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The functioning of living organisms in nature is possible only due to active interaction with microbiota. It is typical for phytobionts, the
microbial cenosis of which is even more diverse. Plants contribute to the spread of microorganisms in the rhizosphere by releasing root
exudates. The chemical composition of these exudates varies in different plant species and depends on the significant number of factors
that affect their growth and development. The components of the plant root exudates stimulate expansion in the rhizosphere of
microorganisms, useful for the plant growth. This microbiota improves the mineral life of plants considerably, stimulating their growth

with biologically active compounds, increasing the availability of a number of microelements for them, protecting the growth of plants
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from phytopathogens and phytophages. It provides significant stimulation for the growth and development of phytobionts. It has been
shown that microbial groups in the rhizosphere can induce some changes in the composition of plant root exudates.
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INTRODUCTION

The functioning of living systems in nature is possible only on condition of active
interaction with microbiota. Microorganisms play an essential role in numerous
interactions between plants and soil (Lambers et al., 2009; Ma et al., 2022). This
interaction is most typical in plant coenoses, which are characterized by a
significant diversity of microbes in the soil and around the root system (Lynch,
1990; Torsvik et al., 1990). One gram of soil contains more than a billion cells of
microorganisms (Myshustin, 1972), which belong to about 4,000 types of
microorganisms (Tate, 1997; Roesch et al., 2007). Bacteria and fungi are the most
dominant parts of the rhizosphere; however, in addition to them, there are archaea,
oomycetes, nematodes, and protists, which are also crucial for the functioning of
the microbiome (Fitzpatrick et al., 2020; Nayfach et al., 2020).

Two types of microbial coenoses are formed in soil conditions. One of them is
created in soils distant from the root zone of plants due to the presence of organic
remains of previously growing plants. This microbial coenosis is significantly
different from the microbial community of the rhizosphere soil, which largely
depends on the content of plant root exudates. This microbiota affects the growth
and development of plants most noticeably (Lynch, 1990; Mikkelsen et al., 2015).
At the same time, an important role is also attributed to the microorganisms of
rhizoplanes that control the penetration of other prokaryotes and micromycetes into
plant roots (endorhiza) (Zhang et al., 2017). Soil microorganisms are the main
participants of the carbon cycle on earth. They account for more than half of the
total soil organic carbon (Liang et al., 2019).

Microorganisms of the plant rhizosphere

The rhizosphere is the zone of the root system in the soil where the functioning of
soil microorganisms is determined by the influence of plant exudates. This zone
extends up to several millimeters from the root surface and includes the soil
attached to the root surface. It is essential for the interaction of plants with
microbiota since the roots of plants release a significant amount of metabolites,
affecting the functioning of various microorganisms considerably (Lynch, 1990;
Gray et al., 2005; Canarini et al., 2019; Seitz et al., 2021). Among this
microbiota, gram-negative microorganisms of the genera Pseudomonas,
Agrobacterium, Klebsiella, and others are most widely represented (Katsy, 2003).
The dynamic zone of contact between plant roots and the soil is known as the
rhizobiome. Complex interactions between roots, bacteria, fungi, and other
representatives of the microbiota take place in this zone (Raaijmakers et al.,
2008).

Plants are characterized by a significant diversity of microbes around their root
system. Some microorganisms can be pathogenic for plants, while others are
significant for their growth and development. To modulate their microbiome,

plants use many defense reactions as structural modifications, among which
exudation into the root zone of secondary metabolites plays an important role
(Pascale et al., 2020).

Modern ecological theories associate root exudates with benefits for plants due to
their stimulating the functioning of beneficial microorganisms (e.g., symbionts),
contributing to the obtainment of nutrients, and providing recognition between
their own and neighboring roots (Shirokych et al., 2007; Mommer et al., 2016).
Microorganisms in the plant rhizosphere promote the growth, development, and
productivity of plants. A certain part of the microbiota can fix atmospheric
nitrogen, improving nitrogen nutrition of plants (Jenkinson, 1973; Kurdish,
2001; Kurdish, 2019; Volkogon, 2006; Umarov et al., 2007).

An important role in the growth and development of plants is attributed to
phosphate-mobilizing microorganisms of the root zone. A part of this microbiota
can dissolve sparingly soluble phosphorus compounds, contributing to the nutrition
of plants (Myshustin, 1972; Bulavenko et al., 2000; Wakelin et al., 2004;
Rudresh et al., 2005; Mikkelsen et al., 2015).

