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FORMATION OF PLANT MICROBIOMES. 
HYPOTHESES AND CONTROVERSIES
Microorganisms play a key role in promoting plant growth, facilitating the assimilation of biogenic element compounds, 
increasing resistance to biogenic and abiogenic stress factors. Th e vast majority of researchers believe that the source of 
rhizosphere and endophytic microorganisms is the soil (horizontal provision hypothesis). At the same time, today there 
is growing interest in the concept of the formation of the plant microbiome as a result of heredity (vertical provision 
рнзщеруіші). A signifi cant number of publications indicate that seed endophytic microorganisms may play a major role 
in this process. Th e presented literature review considers existing points of view on the processes of plant microbiome 
assembly with an emphasis on the importance of seed endophytes.
Keywords: rhizosphere, rhizoplane, endosphere, spermosphere, soil microorganisms, seed endophytes.

It is now understood that plants grow and devel-
op in associations and symbioses  — analogous 
to animals or humans — with a multitude of or-
ganisms that together function as a microbiome 
(which includes bacteria, fungi, archaea, virus-
es, lower and higher eukaryotes, as well as their 
genetic material) (Buee et al., 2009; Raaijmakers 
et al., 2010; Berg et al., 2020). An extremely im-
portant discovery of recent decades is that the 
numerous organisms of the plant microbiome 
are not simple background actors. Plants exhib-

it a wide range of relationships with soil organ-
isms, encompassing diff erent ecological scenari-
os such as competition, exploitation, neutrality, 
commensalism, and mutualism (Barea, 2015; 
Jacoby et al., 2017). Th e plant microbiome plays 
a key role in promoting plant growth by facilitat-
ing nutrient availability and uptake (Lugtenberg 
et al., 2002; Morrissey et al., 2004), increasing 
resistance to environmental stressors, and com-
bating disease (Mendes et al., 2011; Zamioudis 
& Pieterse, 2012; Zolla et al., 2013; Santos & Ol-
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ivares, 2021; Darriaut et al., 2022). Plants can be 
considered superorganisms that rely in part on 
their microbiome for certain functions and traits 
(Berendsen et al., 2012).

Most microorganisms function in the rhizos-
phere soil or rhizoplane, but a relatively small 
subpopulation, designated as «endophytes,» is 
able to enter and function within plant tissues 
(Porras-Alfaro & Bayman, 2011; Hardoim & van 
Elsas, 2013; Brader et al., 2014; Mercado-Blanco, 
2015; Santoyo et al., 2016). Endophytes evade 
plant immune responses and colonize, without 
causing disease symptoms, diff erent parts of 
plants (roots, shoots, leaves, fruits, and seeds), in 
diff erent compartments of the plant apoplast (in-
tercellular spaces and xylem vessels), and, in rare 
cases, plant cells. Some endophytes aff ect plant 
growth and the plant organism’s response to path-
ogens, herbivores, and environmental changes or 
produce important secondary metabolites (Ou-
cala et al., 2021; Chaudhary et al., 2022).

Strictly speaking, it should be recognized that 
representatives of other groups of microorgan-
isms that colonize plant tissues, such as mycor-
rhizal fungi, rhizobia, and some pathogens, are 
actually also endophytes, but they are tradition-
ally considered separately from the main group 
of «endophytes» because they are involved either 
in the transfer of nutrients from sources outside 
the root, i.e. soil or atmosphere, or cause disease 
symptoms in the host plant.

Th e mechanisms of plant-microorganism in-
teractions are complex. Th ey involve diff erent 
levels of communication between organisms, 
gene activation and inactivation, induction and 
suppression of responses to diff erent signals, 
and diff erent pathways triggered by the respons-
es (Boller & Felix, 2009; Maillet et al., 2011; 
Wiesel et al., 2014; Behm et al., 2014; Poncini et 
al., 2017; Wood & Stinchcombe, 2017; Rosier et 
al., 2018, etc.).

As early as 1969, Rovira (1969) concluded that 
there were diff erences in the composition of rhiz-
osphere microbial communities of diff erent plant 

species, based on information about the diff erent 
compositions of their root secretions. Indeed, 
plant-specifi c microorganisms have been isolated 
from the roots of cereals and legumes, wheat, and 
rapeseed (Volkogon et al., 1991; Volkogon, 1994; 
Grayston et al., 1998; Germida et al., 1998). Later 
studies, in which rhizosphere microbiomes were 
characterized based on direct extraction of the 
total DNA community, also provide compelling 
evidence for the presence of plant-specifi c micro-
biomes (Miethling et al., 2000; Smalla et al., 2001; 
Kirk et al., 2005; Inceoglu et al., 2013). It has been 
shown that the roots of wheat, corn, rapeseed, and 
clover plants have diff erent bacterial communi-
ties, which is due to the diff erent compositions of 
root exudates (Haichar et al., 2008). In addition, 
it is argued that plants are evolutionarily related 
to microorganisms and they have evolutionary 
traits that regulate the formation of root sphere 
microbiomes (Fitzpatrick et al., 2018).

Th e powerful complex eff ect on plant nutri-
tion and health requires explanation: how does 
a plant «recruit» the necessary microbiota? It 
should be noted that the process of obtaining a 
microbiome for plants is not suffi  ciently studied. 
At the same time, an analysis of existing litera-
ture indicates that in matters of plant microbi-
ome assembly, at least two vectors can be distin-
guished  — the origin of microorganisms from 
the soil and heredity.

According to a huge body of data, the source 
of microorganisms in the root spheres of plants 
is the soil. Microorganisms have the ability to 
quickly adapt to changing environmental condi-
tions (Gehring et al., 2017; Lau et al., 2017). And, 
thus, the microbiome of the rhizosphere and en-
dosphere can be considered a «station of plant 
adaptation to local conditions», primarily soil 
conditions (Vandenkoornhuyse et al., 2015). Ac-
cordingly, the plant microbiome originates from 
the local soil microbiota and is formed by the 
composition of the root exudate (Bais et al., 2006; 
Lareen et al., 2016). On the one hand, it has been 
reported that the composition of root-associated 
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microbial communities in diff erent ecosystems 
strongly depends on environmental parameters 
(Bulgarelli et al., 2012; Lundberg et al., 2012), 
such as climate and weather (Brockett et al., 2012; 
Lladó et al., 2018), as well as soil chemical prop-
erties, especially pH and organic matter content 
(Zhou et al., 2002; Rousk et al., 2010; Lareen et 
al., 2016). On the other hand, the components of 
plant root exudates (sugars, vitamins, nucleotides, 
fl avonoids, and phytohormones), which diff er be-
tween plant species and even between genotypes 
within a species (Broeckling et al., 2008), are also 
diff erent and considered important factors in 
structuring the soil microbiota that proliferates in 
the root zone (Dotaniya & Meena, 2015).

A number of researchers have particularly em-
phasized the origin of the root ball microbiome 
from the surrounding soil, noting that unlike 
animals, in which the gut microbiome is assem-
bled internally and transmitted through the birth 
process, the plant microbiome is predominantly 
composed of external microorganisms in the soil 
(Palmer et al., 2007; Dominguez-Bello et al., 2010).

Based on studies of stable rhizosphere and 
endosphere microbiomes, a view has been pre-
sented that suggests that plants may shape their 
microbiomes in two steps, with the fi rst step in-
volving general rhizosphere replenishment and 
the second step involving root penetration due 
to species-specifi c genetic factors (Bulgarel-
li et al., 2013). Th e authors observed an initial 
enrichment of the rhizosphere, consistent with 
the attraction of diverse microorganisms to the 
plant’s zone of infl uence, followed by a slowing 
down of the rate of accumulation of specifi c mi-
crobiota in the endosphere.

In support of this view, it has been reported 
that aft er initial recruitment to the rhizosphere, 
only a subset of microorganisms initially recruit-
ed to the rhizosphere associate with the root sur-
face in the rhizoplane, suggesting selectivity for 
direct physical association with the root. Th is se-
lection may be driven by the plant itself or by the 
ability of the microorganisms to form biofi lms, as 

certain members of the microbiota are known to 
form biofi lms along the root surface (Bais et al., 
2004; Walker et al., 2004). Th e rhizoplane may 
also serve a critical role as a gatekeeper of the mi-
croorganisms recruited to the rhizosphere; only 
a fraction may be associated in the rhizoplane, 
and a fraction may be able to penetrate and mul-
tiply in the endosphere. Each of these steps likely 
involves molecular signals from the plant, such 
as components of root exudates and possibly cell 
wall components or membrane proteins. Signals 
can consist of general plant metabolites as well as 
species- and genotype-specifi c molecules (Bul-
garelli et al., 2013).

Edwards et al. (2015) used time-series experi-
ments to reveal early stages of plant microbiome 
formation based on high spatial resolution of 
root habitats. Th e authors transplanted sterile 
rice seedlings into soil and sampled root habi-
tats from time points ranging from 1 to 13 days 
aft er transplanting. Comparison of the micro-
biota across space and time showed that habi-
tat-specifi c community structures were largely 
established on day 1. Although the composition 
of the root endosphere was organized within the 
fi rst day, steady-state bacterial population sizes 
were reached by 13 days. Th is work advances the 
two-step model of root microbiota formation 
(Bulgarelli et al., 2013) to a model with at least 
three selective steps, where the rhizoplane is a 
key component that plays an important role in 
controlling microbial entry into host tissues.

