyzing morbidity data, it is obvious that the ratio of infections has decreased
significantly since the beginning of the 20" century, but the proportion of metabolic and
inflammatory diseases has increased. This may be related to the degradation of soils. At the
same time, mobilization of nutrient elements primarily depends on the activity of soil
microbiota, which is subjected to negative anthropogenic impact. Although plant nutritional
value has a direct impact on human health; however, modern agricultural practices that aimed
at deep cultivation are causing disturbances in the soil microbiota composition. Subsequently,
this resulted in maladaptation of the human immune system, as contacts with xenobiotics
occur instead of evolutionarily calibrated interactions; potentially endangering the gut
microbiota. This review aims to represent recent data on the relationships among human
intestinal, soil, and plant microbiota. Nowadays, it is evident that there is a broad range of
influences on human health not only from intestinal microbiota but also from its connection
with the environmental microbiota (i.e., soil microorganisms in particular). Today, with
respect to the background of active use of modern technologies, including genetical ones, we
have the opportunity to examine such volumes of data that will allow us to fully analyze
microbiological diversity of the different ecological niches in terms of their common features,
differences, and mutual influences. Such studies will make it possible to identify potential
factors determining the composition of microbiota in different loci, assess their potential
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impact on human health, and adjust methods to diagnose and restore the optimal composition
of human, plant, and soil microbiota.
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1. Introduction

Exploration of the microorganisms’ significance
has changed the human attitude to all spheres of
activity (Gupta et al., 2016). First of all, it concerns
human intestinal microbiota; however, less intensive
researches on microbiota of soil, water, plants, and
other kinds of loci are going on now. The previous
studies dedicated to microorganisms, colonizing
environment, and microorganisms of human body
were carried out for a long time individually, but
recently their interrelation has become more obvious

(Hirt, 2020).

Initially, the relationship between human and soil
microbiota was considered only in terms of
pathogenicity. However, as certain amount of data has
accumulated, it becomes evident that microbiota
directly determines the ecological balance in soil;
including arable lands, and, consequently, establishes
the nutritional value of food and its benefits to human
health. On the other hand, the anthropogenic activity
can negatively affect the condition of soil microbiota,
and thereby the quality of food and human health
(Samaddar et al., 2021).

Despite the obvious link between human and
environmental microbiota, this interaction has only
begun to be investigated in the last decade; particularly
within the framework of "One health concept"”
(Destoumieux-Garzén et al., 2018). This approach
allows us to consider the microbiota of all loci as a
single ecological system or a single genome.

The "One health concept” emphasizes on the
relationships among humans, plants, animals, and the
environment. Until recently; however, this paradigm
has focused only on pathogens, viral vectors, and
antibiotic resistance. In the last decade, meanwhile, it
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has become evident that microbial communities also
play a positive role within this interaction, as an
integral component of the nutrient chain on one hand
and as participants in vital metabolic processes on the
other hand (van Bruggen et al., 2019).

The evidence is now growing that human
microbiota has primarily been shaped under the
influence of environment (Panthee et al., 2022). And
today, along with the development of new sequencing
technologies, it becomes possible to study those
microorganisms that are difficult or impossible to
cultivate. Identification of these microorganisms gives
a possibility for more detailed studies on the
relationship between humans and environment, which
is especially relevant due to polarization of urban and
rural residents, in addition to their fundamental
different interaction with nature (Panthee et al., 2022).
The objectives of this study are to emphasize the
connections among microbial communities of human
body, plants, and soils, and find out negative factors,
which can disturb this interaction among such
communities in modern conditions.

2. The concept of "'soil-plant-gut microbiota™

Microbial colonization of the human intestine
begins immediately after birth and is caused by both
endogenous (genes) and exogenous factors (i.e.,
nutrition, infections, xenobiotics, consumption of
food, and soil microbiota) (Gilbert et al., 2018).
Considering the importance of such factors, several
studies revealed that diet has a greater influence on
composition of the intestinal flora compared to
genetics (Matute and lyavoo, 2023). Moreover, other
studies showed that gut microbiota can influence the
host genetic mechanisms by regulating the expression
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of some genes responsible for energy metabolism
(Rowland et al., 2018).

