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Abstract

Changes in the composition of microbial communities under the influence of root exuda-
tion of plants (rhizosphere effect) is widely reported in the scientific literature. A number of studies
clearly show the rhizosphere effect of external factors such as soil type, species and plant variety, etc.
The aim of this work is to study the effect of soil type and plant species using modern high-
throughput sequencing techniques. This effect has been studied well by foreign counterparts, but such
work on Russian soils and crops used in the domestic agro-industry, is carried out for the first time.
We used two soils contrasting by their agrochemical parameters, black earth (Voronezh region), and
sod-podzolic soil (Pskov region). Rye (Secale cereale L., k-6469) and wheat (Triticum aestivum L., k-
54609) seeds obtained from VIR collection (St. Petersburg) were grown in a greenhouse on both soils
for 42 days. Using NGS-V4 variable region sequenced 16S rDNA gene, microbial community composi-
tion in bulk soils and the rhizospheres formed on them was analyzed. Despite the short period of the
experiment, clear rhizosphere effect was revealed in both soils. The strongest factor was the type of soil.
Communities of bulk soil as well as rhizosphere communities on these soils, were significantly different
from each other. Both soils show the same effect in the formation of rhizosphere communities of rye
and wheat. Type of plant is the second largest (after the type of soil) factor in determining taxonomic
composition of the rhizosphere microbiome. Communities of rye rhizosphere in general are closer to
the communities of bulk soils than wheat rhizosphere communities. Also, the rhizosphere communities
of rye on sod-podzolic soil according to the cluster analysis are closer in structure to the original com-
munities of the soil. The taxonomic analysis of the communities at the level of phyla revealed several
groups. They are most responsible for the rhizosphere effect. Formation of rhizosphere communities
was accompanied by an increase in the number of Betaproteobacteria class sequences, while reducing
the part of the bacteria of Verrucomicrobia phylum. Significant changes in the community occurred in
wheat-cultivated sod-podzolic soil. According to the results of all analyzes, these communities differ
significantly from the original communities of soil and rhizosphere communities of rye on sod-podzolic
soil. Perhaps this can be attributed to an increased proportion of the genus Flavobacterium (phylum
Bacteroidetes) bacteria in these communities. Using the method of high-throughput sequencing it has
been clearly demonstrated the presence of rhizosphere effect on rye- and wheat-cultivated soils, as well
as the features of the interaction of individual factors responsible for rhizosphere effect. However, to
confirm rhizosphere effect, as well as for more detailed studies of the mechanisms underlying it, it is
necessary, in addition to the taxonomic analysis carried out, to elucidate how the rhizosphere microbi-
ome is influenced by the plant exudate composition. To do this a series of model experiments with in-
troduction into the soil of certain root exudate substances of rye and wheat are already scheduled.

Keywords: rhizosphere effect, rhizosphere microbiom, metagenomic analysis, rye rhizo-
sphere, wheat rhizosphere

The rhizosphere of plants represents a special niche, where microbial
community specific for each species of plant is formed [1-4]. The structure of
this community is largely determined by the composition of plant exudates, per-
forming both the role of the substrate and regulatory functions [3-6]. Owing to
the exudation process, a plant actively cooperates with the soil microbiota, form-
ing the microbial environment which provides the plant with a number of adap-



tive advantages, such as protection from pathogens, mineral nutrition, adaptation
to abiotic stresses, and regulation of the development [3-6]. The development of
a plant, the growth of its roots and root exudation is a powerful biotic factor
contributing to the formation of rhizosphere microbiome [6-9]. Qualitative and
quantitative modification in the composition of microbial community under its
influence became known as the rhizosphere effect [6, 8]. It was shown that it
manifested differently in different soils [10, 11], at different stages of plant de-
velopment [12], and in different plant species and even varieties [10-14]. Signifi-
cant differences in the rhizosphere effect were also identified when cultivated
plants were compared with initial wild relatives [14, 15].