Th e view of Edwards et al. (2015) is supported 
and developed by other authors (van der Heijden 
& Schlaeppi, 2015), who also believe that the en-
richment process begins to act at a distance in 
the rhizosphere, continues in the rhizoplane, 
and is probably largely due to root exudation. In 
contrast to enrichment, the exclusion process, 
in their opinion, may act more closely: fi rst in 
the rhizoplane and then more pronounced in the 
root endosphere. One explanation for the fi rst 
step of exclusion is that the rhizoplane selects 
bacteria that are able to form biofi lms and suc-
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cessfully compete with others in the presence of 
elevated nutrient levels. Presumably, the second 
step of exclusion is the result of the selection of 
rhizoplane bacteria that possess traits that allow 
them to colonize the root endosphere. Such traits 
of microorganisms may allow bacteria, for ex-
ample, to avoid recognition or manipulate host 
defense responses. Th e involvement of microbi-
al traits that subvert host immune processes has 
also been suggested (van der Heijden & Schlaep-
pi, 2015), as host plant cells are known to initiate 
defense responses upon detection of molecular 
signals that are common to the entire bacterial 
kingdom (Jones & Dangl, 2006). It is therefore 
possible that the host immune system infl uences 
the selection of the microbiota as a whole and 
that it has a strong infl uence on the second step 
of exclusion of root endosphere microbiota from 
the rhizoplane.

Th e view that soil is the main reservoir of mi-
croorganisms in the formation of the plant mi-
crobiome is also supported by other works (Berg 
& Smalla, 2009; Garbeva et al., 2008; Lundberg 
et al., 2012). At the same time, there is growing 
interest in the concept of the formation of the 
plant root zone microbiome due to heredity (van 
Opstal & Bordenstein, 2015). It is possible that 
the plant microbiome is an ecological unit with 
heritable traits, although it is a physical exten-
sion of the host, since it includes the soil habi-
tat surrounding the roots, rather than the intact 
plant unit. Th is concept of an «extended pheno-
type» is not new and originates from the idea 
proposed by Dawkins (1989) that the phenotype 
of an organism should extend from its cellular 
components to the environment. Examples of 
extended phenotypes include manipulation of 
an organism’s physical environment and chang-
es in behavior, both of which can begin at the 
gene level. Other concepts in evolutionary biol-
ogy off er a broader view that heredity is shaped 
at many levels beyond the individual, such that 
natural selection acts on ecological units beyond 
the individual. Perhaps, the most prominent of 

these is the concept of multilevel selection, oft en 
called group selection.

Although it is generally believed that the 
source of the rhizosphere (including endophyt-
ic) microbiome is the soil, it is possible that en-
dophytic microorganisms of the seed play a ma-
jor role in this process. Th e seed microbiome is 
attracting increasing attention from scientists. 
Bacteria have been detected in surface-sterilized 
seeds of various species, including crops such as 
rice (Bacilio-Jiménez et al., 2001; Okunishi et 
al., 2005; Kaga et al., 2009; Hardoim et al., 2012; 
Verma et al., 2017), maize (Johnston-Monje & 
Raizada, 2011; Liu et al., 2013), tobacco (Mas-
trett et al., 2009), coff ee (Vega et al., 2005), 
quinoa (Pitzschke, 2016), beans (López-López 
et al., 2010), grapevine (Compant et al., 2011), 
barley (Zawoznik et al., 2014), pumpkin (Fürn-
kranz et al., 2012), and annual ryegrass (Lolium 
rigidum) (Goggin et al., 2015). In our study of 
pea beans, we have found that, contrary to the 
rather established idea of the sterility of the seeds 
of this crop in green beans, a big group of micro-
organisms is observed inside them and in the not 
yet ripe green seeds, including representatives 
of Rhizobium leguminosarum. Moreover, when 
sowing seeds of Afghan pea (a plant that is ca-
pable of forming nitrogen-fi xing symbioses only 
with bacteria that occur in the soils of the area of 
origin of this species) in the sod-podzolic soil of 
Ukrainian Polissia, single nodules formed on the 
roots of the plants. Since we did not perform any 
manipulations when sowing Afghan pea seeds, 
the only source of bacteria that formed nodules 
could only be the seeds (unpublished results). At 
the same time, when studying soybean seeds, it 
was concluded that they cannot be a source of 
Bradyrhizobium japonicum (Krutylo, 2007). Per-
haps, this is a feature of this crop. However, it is 
not excluded that this may also be a consequence 
of the intensive selection to which soybeans had 
been subjected.

Bacteria have been found in various parts of 
the seed, including the seed coat, endosperm, 
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and embryonic tissues (Mukhopadhyay et al., 
1996; Cankar et al., 2005; Puente et al., 2009b; 
Mitter et al., 2017; Compant et al., 2011; Glassner 
et al., 2017). In electron microscopic examina-
tion of ultrathin sections of immature perennial 
ryegrass (Lolium perenne) seeds, we (Volkogon 
et al., 1995) found bacterial cells between the 
seed coat and endosperm (Fig.1).

A number of studies have demonstrated the 
ability of seed endophytic bacteria to active-
ly multiply during seed germination (Barret et 
al., 2015; Compant et al., 2011; Cope-Selby et 
al., 2017; Hameed et al., 2015; Hardoim et al., 
2012; Huang et al., 2016; Johnston-Monje et al., 
2016; Kaga et al., 2009). For example, Barret et al. 
(2015) found that as seeds germinate, specifi c co-
piotrophic bacteria (representatives of the genera 
Bacillus, Massilia, Pantoea, and Pseudomonas), 
originating from the endophytic seed microbi-
ome, increase in development within 96 hours of 
seed germination. Similar studies have demon-
strated the development of copiotrophic bacteria 
from the epiphytic and endophytic seed microbi-
omes in the spermosphere (Huang et al., 2016).

Bacterial endophytes of seeds of some plant 
species could potentially constitute a major part 
of the species pool from which the seedling mi-

crobiome is recruited (Johnston-Monje & Raiza-
da, 2011; Links et al., 2014). Th is is consistent 
with observations demonstrating that endophyt-
ic seed microorganisms are oft en distinct from 
the microbiota associated with the soil where the 
plants are grown (van Overbeek et al., 2011), sug-
gesting the possibility that seed microorganisms 
may be recruited predominantly from the moth-
er plant. In studies of cultivated populations of 
bacterial endophytes, estimates of abundance 
range from 101—102 CFU/g seeds (Compant et 
al., 2011; Ferreira et al., 2008; Rosenblueth et al., 
2012) to 106—108 CFU/g seeds (Graner et al., 
2003; Hameed et al., 2015; Truyens et al., 2015; 
2016). Darrasse et al. (2007) argue that successful 
seedling colonization can be ensured with a min-
imum bacterial population size of 102 CFU/seed. 
In our studies of the abundance of the endophyte 
Azospirillum lipoferum in surface-sterilized pas-
ture ryegrass seeds, the number of bacteria did 
not exceed 100 cells/seed (Volkogon et al., 1995). 
However, when surface-sterilized ryegrass seeds 
were sown in a sterile substrate (washed and 
sterilized river sand), signifi cant populations of 
аzospirilla developed during spermosphere for-
mation. Th ree days aft er seed germination, the 
population of A.  lipoferum reached 200—500 
thousand/sprout (Volkogon et al., 1995). Th is 
can be explained by the active release of specifi c 
substances from the germinating seeds, which 
can initiate a rapid burst of microbial develop-
ment and activity in the spermosphere (Nelson, 
2004; Schiltz et al., 2015).

It should be noted that the number of diaz-
otrophs in ryegrass seeds depended on the stor-
age period of the seeds. Th us, the largest num-
ber of endophytic bacteria was found in freshly 
harvested seeds and in seeds of the fi rst year of 
storage. By the third year of seed storage, bac-
teria oft en could not be detected; by the fourth 
year, endophytic bacteria were not detected. At 
the same time, seed germination was also lost. 
Preservation of viability by endophytic bacteria 
of seeds for two to three years is a rather long pe-

a

b

Fig.1. Electron micrograph of an ultrathin section of 
seed of pasture fenugreek. a — seed coat; b — bacterial 
cells (Volkogon et al., 1995); х 2500



ISSN 1028-0987. Microbiological Journal. 2025. (5) 91

Formation of Plant Microbiomes. Hypotheses and Controversies

riod and can be compared only with the terms of 
preservation of laboratory cultures using special 
methods. Th e possibility of long-term preserva-
tion of bacteria in seeds, in our opinion, should 
be considered from the point of view of the condi-
tions of seed formation. Water release at the fi nal 
stages of seed formation does not occur passively, 
and complex physiological transformations are 
behind this (Ovcharov, 1976). Upon reaching the 
appropriate level of moisture in the seeds, the re-
lease of water into the surrounding space is sus-
pended, and metabolic processes subside. Th is is 
largely facilitated by the seed coat. Th is is a com-
plex and poorly studied component of the seed. 
However, even the scanty information is striking 
in its high degree of specialization. For exam-
ple, it is known that the scar of the seed coat of 
legumes acts as a special valve. Th e slit that runs 
along the scar opens when the seed is in dry air 
and closes when the outside air becomes humid 
(Hude, 1954). Th e features of natural seed drying 
are quite close to the conditions of freeze-drying 
of biological objects. Th is analogy becomes even 
more appropriate when we consider that water 
molecules in the cytoplasm of cells are partially 
contained in the ice-like framework (Alekseev, 
1969). Th erefore, the viability of endophytic bac-
terial cells is closely related to the viability of the 
seed, and the seed shell can be a reliable barrier 
against adverse environmental conditions.