These findings were confirmed by a previous study
conducted by Rothschild et al., (2018) where the gut
microbiota of over 1000 healthy individuals was
examined (Rothschild et al., 2018). According to the
obtained results, the intestinal microbiota of relatives
who lived away from each other differed significantly
compared to people with no blood relation but living
close to each other. Such facts have proven that the
endogenous microbiota is assembled primarily by
exogenous factors. In particular, Kurilshikov et al.,
(2017) study demonstrated that there are certain
«basic» groups of microorganisms typical for certain
types of soils, which directly correlate with the groups
of intestinal microorganisms of people living in this
area. The proportion of these microorganisms
represents about 8 %, while the rest are assembled
under the influence of individual lifestyle and other
exogenous factors.

However, up to date, there are still a small number
of studies on the differences between microbiota of
urban and rural residents. In 2022, one of the first
cohort studies involving 56 participants was published
by Brown et al., (2022), where fecal, soil, food, and
questionnaire samples were analyzed in different
seasons. It was found that at the peak of gardening
season, the comparison groups differed significantly
in both of the number and composition of the gut
microbiota. In particular, there was a predominance of
Bacteroides ovatus (p 0.02) and Eubacterium
xylanophilum  (p 0.02) in rural residents.
Furthermore, representatives of the
Alphaproteobacteria class and undetectable taxa
predominated in 64 % of residents inhabiting rural
areas. The statistical significance of the obtained
results showed the necessity for further research and
assessment of the identified differences in significance
in terms of its impact on human health (Bu et al.,
2024). 1t is well-known that gut microbiota fulfills a
range of essential functions, from metabolic to
immunological ones. Today, it is widely believed that
disturbances in normal composition of the intestinal
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microbiota are associated with the emergence of
several diseases such as diabetes mellitus,
autoimmune disorders, inflammatory bowel diseases,
psoriatic arthritis, eczema, celiac disease, etc. (Zhang
et al., 2021). Therefore, during the last decades, the
possibilities of influencing the gut microbiota through
pre-, pro-, and metabiotics have been actively
investigated; however, nowadays another trend is
gaining popularity that is the influence on microbiota
via the environment (Bu et al., 2024).

In particular, a study was conducted by Kirjavainen
et al., (2019), where the microbiota of two groups of
children was examined (i.e., one group was actively
interacting with soil and plants whereas children from
the second group were living in urban area and
thereby did not have much contact with soil). The
obtained results expressed that the metabolic
pathways regulating an adequate immune response
were more developed in the first group of children. In
addition, the study reliably showed a lower risk of
bronchial asthma emergence upon exposure to natural
environment.

Considering the aforementioned points, a
comprehensive understanding of human health
requires an analysis of transmission mechanisms of
both pathogenic and beneficial microorganisms under
specific  macroecological conditions, including
nutrition and lifestyle in contact with the environment
(Mendes and Raaijmakers, 2015).

3. Similarities among soil, plant and gut
microbiota

The human gut microbiome is a complex system
that consists of billions of bacteria, fungi, viruses, and
protozoa that have a huge impact on the human body.
The same is true for the rhizosphere of plants, as the
microbiota of the root zone performs vital functions in
terms of defense against pathogens, nutrient mobility,
and tolerance to changes in environmental conditions
(Pantigoso et al., 2022).

The significance of the microbiota for plant
biology has been known for a long time. Five main
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functions are generally emphasized; mainly 1)
facilitation of nutrient acquisition, 2) maintenance of
plant growth and defense against biotic and abiotic
stresses, 3) protection against pathogens, 4)
interaction with soil microbiota, and 5) interaction
with representatives of other trophic levels (Berg et
al., 2014). Similar to the gut microbiota of animals,
the plant microbiota also depends on species,
genotype, and environmental factors, which varies in
different organs and tissues (i.e. leaves, roots, and
fruits), and also changes gradually during life cycle of
the plant (Wagner et al., 2016).