For a long time, the rhizosphere effect was studied using conventional
microbiological methods, which thereby provided a wealth of scientific experi-
ence with respect to both physiological and genetic properties of the main repre-
sentatives of the rhizosphere microbiome [2, 6, 8]. However, as it is known, only
a small part of the diversity was covered in these studies [16, 17]. Modern mo-
lecular techniques, such as high-throughput sequencing, made possible a more
detailed examination of the rhizosphere microbiome, including not only cultivat-
ed, but also its uncultivated representatives. This method is widely used by for-
eign scientists [18-22], but in the domestic soil investigations there is obviously a
lack of such research. The use of high-throughput sequencing when investigating
the rhizosphere effect allowed to show conclusively the role of the soil type, the
duration of growth and plant variety [10, 12-14] in determining the taxonomic
composition of the rhizosphere microbiomes. All the studies indicated that it was
the type of soil, which had the greatest influence on the rhizosphere effect [10,
13, 22]. The rhizosphere effect was examined in a number of plants, i.e. from
model objects, such as Arabidopsis sp. [17, 18, 21], to the species of major agri-
cultural importance, e.g. rice (Oryza sativa) [23], and lettuce (Lactuca sativa)
(22). In these cases, the rhizosphere effect manifested differently for different
plants. It should also be noted that in most reports the rhizosphere effect was
studied for soil types which were similar in structure and genesis [11, 17, 21].

Considering that the rhizosphere effect manifests itself depending on the
characteristics of plants and soil types, our primary objective was to expand the
circle of diversity of the tested subjects. This is the first paper to report a study of
the rhizosphere effect for the agricultural crops common in Russia (rye and wheat
varieties), and in commonly occurring contrastive soils (chernozem and sod-
podzolic).

The objectives of the study included the evaluation of the rhizosphere ef-
fect in model experiments on the cultivation of rye and wheat plants in soils of
different types, with concurrent identification of specific taxonomic groups of
bacteria.

Technique. The soil samples for the experiments were taken in the agri-
culturally used areas (division edges on the fields free of crops over the last 50
years) at a depth of 3-15 cm. Sod-podzolic soil samples were provided by Pskov
Agricultural Research Institute and the state owned farm «Rodina» (Pskov Prov-
ince, the coordinates of the sampling point: 57°50'44,2"N, 28°12'03,7"E).) Cher-
nozem samples were obtained from Voronezh Province (the nature preserve
Kamennaya Steppe: 510°01'41,6"N, 400°43' 39,3"E). The soil samples were
sieved on a 5 mm soil screen, dried and filled into plastic containers (by 5.0 kg
for chernozem and 5.5 kg for sod-podzolic soil) and then humidified at the rate
of 75 % of total moisture capacity.

One day after, seeds were introduced in each pot to a depth of 3-5 cm in
regular rows, 25 pcs per pot. We used rye seeds of a local variety seeded only in
Pskov Province (k-6469 in the VIR catalog — N.I. Vavilov All-Russian Institute



of Plant Genetic Resources, St. Petersburg), and wheat seeds (the Volshebnitsa
variety, k-54609 in the VIR catalog). Two pots with each type of soil were used
per each variety. The experiment was carried out for 42 days (from September
23 to November 4, 2014) in the greenhouse covered with a plastic wrap (the end
wall was covered with a mesh to provide gas exchange), while maintaining a
constant soil moisture (75 % of the total moisture capacity). The average daily
temperature during the experiment was 13 °C and nighttime temperature 4 °C.
At the end of the experiment, two samples of roots were taken from each pot.
The roots, as soon as separated from the soil, were divided into two roughly
equal portions, then placed in vials with water (50 ml) and shaken vigorously for
1 minute to obtain a homogeneous suspension of soil. A 2-ml aliquot of the sus-
pension was collected into a microtube, centrifuged, and the pellet was used to
isolate the rhizosphere DNA.

DNA was isolated using the method developed in the All-Russian Research
Institute for Agricultural Microbiology [25]. The resulting DNA concentration was
on average 18 ng/ml. The purified DNA was used as a template for the PCR with
universal primers targeting variable region 4 of the 16S rRNA gene, the F515
GTGCCAGCMGCCGCGGTAA and R806 GGACTACVSGGGTATCTAAT
[26], with the addition of the oligonucleotide identifiers for each sample and
supporting sequences required for pyrosequencing technology. NGS-sequencing
(next-generation sequencing) was carried out using a GS Junior system (Roche,
USA) according to the manufacturer's recommendations.

The data were processed in QIIME, v.1.8.0 (http://qgiime.org/) [27]. The
sequences of the 16S rRNA gene were analyzed in several stages. The first stage
involved quality control of the sequences to exclude from the analysis those with
length less than 200 nucleotides, with a quality score of less than 25, with mis-
read sequences of primers and multiplex identifiers, extensive homopolymer re-
peats (more than 8 nucleotides) and unidentified nucleotides. After excluding all
non-bacterial and chimeric sequences, the resulting libraries were normalized
according to the number of sequences in the smallest library. As a result of all
the procedures performed, 19,440 sequences were selected (810 in each library).
The sequences with a > 97 % similarity were combined into operational taxo-
nomic units (OTUs), using the de novo algorithm (based on the «uclust» meth-
od). One sequence was selected from each OTU to produce a set of representa-
tive sequences. The next stage was the classification of representative sequences
using the RDP naive Bayesianr RNA Classifier, and the alignment using the
PyNast algorithm [27], where a specially designed Greengenes coreset of se-
quences served as a matrix for alignment [28]. After aligning, the sequences were
used to construct gene distance matrix and the phylogenetic tree.