The microbiota of the rhizosphere is able to suppress phytopathogens and
phytophages (Kurdish, 2010; Innerebner et al., 2011; Roy et al., 2012; Kurdish
et al., 2021), and affect the flowering of plants and their productivity (Kurdish,
2010; Kurdish, 2019; Chuyko et al., 2010; Lu et al., 2018).

Composition of root exudates

Root exudates are represented by a wide range of chemical compounds, the
composition of which depends on a significant number of factors (Kravchenko et
al., 2004; Sasse et al., 2018). On the example of wheat seedlings, it was shown
that the transition to phototrophic nutrition occurs only on the 10-12th day of plant
growth (Shirokych et al., 2007).

The profiles of root exudates can contain up to 60 chemical components, unique
for each species and genotype of plants (Berg et al., 2009; Micallef et al., 2009).
Plant root exudates affect the composition of the rhizosphere microbiome and its
activity (Achouak et al., 2019). Changing the composition of root exudates, plants
can influence soil properties by changing their pH and dissolving various
substrates, chelating toxic compounds, attracting beneficial microbiota, and
suppressing pathogens (Vives-Peris et al., 2019).

According to the data of some researchers, root exudates can make up from 5 to
21% of the carbon fixed photosynthetically by plants (Nguyen, 2003). At the same
time, according to the results of other researchers (Badri, et al., 2009), during
vegetation, plants can release from 3 to 40% of the photosynthesis products in the
form of exometabolites into the root zone, where these compounds cause a
significant impact on the plant-microbial interaction (rhizosphere effect). It
remains unclear why and how plants invest up to 40% of their photosynthetically
fixed C in root exudates (Badri, et al., 2009).



http://www.fbp.uniag.sk/
mailto:andreych@ukr.net
https://doi.org/10.55251/jmbfs.10417

J Microbiol Biotech Food Sci / Kurdish and Chobotarov 2024 : 14 (1) e10417

The abovementioned differences can be conditioned by the fact that the
quantitative composition of plant exudates depends to some extent on the substrate
for their cultivation, the stage of plant development, growth conditions, and the
physical and chemical properties of the environment in which the root system
develops. Root exometabolites show different physiological and biochemical
properties and are represented by a spectrum of organic compounds from different
classes. These are water-soluble substances that enter the soil from the roots, as
well as high-molecular compounds (Miller et al., 2019).

Carbohydrates, amino acids, organic acids, phytohormones, aldehydes, alcohols,
and phenols are widely represented among the low-molecular compounds of plant
root exudates. High-molecular compounds include polysaccharides (mucigel),
which form thin layers on the surface of the roots; exfoliating root cap cells that
partially remain in the root zone; dying epidermal cells; and volatile metabolites of
germinating seeds and roots (Sasse et al., 2018; Berg et al., 2009; Vives-Peris et
al., 2019; Bais et al., 2006; Haichar et al., 2014; Hawes et al., 2016; Ahmed et
al., 2018; Maurer et al., 2021). The root exudates of leguminous plants also
include flavonoids, which play an essential role in the interaction between roots
and microbes, activating Rhizobium meliloti genes responsible for the process of
nodule formation (Peters et al., 1986). So, root exudate luteolin induces the
expression of rhizobia nodulation gene reguired nodule development (Spini et al.,
2015).

The volatile fraction of plant exudates contains several various compounds:
carbohydrates, alcohols, aldehydes, ketones, and organic acids. These volatile
compounds can also inhibit or stimulate plant growth (Grodzinsky, 1965; Zhang
et al., 2022). It should be noted that rhizodeposits, such as mucus of the root cap
and dying cells of the epidermis, are an important source of nutrition for
rhizosphere microbes and affect the relationship between roots and
microorganisms (Hawes et al., 2016; Ahmed et al., 2018).

The composition of root secretions of plants largely depends on the conditions of
their cultivation. For example, when corn growth was limited by phosphorus,
nitrogen, potassium, or iron, the content of carbohydrates, amino acids, and organic
acids in root exudates differed significantly (Miller et al., 2019; Carvalhais et al.,
2013). The content of green manure proteins in the exudates of these plants
increased when zinc content was limited during wheat cultivation (Rengel et al.,
2000).