Evidence in support of vertical seed transmis-
sion of endophytes comes from studies demon-
strating the similarity of seed and seedling endo-
phyte taxa, which is consistent with vertical seed 
transmission of endophytes, but does not directly 
confi rm this (Ferreira et al., 2008; Gagne-Bour-
gue et al., 2013; Ringelberg et al., 2012; Adam et 
al., 2018; Kong et al., 2019). When we studied the 
composition of diazotroph endophytes in seeds 
of certain species of cereal grasses, we found their 
identity with the composition of root endophytes 
(Volkogon, 1999). In particular, A. lipoferum and 
Agrobacterium radiobacter were isolated from 
the histosphere of perennial ryegrass (L. perenne) 

and from surface-sterilized seeds. At the same 
time, the fenugreek rhizoplane was colonized by 
representatives of four species of diazotrophs, 
and a fairly signifi cant diversity of nitrogen fi xers 
was found in the rhizosphere soil.

Other studies have reported the continuity 
of certain microorganisms between generations 
of rice and maize (Mukhopadhyay et al., 1996), 
which also indirectly supports the vertical trans-
fer hypothesis. At least for maize, there is evi-
dence for long-term conservation of species in 
seed endophyte communities. Seeds of geneti-
cally related maize hybrids have been found to 
contain similar bacterial taxa (Ringelberg et al., 
2012), and studies using 16S rDNA restriction 
fragment length polymorphisms have shown the 
presence of representatives of the same genera in 
several maize genotypes, including its ancestor 
teosinte (Johnston-Monje, Raizada, 2011). In-
direct evidence for the role of vertically trans-
mitted endophytes in plant development is also 
found in a study with the invasive grass Sorghum 
haplense, which showed that plants grown asep-
tically from surface-sterilized seeds obtained 
nitrogen from a source other than the nitrogen 
added to the substrate, suggesting vertical trans-
mission of diazotrophs from seeds (Rout et al., 
2013). Th e elimination of microorganisms from 
the plant’s immune responses may be important 
in this regard.

Bright & Bulgheresi (2010) suggest that host-
associated microorganisms can colonize the host 
either vertically from parent to off spring, hori-
zontally through the environment, or by mixed 
means. In this context, it has been proposed to 
classify seed-associated microorganisms into (i) 
transient  — found in seeds but not necessarily 
transmitted to seedlings, and (ii) persistent  — 
found in seeds and transmitted to developing 
seedlings (Shade et al., 2017). Instead, according 
to Bright & Bulgheresi (2010), in many vertically 
transmitted symbioses, the symbiont is obligate, 
spending its entire life cycle inside the host, and 
is unable to survive in the environment.
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Vertical transmission of bacterial symbionts 
from parents to off spring is indeed common in 
systems where the symbiont performs an indis-
pensable function, such as in the well-studied 
trophic symbioses between bacteria and insects 
(Moran, 2006). In plants, vertical transmission 
via seeds is well documented only for certain 
groups of micromycete endophytes (e.g., the 
well-studied fungal endophytes of some grass 
species (Schardl, 2001)). Epichloë and Neoty-
phodium species (Ascomycota) are mutualistic 
symbionts (endophytes) of temperate grasses 
such as fescue (Festuca), ryegrass (Lolium), and 
koeleria (Koeleria), to which they confer numer-
ous and signifi cant benefi ts. Epichloë festucae is a 
good model for the study of endophytes, amena-
ble to Mendelian and molecular genetic analysis.

Protective mutualisms between plants and 
fungal endophytes have also been described 
elsewhere (Saikkonen et al., 2010; Hodgson et 
al., 2014). At the same time, Frank et al. (2017) 
consider that obligate relationships between bac-
teria and plants are rare. Today, only one obli-
gate vertically formed symbiosis of bacteria with 
a plant is known. Th e nitrogen-fi xing symbionts 
Burkholderia reside in each vegetative shoot tip 
and colonize each new leaf in angiosperms of 
the genera Ardisia, Pavetta, Psychotria, and Ser-
icanthe, forming nodules (Miller, 1990). Th ese 
bacteria are transferred to the tip of the fl oral 
shoot, then to the embryo sac of the developing 
egg, and fi nally to the epicotyl of the embryo, 
from where they enter the shoot tip of the sprout 
(Miller, 1990). But even in this confi rmed verti-
cally transmitted symbiosis, it is still diffi  cult to 
detect the symbiont in seeds because the amount 
of bacterial DNA in seeds is low (Lemaire et 
al., 2012). Furthermore, the possibility of di-
rectly confi rming vertical transfer, according to 
Truyens et al. (2015), will only become possible 
when molecular biological studies at the bacteri-
al strain level can be performed.

Considering possible vectors for endophyte 
transmission to the next generation, Frank et al. 

(2017) suggests that endophytes that are contin-
uously transmitted across generations must have 
a route from seeds to reproductive organs either 
through xylem vessels or through the shoot apical 
meristem, which diff erentiates into reproductive 
organs. Soil bacteria can colonize the interior of 
the plant and become endophytes early through 
the germination medium (spermosphere), or 
later through the rhizosphere and roots of seed-
lings and adults. Th e above-ground plant surface, 
or phyllosphere, colonized by a variety of mi-
croorganisms, represents an alternative but less 
studied route of bacterial entry, originating from 
rainwater, bioaerosols from the surrounding soil 
or from dust and other particles in the atmos-
phere, and potentially entering through stoma-
ta. It is likely that stomata can serve as a route 
of transmission for plants of all life stages, but 
may be particularly important for foliar endo-
phytes of trees. In addition, sap-feeders, pollina-
tors, and other arthropods may serve as vectors 
for bacteria that colonize plants. Mixed modes 
of transmission are likely not uncommon, as, for 
example, bacteria deposited on fl owers can be 
transmitted to the next generation (Darrasse et 
al., 2010; Dutta et al., 2014a, 2014b; Mitter et al., 
2017). Th ese observations suggest that bacteria 
that colonize seeds via the fl ower may be incor-
porated into the seed microbiome and, impor-
tantly, may ultimately be transferred to the seed-
lings that develop from that seed. Th is idea has 
also been supported by recent studies of the plant 
growth-promoting bacterium Paraburkholderia 
phytofi rmans, which, when introduced into fl ow-
ers, colonizes developing seed embryos by pen-
etrating the stigma and establishing itself in the 
mature seed (Mitter et al., 2017). Th is and other 
bacteria can then be naturally transferred to the 
seedlings and promote plant growth (Chimwa-
murombe et al., 2016; Mitter et al., 2017).

Interest in seed endophyte communities is 
growing, as evidenced by the emergence of new 
publications (Gundel et al., 2011; Bergna et al., 
2018; Shahzad et al., 2018; Hardoim, 2019; Ro-
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chefort et al., 2019; Wassermann et al., 2019; 
Rodríguez et al., 2020). Most of them focus on 
the composition of seed microbial communi-
ties. At the same time, studies on the dynamics 
of establishment and transmission of microor-
ganisms to seeds during plant development are 
extremely important and necessary, given that 
this stage is crucial in the development and con-
tinuity of the plant microbiome and considered a 
potential bottleneck in the vertical transmission 
(Abdelfattah et al., 2021).

Of course, it is also worth noting that some 
bacterial endophytes may be able to be trans-
mitted horizontally. First, the diversity of bac-
teria in seeds and seedlings grown under sterile 
conditions is generally lower than that in plants 
grown in soil (Hardoim et al., 2012), which may 
indicate that some endophytes are acquired from 
the environment. Second, bacterial endophytes 
are oft en universals, as benefi cial properties of 
endophytes can usually be transmitted to distant-
ly related plants (Ma et al., 2011; Compant et al., 
2005; Khan et al., 2012). Bacterial universals that 
infect many diff erent plant species must move 
horizontally between them, and are unlikely to be 
transmitted strictly vertically. However, the rela-
tive importance of diff erent transmission routes 
for most situations is unknown, although recent 
claims have emerged that the soil microbiome 
colonizes plant root zones only when the endoge-
nous seed microbiome is severely disrupted, with 
the seed microbiome taking precedence over the 
soil microbiome during the process of plant mi-
crobiome recovery (Moroenyane et al., 2021).