To characterize biodiversity and carry out a comparative analysis of the
communities, the parameters of o- and B-diversity were calculated. The a-
diversity was assessed using species richness indices (the OTU value in the
sample) and the Shannon index (Shannon, H). The significance of differences
in the a-diversity indices between the microbiomes was determined using -
test. To assess B-diversity the Weighted unifrac method was used, allowing to
identify the percentage of similarities between all pairs of the microbiomes be-
ing compared [29]. The results were presented using methods of the PCoA
multivariate statistics (principal component analysis) and data were visualized
in the Emperor program (is a part of QIIME) (http://emperor.colorado.edu).
For calculating the indices of diversity and performing the cluster analysis, the
Bray-Curtiss criterion was used and calculations were carried out in the PAST
software (http://folk.uio.no/ohammer/past/) [30]. Statistical support for clus-
ters was calculated via the bootstrap method (1,000 replacements).



The differences between the samples in terms of the taxa frequency were
determined using the Fisher's exact test adjusted for multiple comparisons by the
Benjamini-Hocberg FDR procedure at the 5 % significance level.

Results. We used primers which were designed based on the analysis of
nucleotide sequences of both bacteria and archaea, and allow to amplify the 16S
rRNA gene fragment of approximately 400 bps. The paper analyzed the microbi-
ome communities in six variants, such as the sod-podzolic soil (SP), chernozem
(ChZ), the rye rhizosphere in the sod-podzolic soil (rSP), the wheat rhizosphere
in the sod-podzolic soil (wSP), the rye rhizosphere in the chernozem (rChZ)
and the wheat rhizosphere in the chernozem (WChZ).

Indices of diversity. Indices of diversity calculated for soil commu-
nities and rhizosphere communities were not significantly different. Significant
differences in the values of the Chao-1 and Shannon indices were demonstrated
for the community of wheat rhizosphere in the sod-podzolic soil (see Table). As
can be seen, the values of both indices were significantly lower than in commu-
nities of the sod-podzolic soil or the rye rhizosphere on the same soil.

Indices of a-diversity for soil and rhizosphere microbiome communities, depending
on the soil type and plant species (X+x, wheat Triticum aestivum L. and rye Secale

cereale L.)
Microbi Indices of diversity
rerobiome Species richness | Chao-1 | Shannon (H)
Chernozem (Voronezh Province)

No plants 277+35 360141 4.94+0.17
Rhizosphere:

of wheat 219421 310£31 4.78+0.13

of rye 297423 426+18 4.9610.04

Sod-podzolic soil (Pskov Province)

No plants 287133 401428 5.2010.11
Rhizosphere:

of wheat 248126 335+31 4.78+0.07

of rye 290422 393+10 5.09+0.05

Note. Rye (k-6469 in the VIR catalog, N.I. Vavilov All-Russian Institute of Plant Genetic Resources, St. Pe-
tersburg), a local variety from Pskov oblast) and wheat varieties (the Volshebnitsa variety, k-54609 in the VIR
catalog) were used.

The observed effect is of particular interest in relation with the available
literature data, i.e. previous reports indicated that indices of diversity of rhizo-
sphere communities were not significantly different from those of the initial soil
communities both in case of different soils and plant varieties [9, 10] and when
analysing the rhizosphere of plants of different age [9].

