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ABSTRACT

Soil is one of the most essential life-supporting environments. The processes that define these environments'
structures over time and space are still poorly understood. In order to contribute to elucidating the dynamics of
microbial communities in soil with different fertility levels, this study analyzes 197 rhizosphere microbiome
samples obtained from different soil types, available in six articles. Data from amplicon sequencing analyses were
extracted from the articles and 15 main prokaryotic phyla were identified. Soil physical and chemical charac-
teristics enabled to classify soils as poor, medium, and rich. The SIMPER test showed that prokaryotic com-
munities presented approximately 40 % of dissimilarities when comparing three levels of soil fertility.
Proteobacteria, Acidobacteria, and Actinobacteria were the dominant phyla, accounting for 58 % of total OTUs
in poor, 54 % in medium, and 47 % in rich soils. However, Verrucomicrobia, Gemmatimonadetes, and Elusi-
microbia phyla that seem to present a central importance in the microbial distributions. The relative abundance
profile of the main phyla was better separated according to soil fertility level than plant host. Clay, organic
matter, pH, K, and P availability show significant linear correlations with some phyla studied. In conclusion, soil
physical and chemical characteristics are the main influencers of relative abundance of some prokaryotic
phylum. The high diversity of prokaryotic communities present in the plant rhizosphere systems seems to be
shifted mainly by soil characteristics.

1. Introduction

Knowledge about soil structures, evaluation of their stability, stress
resilience, biological diversity, and potential of cycling nutrients is

Soil is one of the most essential life-supporting environments (Mills,
2003). By definition, a healthy soil has the ability to sustain produc-
tivity, diversity, and environmental services of terrestrial ecosystems
(Doran and Zeiss, 2000). Thus, soil is expected to keep a suitable func-
tioning of ecosystem services, such as nutrient cycling. However, human
activities have intensified the pressure on land resources, resulting in
soil quality degradation (Legaz et al., 2017). The soil quality report
published by the Food and Agriculture Organization of the United Na-
tions (FAO, 2021) showed that most soils in the world are polluted and
are found in poor or very poor conditions (FAO, 2015). Such soils are
frequently affected by erosion, acidification, and nutrient lixiviation,
leading to crop, animal, and environmental losses (Legaz et al., 2017).
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essential to identify areas more sensitive to degradation processes.