The content of organic acids and carbohydrates in root exudates differs
significantly in the process of plant vegetation. Non-protein amino acids are a
valuable reserve of organic nitrogen in various ecosystems. Studies show that they
play an essential role as metabolites, allelopathic chemicals, in the metabolism of
nutrients, in signal transmission, and in plant responses to stress (Vranova et al.,
2010). It was established that the content of threonine in the root exudates of green
mustard was four times higher than that of Khibiny cabbage, and the content of
tyrosine and phenylalanine was almost five times higher (Bylyanovskaya, 1983).

Interaction between microorganisms and root exudates

Some molecules extracted by roots can act as antimicrobial substances against one
microorganism and as stimulants to establish positive interactions with other
organisms. For example, canavanine, a non-protein analog of arginine extracted by
many varieties of leguminous seeds, acts as an antimetabolite in many biological
systems and stimulates the adhesion of rhizobia (Cai et al., 2009).

It was determined that exometabolites of various plant species could both suppress
and stimulate the rate of radial mycelium growth. It was demonstrated that the
exometabolites of wheat, oats, and onion plants significantly affected the
reproductive activity of the micromycetes Bipolaris sorokiniana and Alternaria
alternata, which led to a decrease in the sporulation of these phytopathogens down
to 2.5 times per 1 sg. cm. of the colony area (Horgan et al., 2021).

It was established that corn exometabolites significantly increased the efficiency
of phenol removal by Pseudomonas fluorescens bacteria. At the same time, there
was also a decrease in the content of reactive oxygen species in the environment
(Jinetal., 2019).

The quantitative and qualitative changes in the composition of root exudates are
caused by the activation of biological defense systems through elicitors simulating
stress in plants. Biotic and abiotic elicitors stimulate protective mechanisms in
plant cells and significantly increase the variety and number of exudates (Cai et
al., 2011).

The composition of plant root exudates is different for various species and
genotypes and depends on the growth conditions of phytobionts. Root
exometabolites and their transformation products are the main sources of nutrition
for the rhizosphere microflora (Ma et al., 2022).

The dynamics of organic substances exudation is species-specific. The main
components of root exudates are organic acids and carbohydrates, which serve as
substrates for the rhizosphere microflora. The ratio between the amount of these
isolated substances in the fraction changes significantly during the growing season
of plants (Ma et al., 2022). The exudation of organic acids contributes to an
increase in the denitrifying activity of rhizosphere bacteria, while this activity
significantly decreases with an increase in the content of carbohydrates (Maurer
etal., 2021).

It was established that corn root exudates improved the formation of Bacillus
amyloliquefaciens SQR9 biofilm on the surface of plant roots, which was possibly

due to the stimulating effect of exudates on bacterial growth and extracellular
matrix production (Zhang et al., 2015).

Exometabolites exudation mechanisms

Modern ecological theories associate the release of root exudates with benefits for
plants due to the stimulation of the spreading of the microorganisms that improve
plant growth and development (for example, symbionts), contributing to the
obtainment of nutrients and providing recognition between their own roots and
those of neighboring plants (Ortiz-Castro et al., 2009).

A significant part of root exudates can be passively released into the soil due to the
creation of a concentration gradient between root cells and the soil solution (Jones
et al., 2004: Jones et al., 2009; Canarini et al., 2019). Most of these compounds
are represented by primary metabolites: sugars, amino acids, and organic acids. It
was shown that they come passively from the root at its meristem tip (Canarini et
al., 2019; Sasse et al., 2018; Jones et al., 2004; Jones et al., 2009; McCully et
al., 1985; Darwent et al., 2003).

The root tip is the first part of the plant to explore the new soil environment and
plays a critical role in root response to environmental stimuli. Most of the root
exudation is localized at the apex of the root (Canarini et al., 2019; Darwent et
al., 2003; Baluska et al., 2004; Baluska et al., 2013). The root cap acts as the most
important organ of plants, which determines the influence of several physical
factors and inorganic compounds, critical for plants (Baluska et al., 2013).

The molecules of exometabolites pass through plasma membranes only through
specific transmembrane proteins that form small pores in the lipid bilayer,
providing for polar or charged molecules to cross the membrane without
interacting with hydrophobic fatty acid chains of membrane phospholipids. Some
root exudates, such as biologically active secondary compounds, are released from
the roots by energy-consuming primary or secondary active transporters (Sasse et
al., 2018).

The root tip perceives the changes in the concentration of released metabolites and
converts them into signals to alter root growth. The cells of the root cap participate
in the synthesis of polysaccharide mucus, which makes up to 12% of the total
amount of rhizodeposits (Nguyen, 2003). These cells affect the formation of
rhizosphere microflora, suppressing the spread of phytopathogens (Gunawardena
etal., 2002).