It has been shown that, across a wide range of 
plant species, seed-associated bacteria predomi-
nantly belong to the bacterial phyla Proteobac-
teria, Actinobacteria, Firmicutes and Bacteroi-
detes (Barret et al., 2015; Bulgarelli et al., 2013). 
Th is may be partly explained by the dominance 
of these phyla in soil, making them the most like-
ly taxa to be found in seeds. However, selective 
recruitment from these environmental sources is 
evident, as individual bacterial species vary from 

plant species to species (Links et al., 2014) and 
genotype to genotype (Barret et al., 2015; John-
ston-Monje & Raizada, 2011).

Th e functional properties of seed endophytes 
are generally similar to those known for agro-
nomically benefi cial bacteria (PGPR). Th ese en-
dophyte properties may refl ect the shared needs 
of the seed, the host, and its spermosphere (Nel-
son, 2004). For example, it has been reported 
(Johnston-Monje & Raizada, 2011) that most 
bacterial isolates from seeds of diff erent maize 
genotypes were able to solubilize phosphorus, 
secrete acetoin, and fi x atmospheric nitrogen. In 
addition, ACC deaminase activity and antibiosis 
were typical of endophytes from diff erent maize 
genotypes (Johnston-Monje & Raizada, 2011). 
Cactus seed endophytes allowed cactus seedlings 
to grow under extreme conditions for at least a 
year without showing signs of stress (Puente et 
al., 2009a). Th ese endophytes were able to release 
inorganic nutrients, such as phosphorus, from 
crushed rock by producing organic acids and had 
the ability to fi x nitrogen (Puente et al., 2009b).

Several studies have shown that several endo-
phytes isolated from seeds have antifungal prop-
erties. Bacillus and Microbacterium strains isolated 
from millet seeds inhibited the mycelial growth of 
fungal plant pathogens by producing several tox-
ins, such as surfactins and the lipopeptides iturin 
and mycobacillin (Gagne-Bourgue et al., 2013). 
Among rice seed endophytes, the strongest an-
tagonistic properties against Rhizoctonia solani, 
Pythium myriotyum, Guamannomyces graminis 
and Heterobasidium annosum were found in two 
Enterobacter strains due to the production of a 
volatile antifungal compound, probably ammonia, 
and/or the chitinolytic enzyme N-acetyl-β-D-glu-
cosaminidase (Mukhopadhyay et al. (1996). Cot-
tyn et al. (2001) found antifungal activity among 
rice seed endophytes: almost half of the antag-
onists of Rhizoctonia solani and Pyricularia gri-
sea were members of the genus Bacillus, but also 
some strains of Pantoea, Enterobacter, Stenotro-
phomonas, Xanthomonas, Acinetobacter, Paeni-
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bacillus, and Cellulomonas showed antagonistic 
activity against one or both of these fungi. In addi-
tion, Ruiz et al. (2011) reported antifungal activity 
against Curvularia sp., Fusarium oxysporum, and 
Phytium ultimum in several strains of Pantoea, 
Microbacterium, Pseudomonas, Paenibacillus, and 
Curtobacterium isolated from rice seeds.

It has also been shown that endophytic bac-
teria of rice seeds are able to suppress early root 
colonization by Azospirillum brasilense strains 
when used for inoculation (Bacilio-Jiménez et 
al., 2001). A similar eff ect was confi rmed in an-
other study (Rybakova et al., 2017) using diff er-
ent rapeseed varieties. Th ese results indicate the 
possibility of seed endophytes competing with 
biological agents of microbial preparations.

Th us, a brief analysis of the literature devot-
ed to the study of seed endophytes as a source 
of microorganisms in the formation of the root 
sphere microbiome indicates a high probability 
of the existence of this vector. It is also possi-
ble that this aspect of the relationship between 
microorganisms and the plant was formed evo-
lutionary. At the same time, nature could have 
created mechanisms to provide the plant with 
the necessary minimum of microorganisms im-
portant for its existence when the seeds fall into 
diffi  cult environmental conditions. Th ese con-
siderations are confi rmed by the conclusion of 
Ferreira at al. (2008), who believe that theverti-
cal transmission of the microbiome is a strategy 
that allows the host to provide its off spring with 
mutualistic endosymbionts.

If the bacteria and micromycetes that prolif-
erate and dominate the spermosphere, and later 
the endosphere, are recruited primarily from the 
endophytic microbiota of the seed, then the in-
fl uence of microbial inheritance during seed de-
velopment and the formation of plant-microbe 
interactions may be particularly important for 
understanding the nature of plant microbiomes 
(Nelson, 2018). Th is may also change the meth-
odological approaches to screening for active 
PGPR strains.

In practical terms, other solutions are also 
possible. Th e response of seed-associated mi-
crobial communities to biological disturbances 
caused by seed-borne phytopathogenic agents is 
of considerable interest in proposing biocontrol 
strategies. For example, Nelson (2004) suggested 
that seed endophytes are highly competitive and 
rapidly growing colonizers of the spermosphere 
that help protect seedlings from pathogens by 
rapidly absorbing seed exudates, blocking their 
use by other microorganisms. Th is is support-
ed by studies by Bacilio-Jiménez (2001), who 
showed that seed endophytes protect young rice 
roots from colonization by soil-borne pathogens.

In addition, studies are already underway 
to manipulate the microbial communities of a 
particular plant species by introducing organ-
ic amendments to the soil that act as prebiotics 
(compounds that selectively stimulate the devel-
opment or activity of microorganisms) (Sheth et 
al., 2016; Arif et al., 2020). Th e use of phytohor-
mones (auxins and cytokinins) or their synthetic 
analogues for seed treatment aff ects the forma-
tion of communities of nitrogen-fi xing bacteria 
in the root zones of plants, which is accompa-
nied by an increase in the activity of associative 
nitrogen fi xation (Volkogon et al., 1995, 1996). 
Carvalhais et al. (2014) have demonstrated that 
plant hormones such as salicylic acid, methyl jas-
monate, ethylene, and abscisic acid can change 
the composition of bacterial communities in 
the rhizosphere of plants, which may aff ect crop 
productivity. It was shown that changing soil 
properties with the ethylene precursor 1-amin-
ocyclopropane-1-carboxylate (ACC) can change 
the structure of the plant microbiome, mitigating 
the eff ects of salinity on soil and plants (Liu et 
al., 2019). It is believed that as this research area 
develops, new signaling molecules will be iden-
tifi ed to optimize the interaction between plants 
and microorganisms, and new prebiotics with 
increased effi  ciency will be developed. Th is is 
very promising, since culturable microorganisms 
make up only a few percents of the total number 
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of representatives of the soil microbiota (Singh, 
2010). Th e use of prebiotics can theoretically 
initiate the participation of many other seed en-
dophytes, including non-culturable ones, in the 
processes of their interaction with plants. Ac-
cording to Batista & Singh (2021), in situ micro-
biome manipulation has the greatest potential for 
sustainable improvement of crop productivity.

Understanding the specifi city and effi  ciency 
of the vertical transmission of microorganisms 
may open up new exciting opportunities for ex-
ploiting benefi cial interactions between micro-
biota and plants in agriculture. For example, it 
may help develop new varieties that will be more 
able to form benefi cial communities of microor-
ganisms inside and outside the seed. Moreover, 
the combination of breeding and introducing 
benefi cial microorganisms into seeds will allow 

for a promising symbiotic (combination of preb-
iotic and probiotic treatments) approach to crop 
cultivation (Berg et al. 2018).

A promising research direction may also be 
the «back to the roots» approach proposed by 
Pérez-Jaramillo et al. (2016), which involves 
studying the microbiomes of wild relatives of 
crop species and their natural habitats to iden-
tify benefi cial microorganisms that may have 
been lost during the domestication process. 
Th is fundamental knowledge could allow for 
the restoration of missing benefi cial wild rela-
tive microbiota in the seeds of modern crop spe-
cies and the identifi cation of plant traits that can 
ultimately be used in specialized microbiome 
engineering programs.

Confl ict of interest. Th e authors declare that 
there is no confl ict of interest.

REFERENCES
Abdelfattah, A., Wisniewski, M., Schena, L. & Tack, A. J. M. (2021)/ Experimental evidence of microbial inheri-

tance in plants and transmission routes from seed to phyllosphere and root. Environmental Microbiology, 23(4), 
2199—2214. 

Adam, E., Bernhart, M., Müller, H. et al. (2018). Th e Cucurbita pepo seed microbiome: genotype-specifi c composi-
tion and implications for breeding. Plant Soil, 422, 35—49. 

Alekseev, A. M. (1969). [Water regime of plant cells in connection with metabolism and structuring of cytoplasm]. 
XXIII Timiryazev reading. Moscow: Publishing House Nauka, 36. [In russian].

Arif, I., Batool, M., & Schenk, P. M. (2020). Plant microbiome engineering: expected benefi ts for improved crop 
growth and resilience. Trends Biotechnol, 38, 1385— 1396. 