The soil structure comprises a high variety of mineral particles,
organic compounds, and microorganisms. Clay, organic matter, and silt
particles form the soil matrix, and soil microorganisms are firmly
adhered to the soil (Daniel, 2005). The diversity of belowground mi-
croorganisms, community structures, and associations are important soil
quality indicators. Although the microbial community structure present
in different types of soil has been extensively studied, it continues to be
poorly understood due to the sheer number and high complexity of
microbes in living soils. It is estimated that 1 g of soil contains up to 1
billion bacterial cells (most of them with an unclear taxonomy position),
meters of fungal hyphae, and a wide variety of mites, nematodes,
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Table 1 Table 2
Rhizospheric soil samples studied. Point scale for soil fertility classification.
Geographic Number of  Hostplant  Soil Reference Soil Classification Pointing  Range
coordinates samples classification characteristic
29°29'11.03"”S and 9 Grassland Poor Granada et al., Organic matter Low 1 OM < 2.5%
55°27'43.93"W 2019 Medium 2 OM < 5.0 %
29°35'31.96"S and 9 Grassland ~ Poor Granada et al., High 3 OM > 5.0 %
55°22'6.01"W 2019 Clay Class 4 (low) 1 Clay < 20 %
29°30'41.93"S and 9 Grassland Poor Granadaetal., Class 3 (medium) 2 Clay < 40 %
55° 7'13.70"W 2019 Class 2 (high) 3 Clay < 60 %
30°13'25” S and 12 Rice Medium de Souza Class 1 (very 4 Clay > 60 %
52°56/28" W et al., 2021 high)
29°57'00” S and 12 Rice Medium de Souza pH Very low 1 pH<5
51°07'11" W et al., 2021 Low 2 pH < 5,4
29°05'5" S and 6 Grapevine  Rich Unpublished Medium 3 pH<®6
51°33'15" W High 4 pH > 6
30°13'42"” S and 3 Grassland Poor Unpublished Phosphorous Very low 1 Clay class 1: P < 2.0 mg dm—>
54°43'47" W Clay class 2: P < 3.0 mg dm ™3
31°17'40” S and 3 Grassland Poor Unpublished Clay class 3: P < 4.0 mg dm 3
53°54'55" W Clay class 4: P < 7.0 mg dm 3
30°05'00” S and 14 Pasture Poor Beneduzi Low 2 Clay class 1: P = 2.1-4.0 mg
51°40'00" W et al.,, 2019 dm~3
30°50'52" S and 18 Wheat Medium Campos et al., Clay class 2: P = 3.1-6.0 mg
51°38'08" W 2016 dm~®
53°15'43" N and 34 Rice Rich da Costa et al., Clay class 3: P = 4.1-8.0 mg
6°10'19"E 2020 dm 3
53°06'59.5” N and 32 Rice Poor da Costaetal., Clay class 4: P = 7.1-14 mg
6°38'49"E 2020 dm~
25°00'50” S and 12 Maize Medium da Costa et al., Medium 3 Clay class 1: P = 4.1-6.0 mg
50°09'18" W 2018 dm™3
24°33'24" S and 12 Maize Medium da Costa et al., Clay class 2: P = 6.1-9.0 mg
54°03'24" W 2018 dm 3
23°17'34" S and 12 Maize Medium da Costa et al., Clay class 3: P = 8.1-12.0 mg
51°10'24" W 2018 dm~
Clay class 4: P = 14.1-21.0
mg dm~>
earthworms, and arthropods (Joergensen and Wichern, 2008; Wagg High 4 Claysclass 1:P =6.1-12.0 mg
et al., 2014). Across world biomes, soil microbial diversity is directly dm
. . A . Clay class 2: P = 9.1-18.0 mg
related to several environmental functions, such as nutrient cycling, dm3
organic matter decomposition, heavy metal contamination, and plant Clay class 3: P = 12.1-24.0
productivity (Sokol et al., 2022). Prokaryotic cells are the most mg dm—>
numerous in soil biomass, and some studies focusing on the structure of Clay class 4: P 21.1-42.0 mg
their communities and on environmental factors that affect microbial . dm
. Very high 5 Clay class 1: P > 12.0 mg
resilience have been conducted (Granada et al., 2019; Sokol et al., dm-?
2022). As a result, there are two well-accepted theories relating soil Clay class 2: P > 18.0 mg
characteristics to microbial communities: (1) the plant species and its dm 3
root system directly affect the diversity and structure of prokaryotic glai’;la“ 3:P>24.0mg
oy . . . m
communities by c.hangllnlg soil p1.ropert1e.s (Bakker et a.l., .201 8; Hu et a?., Clay class 4: P > 42.0 mg
2018), and (2) soil fertility and its physical characteristics are the main dm 3
influencers of microbial diversity (Daniel, 2005; Chaparro et al., 2012; Potassium Very low 1 Low CEC*: K < 15 mg dm 3
Hartman and Tringe, 2019). Medium CEC: <20 mg d;n’"’
. . . . e . i s < .
Intensive agricultural practices use chemical fertilizers and pesti- Low ) ﬂf\f‘ Cclfé ;(3106m3g0d1;ng .
cides to increase crop productivity, resulting in an irreplaceable loss of Medium CEC: K 21-40 mg
functional biodiversity (Dubey et al., 2019). In a sustainable agriculture dm~3
framework, plants, soil, and microbes work together to mediate soil High CEC: K 31-60 mg dm®
o P i o -3
health and contribute to plant health and productivity (Chaparro et al., Medium 3 Low CEC™: K 31-45 mg dm
1. . . . . . Medium CEC: K 41-60 mg
2012). Soil microbiota affect soil porosity, aeration, and water retention dm-
capacity. However, edaphoclimatic factors and agricultural practices, High CEC: K 61-90 mg dm >
such as monotype cultivation, nutrient adjustment, and use of fertilizers, High 4 Low CEC*: K 46-90 mg dm >
shift soil microbiome (Dubey et al., 2019). According to Fierer (2017), Me'jigum CEC: 61-120 mg
the most critical soil biotic and abiotic factors that affect the composi- d’," 5
. . . e . . . . High CEC: 91-180 mg dm
tion of microbial communities are (in descending order) soil pH, organic Very high 5 Low CEG*: K > 90 mg dm~3

carbon quality and quantity, available Oy, moisture, nitrogen (N) and
phosphorus (P) availability, texture, and structure. Several reports have
also identified that each plant species strongly affect belowground
communities (Peay et al., 2013; Prober et al., 2015; Pii et al., 2016; Fox
et al., 2020). In contrast, other studies have shown plant species exerting
few effects (Pathma et al., 2021; Tkacz et al., 2020, da Costa et al.,
2022).