However, despite the apparent interaction and
functional similarities between the gut and soil
microbiota; however, they have very little similarities
in common in terms of composition. A study was
conducted to compare the gut and soil microbiota,
which revealed that human feces were dominated by
Bacteriodetes and Firmicutes, while soil samples were
dominated by Proteobacteria and Verrucomicrobia.
Although limited data are now available for the
different geographical areas, it is clear that there are
quite strong differences between the two communities
(Blum et al., 2019). This is primarily attributed to the
fact that soil has a limited amount of available carbon
and high number of soil microorganisms that actually
have to struggle for survival. The opposite case is in
the human gut, where carbon and other nutrients are
abundant. This can be assigned to the fact that
evolution of plants and animals has taken two
different directions. For example, plants are
autotrophic and synthesize carbohydrates by
themselves, which are used for nutrition and building
of the plant. In turn, they limit the amount of nutrients
available for the microbiota (Blum et al., 2019).
However, the situation is different in the plants
rhizosphere, where the endophytic microbial
community exists. In this zone, abundances of root
exudates are observed that create special conditions
for the microorganisms. In particular, high prevalence
of Bacteriodetes typical for intestinal microbiota has
been detected in the rhizosphere of red clover along
with nodular bacteria (Blum, 2017).
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In addition to certain similarities in microbiological
composition, there are functional associations between
rhizosphere and intestinal microbiota. Firstly, both the
gut and the rhizosphere are open systems with a large
surface area and a diverse population of
microorganisms (Blum et al., 2019). Secondly, in both
of the gut and the rhizosphere there is a gradient of
oxygen, water, and pH, forming niches for
microorganisms that differ in their composition. In
addition, definite physiological processes in above
mentioned loci have a tendency to change their
intensity along with circadian rhythms. For example,
nitrogen fixation by bacteria is more pronounced
during the daytime, while concentration of the
intestinal melatonin, on the contrary, increases at night
(Rowson et al., 2024). Such functional similarities
between the two types of microbial communities may
provide a basis for development of pathogen control
strategies. In particular, a clear inverse correlation
between pathogen survival rates and host microbiota
biodiversity has been demonstrated in both plants and
animals (Wicaksono et al., 2023). The reason for this
is an active competition for resources, and
consequently, a more advantageous position for the
host microbiota is attributable to their adaptation.

On the other hand, the existing differences in
composition of the gut and rhizosphere microbiota
will not allow creating quick simple solutions for
these problems. In addition, it is necessary to study
not only the differences between such communities,
but also within them (i.e. between individual species),
as a result of several exogenous (in particular
anthropogenic) factors, including urbanization as a
factor affecting humans, and agriculture affecting
plants.

4. Microbiota, urbanization and immunity

Modern urbanized society has lost contact with the
environmental microbiota, which has a negative
impact on human health; particularly in terms of
allergic and autoimmune diseases. Our ancestors lived
in close contact with environmental microorganisms
and today retrospective studies proved that children
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living in rural areas are less likely to suffer from
autoimmune disorders and allergies (Khan and Wang,

2020).

Nowadays, a certain number of original studies
have been conducted to prove these trends. In
particular, a research using 16s RNA genetic
sequencing has examined the intestinal microbiota of
two groups of mice, one of which lived in sterile
conditions while the other in close contact with soil
(Zhou et al., 2016). It was found that the soil group
has had a higher ratio of Bacteroidetes to Firmicutes,
and showed higher expression of immunoregulatory

markers, including 1L-10, FOX_P3 protein and
cytotoxic  T-lymphocyte associated protein 4.
Furthermore, using an experimental model of

bronchial asthma, it has been demonstrated that the
second group has a predominant expression of genes
of anti-inflammatory signaling pathways. This study
along with similar ones, also deals in favor of the
hypothesis that soil microbiota is able to regulate the
immune response (Edwards et al., 2021).

In another study conducted by Zhou et al., (2022)
on mice, four groups were examined: the first group
was kept in sterile conditions; the second group lived
in contact with soil containing small amounts of
microorganisms;  the  third  group  received
microorganisms with food; and the fourth group lived
in contact with normal soil. Metagenomic analysis
revealed that the second group, simply inhaling air
containing soil microorganisms, had increased gut
microbiota biodiversity and decreased IgE levels. In
the third group, the number of genes related to the
metabolism of short-chain fatty acids and amino acids
synthesis was increased. In the fourth group, all the
above changes were observed; however they were
even more pronounced. Therefore, the results of this
study showed that soil may serve as a potential source
of probiotics that can be used in treatment of allergic
and autoimmune diseases. Considering that such
pathologies are becoming increasingly common in
modern society, there is an active search for
alternative methods to be used for diseases treatment
and prevention (Bhattacharjee et al., 2023). The role
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of intestinal microbiota in establishment of immune
tolerance has been studied for a long time, and today
researchers have started to evaluate the role of soil in
the formation of immune disorders affecting the
human population.