Plants can change the concentration of metabolites by controlling their uptake
processes or by expressing and regulating efflux carriers. Due to the flow of root
exudate, plants can locally increase the concentration of many common
metabolites, which can serve as sensors and integrators of the nutritional status of
plants and the availability of these substances in the environment. Plant-associated
microorganisms are also powerful absorbers of plant carbon, thereby increasing
metabolite concentration gradients and affecting root exudation (Canarini et al.,
2019). It was shown that the introduction of microorganisms into the solution used
to grow plants significantly increased root exudation compared to the variant
without the microorganisms (Groleau-Renaud et al., 2000; Phillips et al., 2004).
It has been established that benzoxazinoids, which are secondary metabolites of
root exudates of wheat and sorghum cereal crops, are able to influence the
composition of fungal and bacterial communities in the root zones of plants and
enhance the transmission of jasmonate signals (Hu et al., 2018). Root exudates
have a significant effect on the growth and activity of soil microorganisms. Modern
research methods have yielded much experimental evidence of changes in the
structure of microbial communities of the rhizosphere depending on the
composition of exometabolites of plants (Berg et al., 2009).

The composition of root exudates of different types of plants differs significantly
and also alters considerably depending on the conditions of their growth and the
period of vegetation. Thus, in tomato and wheat plants, the ratio of organic acids
and sugars has the opposite character. Organic acids, which are part of root
exudates, are more effectively utilized by rhizobacteria compared to sugars
(Kravchenko et al., 2003).

It is known that phosphorus deficiency in the soil causes significant changes in root
architecture, increasing the number of root hairs and lateral roots (Nadira et al.,
2016). It has been established that the exudation of organic acids by the roots of
rape helps increase the mobilization of phosphate from poorly soluble compounds
and improve its availability for plants (Hoffland et al., 1992).

Influence of microorganisms on plant root exudation

Soil microbiota plays a key role in the relationship between plants and the soil. It
has been shown that different microbial groups are able to cause specific
differences in the composition of root exudates of plants. Thus, the colonization of
the rhizosphere by bacteria of the genus Bacillus influenced the composition of
carbohydrates in the exudates of these plants (Korenblum et al., 2020).

The composition of plant root exudates affects the synthesis of antifungal
substances by PGPR strains significantly. While developing in the rhizosphere of
plants, PGPR strains can produce substances of an antifungal nature and also
prevent the emergence and development of a fungal infection by competing for
food sources and ecological niches in the rhizosphere zone due to the high
colonizing activity of bacteria (Souza et al., 2015).




J Microbiol Biotech Food Sci / Kurdish and Chobotarov 2024 : 14 (1) e10417

The maximum inhibition of phytopathogens was observed when growing bacteria
in media with organic acids, which are much more efficiently utilized by
rhizobacteria compared to carbohydrates. In the environments with carbohydrates,
this activity was lower, and in some cases, it was completely absent. The removal
of Pseudomonas fluorescens from the culture medium of oxalic, fumaric, or citric
acids reduced the content of bacterial reactive oxygen species in it (Korenblum et
al., 2020).

The main source of L-tryptophan, necessary for the synthesis of auxins, in the
rhizosphere of plants, is found in root exometabolites. Its content in root exudates
is fractions of a percent. Despite this, soil microorganisms in close contact with
plant root systems activate auxin synthesis in the presence of tryptophan
significantly (Kravchenko et al., 2004).

In recent years, considerable attention has been paid to the role of root exudates in
regulating the activity of beneficial rhizobacteria and their ability to protect plants
from phytopathogens (Bakker et al., 2018). However, the question of whether the
rhizospheric microbiome is able to modulate root exudation remains poorly
investigated. It has been shown that different microbial communities can promote
specific systemic changes in tomato root exudation (Korenblum et al., 2020).

In the root exudates of barley, colonized by the phytopathogenic micromycete
Fusarium culmorum and the antagonistic bacterium Pseudomonas fluorescens, the
presence of seven aromatic carboxylic acids, known for their antimicrobial
activity, was established. In response to the colonization of the root zone by P.
fluorescens PGPR strains, a lower amount of antimicrobial components was
determined in barley exudates compared to F. culmorum colonization. All aromatic
carboxylic acids inhibited the growth of this micromycete, while only two of them
favored the growth of P. fluorescens. This indicates the ability of plants, due to the
synthesis of exometabolites, to create the conditions favorable for the functioning
of useful microbiota and unfavorable for the growth of phytopathogenic
micromycetes in the rhizosphere (Shaposhnikov et al., 2020).