Bacilio-Jiménez, M., Aguilar-Flores, S., del Valle, M. V., Pérez, A., Zepeda, A., & Zenteno, E. (2001). Endophytic 
bacteria in rice seeds inhibit early colonization of roots by Azospirillum brasilense. Soil Biol Biochem, 33, 167—172. 

Bais, H. P., Fall, R., & Vivanco J. M. (2004). Biocontrol of Bacillus subtilis against infection of Arabidopsis roots by 
Pseudomonas syringae is facilitated by biofi lm formation and surfactin production. Plant Physiol, 134(1), 307—319. 

Bais, H. P., Weir, T. L., Perry, L. G., Gilroy, S., & Vivanco, J. M. (2006). Th e role of root exudates in rhizosphere inter-
actions with plants and other organisms. Annu Rev Plant Biol, 57, 233—266. 

Barea, J. M. (2015). Future challenges and perspectives for applying microbial biotechnology in sustainable agricul-
ture based on a better understanding of plant-microbiome interactions. J Soil Sci Plant Nutr, 15, 261—282. 

Barret, M., Briand, M., Bonneau, S. Préveaux, A., Valière, S., Bouchez, O., Hunault, G., Simoneau, P., & Jacquesa, M. 
A. (2015). Emergence shapes the structure of the seed microbiota. Appl Environ Microbiol, 81, 1257—1266. 

Batista, B. D., & Singh, B. K. (2021). Realities and hopes in the application of microbial tools in agriculture. Microbial 
biotechnol, 14(4), 1258—1268. 

Behm, J. E., Geurts, R., & Kiers, E. T. (2014). Parasponia: a novel system for studying mutualism stability. Trends 
Plant Sci, 19(12), 757—763. 

Berendsen, R. L., Pieterse, C. M. J., & Bakker, P. A. H. M. (2012). Th e rhizosphere microbiome and plant health. 
Trends Plant Sci, 17(8), 478—486. 

Berg, G., & Raaijmakers, J. M. (2018). Saving seed microbiomes. ISME J,12(5), 1167—1170. 
Berg, G., & Smalla, K. (2009). Plant species and soil type cooperatively shape the structure and function of microbial 

communities in the rhizosphere. FEMS Microbiol Ecol, 68, 1—13. 



96 ISSN 1028-0987. Microbiological Journal. 2025. (5)

V.V. Volkogon, L.A. Shevchenko

Berg, G., Rybakova, D., Fischer, D. et al. (2020). Microbiome defi nition re-visited: old concepts and new challenges. 
Microbiome, 8(103). 

Bergna, A., Cernava, T., Rändler, M., Grosch, R., Zachow, C., & Berg, G. (2018). Tomato seeds preferably transmit 
plant benefi cial endophytes. Phytobiomes J, 2, 183—193. 

Boller, T., & Felix, G. (2009). Arenaissance of elicitors: perception of microbe-associated molecular patterns and 
danger signals by pattern-recognition receptors. Annu Rev Plant Biol, 60, 379—406. 

Brader, G., Compant, S., Mitter, B., Trognitz, F., & Sessitsch, A. (2014). Metabolic potential of endophytic bacteria. 
Curr Opin Biotechnol, 27, 30—37. 

Bright, M., & Bulgheresi, S. (2010). A complex journey: Transmission of microbial symbionts. Nat Rev Microbiol, 8, 
218—230. 

Brockett, B. F. T., Prescott, C. E., & Grayston, S. J. (2012). Soil moisture is the major factor infl uencing microbial com-
munity structure and enzyme activities across seven biogeoclimatic zones in western Canada. Soil Biol Biochem, 
44, 9—20. 

Broeckling, C. D., Broz, A. K., Bergelson, J., Manter, D. K., & Vivanco, J. M. (2008). Root exudates regulate soil fungal 
community composition and diversity. Appl Environ Microbiol, 74, 738—744. 

Buee, M., De Boer, W., Martin, F., van Overbeek, L., & Jurkevitch, E. (2009). Th e rhizosphere zoo: an overview of 
plant-associated communities of microorganisms, including phages, bacteria, archaea, and fungi, and of some of 
their structuring factors. Plant Soil, 321, 189—212. 

Bulgarelli, D., Rott, M., Schlaeppi, K., et al. (2012). Revealing structure and assembly cues for Arabidopsis root-
inhabiting bacterial microbiota. Nature, 488, 91—95. 

Bulgarelli, D., Schlaeppi, K., Spaepen, S., van Th emaat, E. V. L., & Schulze-Lefert, P. (2013). Structure and functions 
of the bacterial microbiota of plants. Annu Rev Plant Biol, 64, 807—838. 

Cankar, K., Kraigher, H., Ravnikar, M., & Rupnik, M. (2005). Bacterial endophytes from seeds of Norway spruce 
(Picea abies L. Karst). FEMS Microbiol Lett, 244, 341—345. 

Carvalhais, L. C., Dennis, P. G., & Schenk, P. M. (2014). Plant defence inducers rapidly infl uence the diversity of 
bacterial communities in a potting mix. Appl Soil Ecol, 84, 1— 5. 

Chaudhary, P., Agri, U., Chaudhary, A., Kumar, A., & Kumar, G. (2022). Endophytes and their potential in biotic 
stress management and crop production. Front Microbiol, 13, 933017. 

Chimwamurombe, P. M., Groenemeyer, J. L., & Reinhold-Hurek, B. (2016). Isolation and characterization of cultur-
able seedassociated bacterial endophytes from gnotobiotically grown Marama bean seedlings. FEMS Microbiol 
Ecol, 92(6), article fi w083. 

Compant, S., Mitter, B., Colli-Mull, J. G., Gangl, H., & Sessitsch, A. (2011). Endophytes of Grapevine Flowers, Ber-
ries, and Seeds: Identifi cation of Cultivable Bacteria, Comparison with Other Plant Parts, and Visualization of 
Niches of Colonization. Microb Ecol, 62, 188—197. 

Compant, S., Reiter, B., Sessitsch, A., Nowak, J., Clément, C., & Barka, E. A. (2005). Endophytic colonization of Vitis vi-
nifera L. by plant growth-promoting bacterium Burkholderia sp. strain PsJN. Appl Environ Microbiol, 71, 1685—1693. 

Cope-Selby, N., Cookson, A., Squance, M., Donnison, I., Flavell, R., & Farrar, K. (2017). Endophytic bacteria in 
Miscanthus seed: implications for germination, vertical inheritance of endophytes, plant evolution and breeding. 
Glob Change Biol Bioenergy, 9, 57—77. 

Cottyn, B., Regalado, E., Lanoot, B., De Cleene, M., Mew, T. W., & Swings, J. (2001). Bacterial populations associated 
with rice seed in the tropical environment. Phytopathol, 91(3). 282—292. 

Darrasse, A., Bureau, C., Samson, R., Morris, C. E. & Jacques, M. A. (2007). Contamination of bean seeds by Xan-
thomonas axonopodis pv. phaseoli associated with low bacterial densities in the phyllosphere under fi eld and 
greenhouse conditions. Eur J Plant Pathol, 119, 203—215. 

Darrasse, A., Darsonval, A., Boureau, T., Brisset, M., Durand, K., & Jacques, M. (2010). Transmission of plant-patho-
genic bacteria by nonhost seeds without induction of an associated defense reaction at emergence. Appl Environ 
Microbiol, 76, 6787—6796. 

Darriaut, R., Lailheugue, V., Masneuf-Pomar`ede, I. Marguerit, E., Martins, G., Stéphane Compant, S., Ballestra, P., 
Upton, S., Ollat, N., & Lauvergeat, V. (2022). Grapevine rootstock and soil microbiome interactions: keys for a 
resilient viticulture. Hortic Res, 9. 

Dawkins, R. (1989). (Original edition 1982; reprinted 1983, 1987, 1988, 1989): Th e extended phenotype. Oxford 
paperbacks, Oxford University Press, Oxford, UK. 307. 



ISSN 1028-0987. Microbiological Journal. 2025. (5) 97

Formation of Plant Microbiomes. Hypotheses and Controversies

Dominguez-Bello, M. G., Costello, E. K., Contreras, M., Magris, M., Hidalgo, G., Fierer, N., & Knight, R. (2010). 
Delivery mode shapes the acquisition and structure of the initial microbiota across multiple body habitats in new-
borns. Proc Natl Acad Sci USA, 107(26), 11971—11975. 

Dotaniya, M. L., & Meena, V. D. (2015). Rhizosphere eff ect on nutrient availability in soil and its uptake by plants: a 
review. Proc Natl Acad Sci Ind (Sect. B Biol. Sci), 85, 1—12. 

Dutta, B., Gitaitis, R., Sanders, H., Booth, C., Smith, S., & Langston, D. B. (2014a). Role of blossom colonization in 
pepper seed infestation by Xanthomonas euvesicatoria. Phytopathology, 104, 232—239. 

Dutta, B., Gitaitis, R., Smith, S., & Langston, D. (2014b). Interactions of seedborne bacterial pathogens with host and 
non-host plants in relation to seed infestation and seedling transmission. Plos One, 9. 