Understanding the influence of soil microbiota on
immunity is of particular relevance today, because
urbanization has forced citizens to lose contact with
the microbiota of natural ecosystems, which can have
a negative impact on human health (Flandroy et al.,
2018). As mentioned before, this applies primarily to
allergic and autoimmune diseases within the concept
of "One Health" and "Hygiene hypothesis",
accordingly children in rural areas are less susceptible
to immunity impairments.

It should be noted that immune tolerance is
promoted by contact not only with neutral bacteria but
also with potentially pathogenic ones. In particular,
the influence of contact with soil mycobacteria has
been investigated so far and a conclusion has been
drawn about their positive influence on an adequate
immune function (Divangahi et al., 2018). This is
especially crucial in terms of assessing the role of
vaccination on immune tolerance, rather than just
specific immune response.

Appreciable amounts of structural components of
the normal microbiota release bioactive molecules,
which interact with the host physiological pathways
(Postler and Ghosh, 2017) and regulate the organs
development, including the nervous system and
metabolism. These active molecules include short-
chain fatty acids, tyrosine, and/ or tryptophan
metabolites, which play an important role in
regulating the immune and neuroendocrine systems
(Erdman _and Poutahidis, 2017). These substances
have been shown to promote T-lymphocyte activation,
reduce the activity of pro-inflammatory cytokines, and
promote the secretion of anti-inflammatory hormones
(Carabotti et al., 2015).

Furthermore, it has been shown that a number of
microorganisms that have been subjected to heat
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retain the ability to exert positive effects on human
physiology (Reber et al., 2016), which clarify the
increasing popularity that metabiotics are gaining in
clinical medicine (Jang et al., 2024). This described
phenomenon is not limited to the gastrointestinal tract,
as similar immunomodulatory effects have been
observed for inhaled air (Schuijs et al., 2015).
Lipopolysaccharides of Gram-negative bacteria can
reduce allergic responses in human body (Tanaka et

al., 2022).

Therefore, there is increasing evidence that
interaction with potential allergens and pathogens in
the environment has a positive impact on the
development of human immunity, whereas the
"sterilized" urban life leads to disruption of the normal
neuroendocrine function. An important role played in
the prevalence of these trends has been observed not
only by industrialization that affects humans directly,
but also by intensive agricultural practices, which
have a negative impact on the soil, plant microbiota,
and as a consequence, on humans (Meena et al.,

2020).

5. Agriculture and soil

As has been mentioned before, human gut
microbiota is primarily determined by lifestyle and
diet (Meena et al., 2020). Nutrient value of food
products is consequently established by its production
technology, i.e. agricultural practices, which have
changed drastically over the last century (Donal et al.,
2001). Today, as a rule, intensive technologies are
used, which include deep ploughing, sowing of
commercially profitable monocultures, and active use
of herbicides and mineral fertilizers. This fact is the
reason why most of the plants are losing their natural
defensive properties. A vivid example is the changes
that occurred to members of the Brassicacae family
such as cabbage and cauliflower (Liu et al., 2021). As
a result of intensive agricultural practices, the amount
of glucosinolates has been significantly reduced in
such plants. These substances not only perform a
protective function, but also stimulate the human
immune system and reduce the risk of cancer.
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The cause of such changes may be attributed to the
degradation of soil, which is a substrate from which
plants obtain their necessary nutrients (Donal et al.,
2001). Nutrient acquisition is primarily driven by
interactions with microbiota of the rhizosphere, leaves
(phyllosphere), and other plant organs (endosphere).
Soil and plant microbiota not only increases metabolic
efficiency of its hosts, but also increases resistance to
pathogens, insects, and fungi (Blum et al., 2019).

A prime example of the negative human impact on
soil ecology is the use of the herbicide glyphosate,
which inhibits the enolpyruvylshikimate-5-phosphate
synthase; an enzyme involved in biosynthesis of
aromatic amino acids in plants. Although glyphosate
has no direct toxic effects on humans; however, in
2015, it was recognized as a potential carcinogen by
World Health Organization (WHQO). On the other
hand, glyphosate has negative effects on soil
microorganisms, which along with plants use the pre-
mentioned enzyme to synthesize certain amino acids.
In particular, a harmful effect on arbuscular
mycorrhizal fungi and bacteria of the Rhizobium spp.;
involved in nitrogen fixation, has been shown.
Furthermore, in the intestine, glyphosate has been
shown to inhibit the shikimate pathway in the
beneficial taxa of Bifidobacterium spp. and
Enterococcus spp. (Zhang et al., 2022).