It was shown that the content of aromatic acids (nicotinic, shikimic, salicylic,
cinnamic, and indol-3-acetic) contributes to the reproduction of rhizosphere
bacteria and their positive effect on plants (Zhalnina et al., 2018). Competitive
relationships between fungi and bacteria were established in model experiments.
According to the authors, fungi and bacteria compete for nitrogen sources
(Shaposhnikov et al., 2020). At the same time, certain types of bacteria and
micromycetes can increase the immunity of plants, activating their defenses against
phytopathogens (van Loon et al., 1998).

Microorganisms of the rhizosphere can improve plant growth conditions, reducing
the impact of abiotic factors (for example, drought), and pathogens, and improving
plant nutrition. This testifies to the positive influence of these microorganisms on
the growth and development of plants (Eichmann et al., 2021). Plant
phytohormones, auxins, play a significant role in the regulation of these processes
(Balu3ka et al., 2004).

Microorganisms can affect the morphogenetic processes of plants due to the
influence of homoserine lactone, which belongs to the class of bacterial quorum
sensing signals from gram-negative bacteria. It was established that these
metabolites could be recognized by plants and used to modulate defense systems
and cell growth (Ortiz-Castro et al., 2009).

Microorganisms of the root zone of plants can significantly influence the growth
of phytobionts, in particular, by regulating the availability of iron ions necessary
for biosynthetic processes. Iron ions are a vital trace element for plants and
microorganisms, as they participate in the processes of photosynthesis, respiration,
chlorophyll biosynthesis, etc. (Kobayashi et al., 2012).

Despite the high content of iron compounds in the soil, this element is often a
limiting factor for plant growth and development due to its low availability. It was
shown that the inoculation of Arabidopsis plants with Paenibacillus polymyxa
BFKCO1 bacteria stimulated Fe absorption by plants. Under these conditions, the
content of phenolic compounds increased in the root exudates of the inoculated
plants, which contributed to the mobility of iron in alkaline conditions. It increased
the photosynthetic activity of plants (Zhou et al., 2016).

Microorganisms have active strategies to absorb Fe from the nutrients using
chelating agents called siderophores. They are represented by molecules with a low
mass (under 1,000 Da) and high specificity for chelation or binding of ferric iron
with subsequent transfer and deposition of iron in the middle of bacterial cells
(Krewulak et al., 2008).

The release of siderophores by bacteria can stimulate plant growth, improving their
nutritional conditions (direct effect) or suppressing the spread of phytopathogens
due to sequestration (reduction in availability) of iron ions from the environment
(Dimkpa et al., 2009). Siderophores synthesized by nitrogen-fixing bacteria
Azotobacter vinelandii significantly increase the availability of molybdenum and
vanadium, necessary for the functioning of nitrogenase, an enzyme that fixes
atmospheric nitrogen (Bellenger et al., 2008).

Taking into account the significant influence of microorganisms on the growth and
development of plants, as early as in 1896, it was proposed to use preparations of
nitrogen-fixing bacteria in crop production (Nobble, 1896). In recent decades,
microbial preparations have been widely used in agriculture to correct the
microflora of the rhizosphere, improve the nutrition of plants with mineral
elements, protect them from phytopathogens and phytophages, and the influence
of other negative factors (Kloepper et al., 1989; Kurdish, 2019; VVolkogon, 2006;
lutynska, 2006).

CONCLUSION

An important role in the growth and development of plants is attributed to their
interaction with the microbiota of the root zone. Plant root exudates, the share of
which can be up to 40% of the total content of photosynthesis products, largely
determine the formation of the rhizospheric microbiome. Root exudates include
carbohydrates, organic acids, amino acids, phenolic acids, and other compounds.
The review analyzes the release mechanisms of root exudates, their influence on
the functioning of plant rhizosphere microorganisms. Due to the release of these
compounds, the rhizosphere microbiome improves nitrogen and phosphorus
nutrition of plants significantly, stimulates their growth with biologically active
substances and phytohormones, protects plants from phytopathogens and
phytophages, and increases the productivity of phytobionts. It is shown that some
microbial groups of the rhizosphere can cause certain changes in the composition
of plant root exudates. However, the mechanisms of root exudation regulation, the
influence of rhizosphere microbiota and microorganisms, introduced into the
agroecosystem, on this process require further research.
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