Cluster analysis and principal component analysis (PCoA).
In the dendrogram (Fig. 1), «chernozem cluster» (including the initial cherno-
zem and the rhizosphere of both plants formed on this soil) and "sod-podzolic
cluster” clearly stand out. The first one demonstrated a pronounced division of
communities into two separate groups which corresponded to the initial soil and
rhizosphere. In this case, communities of rye and wheat rhizospheres in cherno-
zem in terms of their taxonomic structure were more similar to each other than
each of them to the initial soil community. In the «sod-podzolic cluster» another
trend is observed, i.e. the initial soil and rhizosphere of rye on sod-podzolic soil
appeared to be in a separate clade. These data correlate well with diversity indi-
ces, further suggesting an expressed rhizosphere effect in the cultivation of
wheat. However, the observed effect, associated with a reduced diversity in the
rhizosphere of wheat on the sod-podzolic soil, can be considered only as a
trend, since the corresponding cluster on the dendrogram had a relatively low
statistical support (no more than 64 %). However, it was reproduced in the prin-
cipal component analysis.
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Fig. 2. Principal component analysis (PCoA) of soil communities and based on them rhizosphere mi-
crobial communities: A — compared to the initial soil, B — in initial soils and rhizospheres based
on them; 1 — initial soil, 2 — rhizosphere of rye (Secale cereale L., a local variety from Pskov
Province, k-6469 in the VIR catalog,) 3 — rhizosphere of wheat (Triticum aesivum L., the Volshe-
bnitsa variety); 4 — chernozem, 5 — rhizospheres on chernozem, 6 — sod-podzolic soil, 7 — rhizo-
spheres on sod-podzolic soil. Greenhouse pot experiments.

in the first case, we observed a significant variation in experiment replications,



while in the second one the variation was practically absent (Fig. 2). The reason
may lie in the high heterogeneity of the soil. Meanwhile, it is possible that the
sequencing depth was inadequate for the community. Also, the graph shows that
communities of the rye rhizospheres on the sod-podzolic soil were similar in
structure to the communities of the initial soil, and the differences were seen on-
ly in communities of the wheat rhizospheres which constituted a separate group
(see Fig. 2, A). There were no clearly separate groups determined in the cherno-
zem communities. However, as we can see, the communities of rye rhizospheres
have been generally closer to the communities of the initial soils than the com-
munities of wheat rhizospheres.

The taxonomic composition of communities. An analysis, car-
ried out at the phyla-level (classes for the phylum Proteobacteria), showed signif-
icant differences (p < 0.05) in the number of sequences between the experiment
variants (Fig. 3).

0.6
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(=]
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Fig. 3. Taxonomic composition (presented in part) of soil communities and based on them rhizosphere
microbial communities: OTU — operational taxonomic unit; 1 — Acidobacteria, 2 — Actinobacteria, 3 —
Bacteroidetes, 4 — Verrucomicrobia, 5 — Betaproteobacteria, 6 — Gammaproteobacteria; a — rye (Se-
cale cereale L., a local variety from Pskov Province, k-6469 in the VIR catalog,), sod-podzolic soil;
b — rye, chernozem; ¢ — wheat (Triticum aesivum L., the Volshebnitsa variety), sod-podzolic soil; d —
wheat, chernozem; e — control, sod-podzolic soil; f — control, chernozem. Greenhouse pot experi-
ments, p < 0.05.

All rhizosphere communities showed an increase in the number of se-
quences belonging to a class of Betaproteobacteria (non-significant for SP and
rSP communities), as well as a reduced number of representatives of the Verru-
comicrobia phylum (non-significant for rfSP—SP and wChZ—ChZ communities).
A significantly increased number of sequences belonging to a class Gammaproteo-
bacteria was evident for the sod-podzolic soil community as compared to the
chernozem community, although this trend was lost in the communities of the
rhizospheres of these soil types. In the communities of the wheat rhizosphere on
the sod-podzolic soil, it was observed an increase in the proportion of represent-
atives of the Bacteroidetes phylum. The proportion turned out to be significantly
lower in the community of the rye rhizosphere in the sod-podzolic soil, and
even lesser in the very sod-podzolic soil. It has also been shown a decrease in
the number of representatives of the Actinobacteria phylum in the wheat rhizo-
sphere on the sod-podzolic soil compared to the initial soil. The communities of
the rye rhizosphere on the sod-podzolic soil differed from wheat rhizosphere
communities on the same soil with a significantly higher number of representa-
tives of the Actinobacteria phylum.

As it is known from the literature data, at different developmental stages,
plants possess mostly different groups of microorganisms. Based on the study of
root exudation in Arabidopsis, the major differences were found in four phyla,
such as Acidobacteria, Actinobacteria, Bacteroidetes and Cyanobacteria, moreover,
a positive correlation was revealed between the number of the Bacteroidetes phy-



lum representatives with the number of amino acids released by the roots of this
plant, and an inverse correlation with the phenolic compounds [11].

Most likely, it is an increase in the number of the Bacteroidetes phylum
representatives in the wheat rhizosphere community on the sod-podzolic soil,
which led to a marked difference in terms of a-diversity in comparison to the
initial soil. The statistical analysis revealed that differences in the composition of
communities in this case were associated with an increase (more than 12.6-fold,
p < 0.05) in the number of microorganisms from the Flavobacterium genus.