Edwards, J., Johnson, C., Santos-Medellín, C., Lurie, E., Podishetty, N. K., Bhatnagar, S., Eisen, J. A., & Sundaresan, V. 
(2015). Structure, variation, and assembly of the root-associated microbiomes of rice. Plant biology, 112(8), 911—920. 

Ferreira, A., Quecine, M. C., Lacava, P. T., Oda, S., Azevedo, J. L., & Araújo, W. L. (2008). Diversity of endophytic 
bacteria from Eucalyptus species seeds and colonization of seedlings by Pantoea agglomerans. FEMS Microbiol 
Lett, 287, 8—14. 

Fitzpatrick, C. R., Copeland, J., Wang, P. W., Guttman, D. S., Kotanen, P. M., & Johnson, M. T. J. (2018). Assembly 
and ecological function of the root microbiome across angiosperm plant species. Proc Natl Acad Sci USA, 115, 
1157—1165. 

Frank, A. C., Guzmán, J. P. S., & Shay, J. E. (2017). Transmission of Bacterial Endophytes. Microorganisms, 5(4), 70. 
Fürnkranz, M., Lukesch, B., Müller, H., et al. (2012). Microbial Diversity Inside Pumpkins: Microhabitat-Specifi c 

Communities Display a High Antagonistic Potential against Phytopathogens. Microb Ecol, 63, 418—428. 
Gagne-Bourgue, F., Aliferis, K. A., Seguin, P., Rani, M., Samson, R., & Jabaji, S. (2013). Isolation and characterization 

of indigenous endophytic bacteria associated with leaves of switchgrass (Panicum virgatum L.) cultivars. J Appl 
Microbiol, 114, 836—853. 

Garbeva, P.V., van Elsas, J. D., & van Veen, J. A. (2008). Rhizosphere microbial community and its response to plant 
species and soil history. Plant Soil, 302, 19—32. 

Gehring, C. A., Sthultz, C. M., Flores-Rentería, L., Whipple, A. V., & Whitham, T. G. (2017). Tree genetics defi nes 
fungal partner communities that may confer drought tolerance. Proc Natl Acad Sci USA, 114, 11169—11174. 

Germida, J. J., Siciliano, S. D., De Freitas, J. R., & Seib, A. M. (1998). Diversity of root-associated bacteria associated 
with fi eld-grown canola (Brassica napus L.) and wheat (Triticum aestivum L.). FEMS Microbiol Ecol, 26, 43—50. 

Glassner, H., Zchori-Fein, E., Yaron, S., Sessitsch, A., Sauer, U., & Compant, S. (2017). Bacterial niches inside seeds 
of Cucumis melo L. Plant Soil, 422, 101—113. 

Goggin, D. E., Emery, R. J. N., Kurepin, L.V., & Powles, S. B. (2015). A potential role for endogenous microfl ora in 
dormancy release, cytokinin metabolism and the response to fl uridone in Lolium rigidum seeds. Ann Bot, 115, 
293—301. 

Graner, G., Persson, P., Meijer, J., & Alstrom, S. (2003). A study on microbial diversity in diff erent cultivars of Brassica 
napus in relation to its wilt pathogen, Verticillium longisporum. FEMS Microbiol Lett, 224, 269—276. 

Grayston, S. J., Wang, S., Campbell, C. D., & Edwards, A. C. (1998). Selective infl uence of plant species on microbial 
diversity in the rhizosphere. Soil Biol Biochem, 30, 369—378. 

Gundel, P. E., Rudgers, J. A., & Ghersa, C. M. (2011). Incorporating the process of vertical transmission into under-
standing of host—symbiont dynamics. Oikos, 120, 1121—1128. 

Haichar, F. Z., Marol, C., Berge, O., et al. (2008). Plant host habitat and root exudates shape soil bacterial community 
structure. ISME J, 2, 1221—1230. 

Hameed, A., Yeh, M. W., Hsieh, Y. T., et al. (2015). Diversity and functional characterization of bacterial endophytes 
dwelling in various rice (Oryza sativa L.) tissues, and their seed-borne dissemination into rhizosphere under gno-
tobiotic P-stress. Plant Soil, 394, 177—197. 

Hardoim, P. (2019). Th e ecology of seed microbiota. In Seed Endophytes: Biology and Biotechnology (S. K. Verma 
and J. J. F. White (eds). Cham: Springer International Publishing, 103—125. 

Hardoim, P. R., & van Elsas, J. D. (2013). Properties of bacterial endophytes leading to maximized host fi tness. F.J. de 
Bruijn (ed). Molecular Microbial Ecology of the Rhizosphere, vol 1. Wiley Blackwell, Hoboken, New Jersey, USA, 
405—411. 

Hardoim, P. R., Hardoim, C. C., van Overbeek, L. S., & van Elsas, J. D. (2012). Dynamics of seed-borne rice endo-
phytes on early plant growth stages. PLoS ONE, 7, article e30438. 



98 ISSN 1028-0987. Microbiological Journal. 2025. (5)

V.V. Volkogon, L.A. Shevchenko

Hodgson, S., de Cates, C., Hodgson, J., Morley, N. J., Sutton, B. C, & Gange, A. C. (2014). Vertical transmission of 
fungal endophytes is widespread in forbs. Ecol Evol, 4, 1199—1208. 

Huang, Y. L., Kuang, Z. Y., Wang, W. F., & Cao, L. X. (2016). Exploring potential bacterial and fungal biocontrol 
agents transmitted from seeds to sprouts of wheat. Biol Control, 98, 27—33. 

Hude, E. O. (1954). Th e function of the hilum in some Papilionaceae in relation to ripening of the seed and the per-
meability of the testa. Ann Bot, 18, 241—256.

Inceoglu, O., Van Overbeek, L. S., Salles, J. F., & van Elsas, J. D. (2013). Th e normal operating range of bacterial com-
munities in soil used for potato cropping. Appl Environ Microbiol, 79, 1160—1170. 

Jacoby, R., Peukert, M., Succurro, A., Koprivova, A., & Kopriva, S. (2017). Th e role of soil microorganisms in plant 
mineral nutrition—current knowledge and future directions. Front Plant Sci, 8, 1617. 

Johnston-Monje, D., & Raizada, M. N. (2011). Conservation and diversity of seed associated endophytes in Zea 
across boundaries of evolution, ethnography and ecology. PLoS ONE, 6, article e20396. 

Johnston-Monje, D., Lundberg, D. S., Lazarovits, G., Reis, V. M., & Raizada, M. N. (2016). Bacterial populations in 
juvenile maize rhizospheres originate from both seed and soil. Plant Soil, 405, 337—355. 

Jones, J. D. G., & Dangl, J. L. (2006). Th e plant immune system. Nature, 444(7117), 323—329. 
Kaga, H., Mano, H., Tanaka, F., Watanabe, A., Kaneko, S., & Morisaki, H. (2009). Rice seeds as sources of endophytic 

bacteria. Microbes Environ, 24, 154—162. 
Khan, Z., Guelich, G., Phan, H., Redman, R., & Doty, S. (2012). Bacterial and Yeast Endophytes from Poplar and 

Willow Promote Growth in Crop Plants and Grasses. ISRN Agron, article 890280. 
Kirk, J. L., Klironomos, J. N., Lee, H., & Trevors, J. T. (2005). Th e eff ects of perennial ryegrass and alfalfa on microbial 

abundance and diversity in petroleum contaminated soil. Environ Pollut, 133, 455—465. 
Kong, H. G., Song, G. C., & Ryu, C. M. (2019). Inheritance of seed and rhizosphere microbial communities through 

plant—soil feedback and soil memory. Environ Microbiol Rep, 11, 479—486. 
Krutylo, D. V. (2007). [Study of soybean seed microfl ora as one of the probable factors of Bradyrhizobium japonicum 

spread]. Agricultural Microbiology, 6, 84—91. https://doi.org/10.35868/1997-3004.6.84-91 [In Ukrainian].
Lareen, A., Burton, F., & Schafer, P. (2016). Plant root-microbe communication in shaping root microbiomes. Plant 

Mol Biol, 90, 575—587. 
Lau, J. A., Lennon, J. T., & Heath, K. D. (2017). Trees harness the power of microbes to survive climate change. Proc 

Natl Acad Sci USA, 114, 11009—11011. 
Lemaire, B., Janssens, S., Smets, E., & Dessein, S. (2012). Endosymbiont Transmission Mode in Bacterial Leaf Nodula-

tion as Revealed by a Population Genetic Study of Psychotria leptophylla. Appl Environ Microbiol, 78(1), 284—287.
Links, M. G., Demeke, T., Grafenhan, T., Hill, J. E., Hemmingsen, S. M., & Dumonceaux, T. J. (2014). Simultaneous 

profi ling of seedassociated bacteria and fungi reveals antagonistic interactions between microorganisms within a 
shared epiphytic microbiome on Triticum and Brassica seeds. New Phytol, 202, 542—553. 