According to the Naliukhin et al. (2018), soil microorganisms can be
divided in three groups: The first group present microorganisms-

Medium CEC: >120 mg dm >
High CEC: K > 180 mg dm 3

indicators of soil acidity (Ellin6075 family from Acidobacteria phylum,
and Intrasporangiaceae, Micrococcaceae, and Nocardioidaceae families
from Actinobacteria); the second group present microorganisms which
increase their population density with the use of fertilizers (families
Solibacteraceae, Micromonosporaceae, Chitinophagaceae, Bradyrhizobiace
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Fig. 1. Percentage of dissimilarities among the three soil types studied inferred by SIMPER test. Comparisons were performed two by two and all grouped.

ae, Hyphomicrobiaceae, Oxalobacteraceae, Sinobacteraceae, and Chtho-
niobacteraceae); and the third group present microorganisms which
decrease their relative abundance with fertilizer application (families
Gaiellaceae, Patulibacteraceae, Ellin5301, Methylocystaceae, Rhizobiaceae,
Sphingomonadaceae, Comamonadaceae, and Xanthomonadaceae). Thus,
the composition of prokaryotic soil communities and their abundances
may often be predicted according to soil characteristics (Fierer, 2017).
Plants may exert a significant effect on soil microbial communities by
modulating soil characteristics (Monokrousos et al., 2020). However,
predicting microbial taxa according to plant species is difficult since
plant associations with microorganisms are context-dependent (Fierer,
2017).

We hypothesized that soil fertility level (evaluated by chemical and
physical characteristics) is the main modulator of soil prokaryotic
communities. With this purpose, we elaborated a point scale for soil
fertility classification in poor, median or rich. This work uses data
collected from several studies that brings information about rhizo-
spheric soil characteristicas [organic matter, clay, P and potassium (K)
availability, and pH], prokaryotic communities identified by high-
throughput sequencing data and host plant. A total of 197 soil samples
were analyzed. Our main conclusions are that: 1) soil characteristics and
nutrient contents are the main influencers of the relative abundance of
each bacterial phylum; and 2) and that the high amount and diversity in
prokaryotic communities present in the plant rhizosphere systems are a
consequence of changes in soil characteristics modulated by plant roots.

2. Material and methods
2.1. Data collection

Scientific databases were searched and filtered. Articles were
manually analyzed aiming to identify works that analyze soil charac-
teristics (organic matter, clay, pH, and P and K availability) and identify
microbial communities through independent methods of isolation (high-
throughput amplicon sequencing). Data from high-throughput
sequencing were used at the phylum level to reduce differences usu-
ally found by using different sequencing and sample preparation
methodologies. The selected works were Campos et al. (2016); da Costa
et al. (2018); Granada et al. (2019); Beneduzi et al. (2019); da Costa
et al. (2020), and de Souza et al. (2021). We also used a collection of 12
unpublished samples in our research group (Table 1).

2.2. Soil fertility classification

Data from soil physical and chemical characteristics were collected
from the selected articles. These soils were classified according to
fertility level as poor, medium, and rich. This classification considered
the official fertility levels for the Rio Grande do Sul State, Brazil, con-
cerning soil physical and chemical characteristics [organic matter (OM)
and clay percentages, P and K availability, and pH] and adapted them to
a point scale (Table 2). Soil samples that accounted for eight points or
less were classified as poor fertility, samples that were within a range of
9-13 points were classified as medium fertility, and samples that
resulted in 14 points or more were considered rich fertility.
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Fig. 2. (A) Relative abundance of the 15 phyla that presented >1 % of total identified OTUs in poor, medium, and rich soils. (B) Beta dispersion analysis identified in
prokaryotic communities (C, D and E) interquartile interval and outliers identified in rich, medium, and poor soils, respectively.

2.3. Determination of prokaryotic phyla

Relative abundance of prokaryotic phyla with relative abundance of
up to 1 % was extracted from each selected article using the Web-
PlotDigitizer software version 4.6 (available at https://automeris.io/
WebPlotDigitizer), which are able to extract numerical data from plots
and graph.