A more detailed statistical analysis of the taxonomic structure of micro-
bial communities also allowed to identify the group of microorganisms which
caused differences in the formation of rhizosphere microbiomes in other variants
of the experiment. In particular, compared to the initial soil (ChZ), in the rChZ
rhizosphere, there was a significant increase in the proportion of the Pedobacter
(by 47.6 times) and Chitinophaga (by 76.9 times) genera, and in the wChZ rhi-
zosphere — of the Pedobacter (10.0-fold) and Kaistobacter (14.2-fold) genera. In
the rSP rhizosphere (as compared to SP), there was an increase in the propor-
tion of the Pseudomonas (by 48.6 times) and Achromobacter (by 25.0 times) gen-
era, and in the wSP rhizosphere — of the Mesorhizobium (40.0 times) and Chi-
tinophaga (53.7 times) genera. Therefore, the composition of the rhizosphere
community varied in different soils. These results are consistent with the litera-
ture data indicating that the rhizospheres of plants cultivated on soils of different
types vary significantly in composition at the genera-level. For example, growing
lettuce on three different soils showed an increase in the number of members of
the Sphingomonas and Rhizobium (oa-proteobacteria), Pseudomonas (y-proteobac-
teria), Variovorax (B-proteobacteria) and Flavobacterium (Bacteroidetes) families,
however, unique families are typical for each of the soil type which alter the
number of their representatives only in rhizospheres on this type of soil [11].

It should be emphasized that currently there is no single internationally
recognized method both for separating communities of the rhizosphere and rhi-
zoplane, and for the isolation of DNA from the soil and its further analysis.
Therefore, our findings are difficult to be compared with those described in the
literature. Note, for example, that a more thorough analysis of the communities
of the root zone, separating the rhizosphere and the rhizoplane, indicates that
the rhizosphere community has a similar taxonomic composition with the com-
munity of the initial soil, while the major differences are observed in the rhi-
zoplane, which are limited to a decrease in the proportions of the Acidobacteria,
Planctomycetes, and Gemmatimonadetes phyla [24]. It is now clear that, for a
more comprehensive assessment of the rhizosphere effect, a universal sampling
technique should be developed which would include additional methods enabling
a more precise localization of some representatives of the rhizosphere communi-
ty (e.g., FISH techniques — fluorescence in situ hybridization, etc.).

Therefore, despite the relatively short duration of the experiment (42
days), the communities of the initial soils and rhizospheres varied greatly, i.e. a
pronounced rhizosphere effect was revealed in both types of soil. The for-
mation of the rhizosphere community is greatly influenced by both a soil type
and the plant species. The strongest factor appeared to be the type of soil, since
rhizosphere communities, generated in various types of soil, and the initial soil
communities significantly differ from each other. As it was demonstrated, these
differences were preserved for both soils during the formation of different rhi-
zosphere communities. The plant species was the second most important (after
the type of soil) factor in determining the taxonomic composition of the rhizo-
sphere microbiome. In general, the communities of the rye rhizosphere are
somewhat closer to the communities of the initial soils than the wheat rhizo-
sphere communities are.



The taxonomic analysis of the communities at the phyla-level allowed to
reveal groups, most responsible for the rhizosphere effect, i.e. the formation of
rhizosphere communities was accompanied by an increase in the number of se-
quences from the Betaproteobacteria class along with reductions in the number of
the Verrucomicrobia phylum representatives.

The combination of features of the sod-podzolic soil and characteristics of
the wheat, cultivated on it, resulted in significant changes in the community. Ac-
cording to the results of all analyzes, these communities differ significantly from
the initial soil communities and the communities of the rye rhizosphere on the
sod-podzolic soil. This may be due to an increase in the proportion of bacteria
from the Flavobacterium genus (the Bacteroidetes phylum) in these communities.

Thus, using high-throughput sequencing method with its high resolution
and the ability to examine even non-culturable microorganisms, the rhizosphere
effect was shown to exist in the soil when growing cultivars. However, to con-
firm the presence of this effect, as well as for more detailed studies of mecha-
nisms underlying it, our taxonomic analysis should be supported by further stud-
ies that would characterize the association between the structure of the rhizo-
sphere microbiome and the composition of plant exudates. To do this, model
experiments are projected on introducing into the soil the components of plant
exudates of the tested rye and wheat varieties.
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