In addition, the use of antibiotics in agriculture is
becoming increasingly common. According to
preliminary estimates, up to 20 times more antibiotics
are used in agriculture than in medicine (Manyi-Loh
et al., 2018). On the one hand, by analogy with the
intestinal microbiota, antibiotics have a negative
impact on bacteria that play a positive ecological role
in the colonized locus. Moreover, trace amounts of
antibiotics in plants can form resistant microbial
strains both in the soil and humans, which require
further research (Liao et al., 2021).

Today, as we witness soil degradation worldwide,
the necessity to change the intensive agricultural
practices and establish the wuse of alternative
technologies is increasingly evident. One possible
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option might be the use of nature-like technologies in
agriculture (Lorenzetti and Fiorini, 2024). This natural
system of land use practices provides effective
management of the biogenic elements cycle, produces
natural processes to ensure plant protection, increases
yields, and manages the soil ecological balance
(Wittwer et al., 2021).

Most food that we consume is produced at farms
where herbicides, pesticides, and chemical fertilizers
are used extensively in order to increase crop yields.
However, such synthetic agents find their way into
food as well, which worsen both the nutritional value
and functioning of the gut microbiota. In this regard,
biological treatments that contain beneficial soil
microorganisms are being actively introduced today.
Such strategies should reduce the amount of
herbicides and pesticides reaching the human body
(Lahlali et al., 2022).

Food is the link between soil and human. In this
regard, integrative studies on the microbiota of "soil-
plant-human™ ecosystem are necessary. This
knowledge will open new opportunities for diagnosis
and treatment of diseases in humans and animals, and
provides opportunities to find new methods of
treatment through managing the impact of the
microbiota.

Conclusion

For a long time, just like the gut microbiota, the
soil microorganisms were considered only in terms of
the possible "pathogenicity". However, at the moment,
due to application of the latest metagenomic analysis
and sequencing technologies, it is possible to study
both ecosystems in greater depth. Firstly, direct
analogies have been identified between the functions
of the gut and soil microbiota for human and plant
health in terms of their defensive potential against
microbial pathogens. Other associations have been
observed, including the ability of both types of
microbiota to provide essential nutrients to their hosts
through mobilization and synthesis of essential
substances. Secondly, the composition of microbiota

Novel Research in Microbiology Journal, 2024

2689

has been shown to ensure soil and plant fertility,
which directly affects the quality of agricultural
products, and consequently human health, including
their intestinal microbiota functioning. Thirdly,
chemicals used in medicine and agriculture can
mutually influence both soil and gut microbiota in
terms of antibiotic resistance. To maintain the balance
between the environmental and human microbiota, an
integrated approach that takes into account the
function of microorganisms in their natural habitat is
needed. It is necessary to study the dynamics of
microbial transition between the environment and
humans and take measures to  conserve
microorganisms that play a positive role in promoting
human health and ecosystem sustainability. In this
regard, it is necessary to develop industries in all
spheres based on nature-like technologies and change
human lifestyle in general in the same direction.
During analyzing morbidity data, it is obvious that the
ratio of infections has decreased significantly since the
beginning of the 20" century, but the proportion of
metabolic and inflammatory diseases has increased.
This may be related, according to some scientists, to
the degradation of soils, which lose most of their
nutrient elements. At the same time, mobilization of
nutrient elements primarily depends on the activity of
soil microbiota, which is subjected to negative
anthropogenic impact. All this together leads to
immunity disorders and increased morbidity despite
significant progress in medicine as discussed above.

Progress in agricultural technology, which makes it
possible to provide food for an ever-growing world
population, cannot be dismissed out of hand. In this
regard, it is necessary to foster a new concept of
interaction with the environment, rather than return to
the pre-industrial era. Thus, it will be possible to use
the accumulated knowledge to find a new balance
within the paradigm of an entire "soil-plant-human™
macroecosystem.
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