Liu, H., Khan, M. Y., Carvalhais, L. C. Delgado-Baquerizo, M., Yan, L., Crawford, M., Dennis, P. G., Brajesh Singh, 
B., & Schenk P. M. (2019). Soil amendments with ethylene precursor alleviate negative impacts of salinity on soil 
microbial properties and productivity. Sci Rep, 9, article 6892. 

Liu, Y., Zuo, S., Zou, Y., Wang, J., & Song, W. (2013). Investigation on diversity and population succession dynamics of en-
dophytic bacteria from seeds of maize (Zea mays L., Nongda108) at diff erent growth stages. Ann Microbiol, 63, 71—79. 

Lladó, S., López-Mondéjar, R., & Baldrian, P. (2018). Drivers of microbial community structure in forest soils. Appl 
Microbiol Biotechnol, 102(10), 4331—4338. 

López-López, A., Rogel, M. A., Ormeno-Orrillo, E., Martínez-Romero, J. & Martínez-Romero, E. (2010). Phaseolus 
vulgaris seed-borne endophytic community with novel bacterial species such as Rhizobium endophyticum sp. nov. 
Syst Appl Microbiol, 33, 322—327. 

Lugtenberg, B. J. J., Chin-a-Woeng, T. F. C., & Bloemberg, G. V. (2002). Microbe—plant interactions: principles and 
mechanisms. Antonie Van Leeuwenhoek, 81, 373—383. 

Lundberg, D. S., Lebeis, S. L., Paredes, S. H., et al. (2012). Defi ning the core Arabidopsis thaliana root microbiome. 
Nature, 488, 86—90. 

Ma, Y., Rajkumar, M., Luo, Y., & Freitas, H. (2011). Inoculation of endophytic bacteria on host and non-host plants—
Eff ects on plant growth and Ni uptake. J Hazard Mater, 195, 230—237. 

Maillet, F., Poinsot, V., André, O., et al. (2011). Fungal lipochitooligosaccharide symbiotic signals in arbuscular my-
corrhiza. Nature, 469(7328), 58—63. 



ISSN 1028-0987. Microbiological Journal. 2025. (5) 99

Formation of Plant Microbiomes. Hypotheses and Controversies

Mastrett, C., Taghavi, S., van Der Lelie, D., et al. (2009). Endophytic bacteria from seeds of Nicotiana tabacum can 
reduce cadmium phytotoxicity. Int J Phytoremediat, 11, 251—267. 

Mendes, R., Kruijt, M., de Bruijn, I., Dekkers, E., VAN DER Voort, M., Schneider, J. H. M., Piceno, Y. M., Desan-
tis, T. Z., Andersen, G. L., Bakker, P. A. H., & Raaijmakers, J. M. (2011). Deciphering the rhizosphere microbiome 
for disease-suppressive bacteria. Science, 332(6033), 1097—1100. 

Mercado-Blanco, J. (2015). Life of microbes inside the plant. B. Lugtenberg (ed). Principles of Plant-Microbe Interac-
tions. Springer International Publishing Switzerland, Heidelberg, 25—32. 

Miethling, R., Wieland, G., Backhaus, H., & Tebbe, C. C. (2000). Variation in microbial rhizosphere communi-
ties in response to crop species, soil origin, and inoculation with Sinorhizobium meliloti L33. Microb Ecol, 40, 
43—56. 

Miller, I. M. (1990). Bacterial Leaf Nodule Symbiosis. Advances in Botanical Research, 17, 163—234. 
Mitter, B., Pfaff enbichler, N., Flavell, R., et al. (2017). A New Approach to Modify Plant Microbiomes and Traits by 

Introducing Benefi cial Bacteria at Flowering into Progeny Seeds. Front Microbiol, 8. 
Moran, N. A. (2006). Symbiosis. Curr Biol, 16(20), 866—871. 
Moroenyane, I., Tremblay, J., & Yergeau, É. (2021). Soybean Microbiome Recovery aft er Disruption Is Modulated by 

the Seed and Not the Soil Microbiome. Phytobiomes J, 5, 418—431. 
Morrissey, J. P., Dow, J. M., Mark, G. L., & O’gara, F. (2004). Are microbes at the root of a solution to world food 

production? Rational exploitation of interactions between microbes and plants can help to transform agriculture. 
EMBO Rep, 5, 922—926. 

Mukhopadhyay, K., Garrison, N. K., Hinton, D. M., et al. (1996). Identifi cation and characterization of bacterial 
endophytes of rice. Mycopathologia, 134, 151—159. 

Nelson, E. B. (2004). Microbial dynamics and interactions in the spermosphere. Annu Rev Phytopathol, 42, 271—309. 
Nelson, E. B. (2018). Th e seed microbiome: Origins, interactions, and impacts. Plant Soil, 422, 7—34. 
Okunishi, S., Sako, K., Mano, H., Imamura, A., & Morisaki, H. (2005). Bacterial fl ora of endophytes in the maturing 

seed of cultivated rice (Oryza sativa). Microbes Environ, 20, 168—177. 
Ovcharov, K. E. (1976). [Physiology of formation and germination of seeds]. Moscow: Publishing House Kolos, 246. 

[In russian].
Oucala, N., Aissat, K., & Pastor, V. (2021). Bacterial Endophytes: Th e Hidden Actor in Plant Immune Responses 

against Biotic Stress. Plants (Basel), 10(15), 1012. 
Palmer, C., Bik, E. M., Di Giulio, D. B., Relman, D. A., & Brown, P. O. (2007). Development of the human infant 

intestinal microbiota. PLoS Biol, 5(7), article e177. 
Pérez-Jaramillo, J. E., Mendes, R., & Raaijmakers, J. M. (2016). Impact of plant domestication on rhizosphere micro-

biome assembly and functions. Plant Mol Biol, 90(6), 635—644. 
Pitzschke, A. (2016). Developmental Peculiarities and Seed-Borne Endophytes in Quinoa: Omnipresent, Robust 

Bacilli Contribute to Plant Fitness. Front Microbiol, 7. 
Poncini, L., Wyrsch, I., Tendon, V. D., Vorley, T., Boller, T., Geldner, N., Métraux, J-P., & Lehmann, S. (2017). In roots 

of Arabidopsis thaliana, the damage-associated molecular pattern AtPep1 is a stronger elicitor of immune signal-
ling than fl g22 or the chitin heptamer. PLoS ONE, 12(10), article e0185808. 

Porras-Alfaro, A., & Bayman, P. (2011). Hidden fungi, emergent properties: Endophytes and microbiomes. Ann Rev 
Phytopathol, 49, 291—315. 

Puente, M. E., Li, C. Y., & Bashan, Y. (2009a). Endophytic bacteria in cacti seeds can improve the development of 
cactus seedlings. Environ Exp Bot, 66(3), 402—408. 

Puente, M. E., Li, C. Y., & Bashan, Y. (2009b). Rockdegrading endophytic bacteria in cacti. Environ Exp Bot, 66(3), 
389—401. 

Raaijmakers, J. M., Paulitz, T. C., Steinberg, C., Alabouvette, C., & Mo€enne-Loccoz, Y. (2009). Th e rhizosphere: a 
playground and battlefi eld for soilborne pathogens and benefi cial microorganisms. Plant Soil, 321, 341—361. 

Ringelberg, D., Foley, K., & Reynolds, C. M. (2012). Bacterial endophyte communities of two wheatgrass varieties 
following propagation in diff erent growing media. Can J Microbiol, 58, 67—80. 

Rochefort, A., Briand, M., Marais, C., et al. (2019). Infl uence of environment and host plant genotype on the struc-
ture and diversity of the Brassica napus seed microbiota. Phytobiomes J, 3, 326—336. 

Rodríguez, C. E., Antonielli, L., Mitter, B., Trognitz, F., & Sessitsch, A. (2020). Heritability and functional importance 
of the Setaria viridis bacterial seed microbiome. Phytobiomes J, 4, 40—52. 



100 ISSN 1028-0987. Microbiological Journal. 2025. (5)

V.V. Volkogon, L.A. Shevchenko

Rosenblueth, M., Lopez-Lopez, A., Martinez, J., Rogel, M. A., Toledo, I., & Martínez-Romero, E. (2012). Seed bac-
terial endophytes: common genera, seed-to-seed variability and their possible role in plants. Acta Hortic, 938, 
39—48. 

Rosier, A., Medeiros, F. H., & Bais, H. P. (2018). Defi ning plant growth promoting rhizobacteria molecular and bio-
chemical networks in benefi cial plant-microbe interactions. Plant Soil, 428(1—2), 35—55. 

Rovira, A. D. (1969). Plant root exudates. Bot Rev, 35, 17—34. 
Rousk, J., Baath, E., Brookes, P. C., Lauber, C. L., Lozupone, C., Caporaso, J. G., Knight, R., & Fierer, N. (2010). Soil 

bacterial and fungal communities across a pH gradient in an arable soil. ISME J, 4, 1340—1351. 
Rout, M. E., Chrzanowski, T. H., Westlie, T. K., DeLuca, T. H., Callaway, R. M., & Holben, W. E. (2013). Bacterial 

endophytes enhance competition by invasive plants. Am J Bot, 100, 1726—1737. 
Ruiz, D., Agaras, B., Werra, P., Wall, L. G., & Valverde, C. (2011). Characterization and screening of plant probiotic 

traits of bacteria isolated from rice seeds cultivated in Argentina. J Microbiol, 49(6), 902—912. 
Rybakova, D., Mancinelli, R., Wikström, M., Birch-Jensen, A-S., Joeke Postma, J., Ralf-Udo Ehlers, R-U., Simon Go-

ertz, S., & Berg, G. (2017). Th e structure of the Brassica napus seed microbiome is cultivar-dependent and aff ects 
the interactions of symbionts and pathogens. Microbiome, 5, 104. 

Saikkonen, K., Saari, S., & Helander, M. (2010). Defensive mutualism between plants and endophytic fungi? Fungal 
Divers, 41, 101—113. 

S antos, L. F., & Olivares, F. L. (2021). Plant microbiome structure and benefi ts for sustainable agriculture. Curr Plant 
Biol, 26, article 100198. 

Santoyo, G., Moreno-Hagelsieb, G., Orozco-Mosqueda, M. D. C., & Glick, B. R. (2016). Plant growth-promoting 
bacterial endophytes. Microbiol Res, 183, 92—99. 

Schardl, C. L. (2001). Epichloë festucae and related mutualistic symbionts of grasses. Fungal Genet Biol, 33, 69—82. 
Schiltz, S., Gaillard, I., Pawlicki-Jullian, N., Th iombiano, B., Mesnard, F., & Gontier, E. (2015). A review: what is the 

spermosphere and how can it be studied? J Appl Microbiol, 119. 
Shade, A., Jacques, M.-A., & Barret, M. (2017). Ecological patterns of seed microbiome diversity, transmission, and 

assembly. Curr Opin Microbiol, 37, 15—22. 
Shahzad, R., Khan, A. L., Bilal, S., Asaf, S., & Lee, I.-J. (2018). What is there in seeds? Vertically transmitted endo-

phytic resources for sustainable improvement in plant growth. Front Plant Sci, 9, 24. 
Sheth, R. U., Cabral, V., Chen, S. P., & Wang, H. H. (2016). Manipulating bacterial communities by in situ microbi-

ome engineering. Trends Genet, 32, 189—200. 
S ingh, B. K. (2010). Exploring microbial diversity for biotechnology: the way forward. Trends Biotechnol, 28, 111—116. 
Smalla, K., Wieland, G., Buchner, A., Zock, A., Parzy, J., Kaiser, S., Roskot, N., Heuer, H., & Berg, G. (2001). Bulk 

and rhizosphere soil bacterial communities studied by denaturing gradient gel electrophoresis: plant-dependent 
enrichment and seasonal shift s revealed. Appl Environ Microbiol, 67, 4742—4751. 

Truyens, S., Beckers, B., Th ijs, S., Weyens, N., Cuypers, A., & Vangronsveld, J. (2016). Th e eff ects of the growth sub-
strate on cultivable and total endophytic assemblages of Arabidopsis thaliana. Plant Soil, 405, 325—336.

Truyens, S., Weyens, N., Cuypers, A., & Vangronsveld, J. (2015). Bacterial seed endophytes: genera, vertical transmis-
sion and interaction with plants. Environ Microbiol Rep, 7, 40—50. 

Vandenkoornhuyse, P., Quaiser, A., Duhame, M., Le Van, A., & Dufresne, A. (2015). Th e importance of the microbi-
ome of the plant holobiont. New Phytol, 206, 1196—1206. 

van der Heijden, M. G. A., & Schlaeppi, K. (2015). Root surface as a frontier for plant microbiome research. Biol Sci, 
112(8), 2299—2300. 

van Opstal, E. J., & Bordenstein, S. R. (2015). Rethinking heritability of the microbiome. Science, 349, 1172—1173. 
van Overbeek, L. S., Franke, A. C., Nijhuis, E. H. M., Groeneveld, R. M. W., da Rocha, U. N., & Lotz, L. A. P. (2011). 

Bacterial communities associated with Chenopodium album and Stellaria media seeds from arable soils. Microb 
Ecol, 62, 257—264. 

Vega, F. E., Pava-Ripoll, M., Posada, F., & Buyer, J. S. (2005). Endophytic bacteria in Coff ea arabica L. J Basic Micro-
biol, 45, 371—380. 

Verma, S. K., Kingsley, K., Irizarry, I., Bergen, M., Kharwar, R. N., & White Jr, J. F., et al. (2017). Seed vectored endo-
phytic bacteria modulate development of rice seedlings. J Appl Microbiol, 122, 1680—1691. 

Volkogon, V. V. (1994). [Associative nitrogen fi xers of the root zone of forage cereals]. Mikrobiol Z, 56(2), 40—41. 
[In russian].



ISSN 1028-0987. Microbiological Journal. 2025. (5) 101

Formation of Plant Microbiomes. Hypotheses and Controversies

Volkogon, V. V. (1999). Nitrogen-fi xing microorganisms of the root zone and seeds of cereal grasses. Bull Institute of 
Agricultural Microbiology, 4, 6—14.

Volkogon, V. V., Mamchur, A. E., Lemeshko, S. V., & Minyailo, V. G. (1995). [Azospirillum-endophytes of seeds of 
cereal plants]. Mikrobiol Z, 57(1), 14—19. [In russian].

Volkogon, V. V., Dulnev, P. G., Kovtun, E. P., Nosovets E. I., & Shevchuk E. N. (1996). [Eff ect of phytohormones and 
their synthetic analogues on the activity of associative nitrogen fi xation]. Microbiology, 65(6), 850—854. [In russian].

Volkogon, V. V., Khalchytsky, A. E., Minyailo, V. G., Onishchenko, L. I., & Lemeshko, S. V. (1991). [Nitrogen-fi xing 
microorganisms of the root zone of ryegrass and sedge]. Mikrobiol Z, 53(6), 3—8. [In russian].

Walker, T. S., Bais, H. P., Déziel, E., Schweizer, H. P., Rahme, L. G., Fall, R., & Vivanco J. M. (2004). Pseudomonas aeru-
ginosa-plant root interactions. Pathogenicity, biofi lm formation, and root exudation. Plant Physiol, 134(1), 320—331. 

Wassermann, B., Cernava, T., Müller, H., Berg, C. & Berg, G. (2019). Seeds of native alpine plants host unique micro-
bial communities embedded in cross-kingdom networks. Microbiome, 7, 108. 

Wiesel, L., Newton, A. C., Elliott, I., Booty D., Girloy E. M., Birch P. R. J., & Hein, I. (2014). Molecular eff ects of resis-
tance elicitors from biological origin and their potential for crop protection. Front Plant Sci, 5, article 655. 

Wood, C. W., & Stinchcombe, J. R. (2017). A window into the transcriptomic basis of genotype-by-genotype interac-
tions in the legume—rhizobia mutualism. Mol Ecol, 26(21), 5869—5871. 

Zamioudis, C., & Pieterse, C. M. (2012). Modulation of host immunity by benefi cial microbes. Mol Plant-Microbe 
Interact, 25, 139—150. 

Zawoznik, M. S., Vázquez, S. C., Díaz Herrera, S. M., & Groppa, M. D. (2014). Search for endophytic diazotrophs in 
barley seeds. Braz J Microbiol, 45, 621—625.

Zhou, J., Xia, B., Treves, D. S., Wu, L-Y., Marsh, T. L., O’Neill, R. V., Palumbo, A. V., & Tiedje, J. M. (2002). Spatial and 
resource factors infl uencing high microbial diversity in soil. Appl Environ Microbiol, 68, 326—334. 

Zolla, G., Badri, D. V., Bakker, M. G., Manter, D. K., & Vivanco J. M. (2013). Soil microbiomes vary in their ability to 
confer drought tolerance to Arabidopsis. Appl Soil Ecol, 68, 1—9. 

Received 19.06.2025

В.В. Волкогон, Л.А. Шевченко
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вул. Шевченка, 97, Чернігів, 14027, Україна

ФОРМУВАННЯ МІКРОБІОМІВ РОСЛИН. ГІПОТЕЗИ ТА КОНТРОВЕРСІЇ

Мікроорганізми відіграють ключову роль у сприянні росту рослин, полегшуючи асиміляцію біогенних еле-
ментів, підвищуючи стійкість до біогенних та абіогенних факторів стресу. Переважна більшість дослідників 
вважає, що джерелом мікроорганізмів ризосфери та ендофітів є ґрунт (гіпотеза горизонтального забезпе-
чення). Водночас сьогодні зростає інтерес до концепції формування мікробіому рослин на основі спадко-
вості (вертикальне забезпечення). Значна кількість публікацій вказує на те, що ендофітні мікроорганізми 
насіння можуть відігравати важливу роль у цьому процесі. В огляді літератури представлено існуючі точки 
зору на процеси формування мікробіома рослин з акцентом на важливості ендофітів насіння.
Ключові слова: ризосфера, ризоплана, ендосфера, спермосфера, ґрунтові мікроорганізми, ендофіти насіння.
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