2.4. Statistical analysis

Data from OTU tables and soil characteristics of 197 samples were
consolidated into a single table. The beta dispersion analysis was per-
formed with the function betadisper of the vegan package v. 2.5-7 inRv.
4.01. Prokaryotic communities were evaluated by SIMPER test, grouped
by discriminant analysis (LDA), correlated with soil characteristics by
linear Pearson (r) analysis. Microbial community networks were calcu-
lated with the Fruchterman-Reingold algorithm based on Bray-Curtis as

a similarity index. These analyses were performed using the software
PAST3 (Hammer et al., 2001).

3. Results and discussion
3.1. Soil classification and microbial community's composition

A total of 197 rhizospheric soil samples from 15 different sampling
points were studied (Table 1). Among these samples, 79 were classified
as poor, 78 as medium, and 40 as rich fertility soils. There were iden-
tified 15 prokaryotic phyla with a relative abundance higher than 1 %.
According to this composition, poor and medium soils presented 43.3 %,
medium and rich soils presented 44.4 %, and poor and rich soils pre-
sented 42.2 % of dissimilarities (Fig. 1). Considering the three types of
soil studied, the samples showed 43.3 % of dissimilarities. The Proteo-
bacteria phylum was the most representative in the three levels of soil
fertility, accounting for approximately 36 % of the total OTUs in poor
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Fig. 3. Discriminant analysis (LDA) performed with prokaryotic composition separated by (A) soil type and (B) plant species.

and medium soils and 39 % in rich soils (Fig. 2A). As Byss et al. (2008)
and Semenov et al. (2020) already showed, the most abundant phyla of
soil bacteria (Proteobacteria) developed well in high nutrient content
environments. The relative abundance of the phyla Acidobacteria,
Actinobacteria, Bacteroidetes, Cyanobacteria, and Verrucomicrobia
varied across the three soil fertility levels. Acidobacteria increased from
approximately 7 % in rich and medium soils to 12 % in poor soils;
Actinobacteria increased from about 1 % in rich soil to 10 % in medium
and poor soils; Bacteroidetes accounted for 3 % in poor and medium
soils and 14 % in rich soils; Cyanobacteria accounted for <1 % of total
OTUs in medium fertile soil and approximately 5 % in rich and poor
soils; and Verrucomicrobia presented about 4 % of total OTUs in poor
and medium fertile soils and <1 % in rich soils (Fig. 2A).

Liu et al. (2020) showed that the N source (organic or inorganic)
affects the relative abundance of the six most abundant phyla identified:
Proteobacteria, Acidobacteria, Chlorofexi, Actinobacteria, Planctomy-
cetes, and Nitrospirae. In this context, soil fertilization with manure may
significantly increase prokaryotic diversity due to the development of
many unidentified taxa (Semenov et al., 2020). Similar as identified in
this work, Zhelezova et al. (2019) identified that the phyla Proteobac-
teria and Acidobacteria were the most abundant in sandy poor soils, and
prokaryotic communities at the phylum level were similar in different

vegetation types. According to the Tkacz et al. (2020) the global pro-
karyotic microbiota is recruited from the soil surrounding roots, and its
profile is affected more by the type of root exudates than by soil type or
plant species. These authors showed that the relative abundance of
Proteobacteria remains stable in unplanted, bulk, and rhizosphere soils
and increases strongly when the rhizoplane was analyzed. The phyla
Acidobacteria and Actinobacteria also remained stable in unplanted,
bulk, and rhizosphere soils; however, they decreased in a rhizoplane.

3.2. Prokaryotic diversity in each type of soil

Beta dispersion analysis showed significant differences (F = 12.1, p
> 0.05) between the three different soil groups (Fig. 2B). Rich soils
showed a lower dispersion than medium and poor fertility soils, while
medium and poor soils presented a similar beta dispersion. This data
show less variance in the community structure of rich soils compared to
the other groups. The PERMANOVA test shows clear differences be-
tween the microbial community structure of the soil groups studied (F =
14.039, p = 0.001), explaining approximately 12.64 % of the variance in
Bray-Curtis distances between samples. Pairwise comparisons of these
groups showed that the slightest difference is between poor and medium
fertility soils R? = 0.036, p = 0.002), followed by the distance between
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poor and rich soils (R? = 0.114, p = 0.001). The most marked difference
is between groups of medium and rich soils (R2 =0.207, p < 0.001).

The boxplots shown in Fig. 2 (C, D, and E) identify the interquartile
interval and outliers of the 15 phyla observed in the three soil fertility
levels analyzed. The low number of outliers observed points to the
reliability of distributions analyzed in this work. As can be observed, the
abundance of the phylum Proteobacteria was higher in all soil condi-
tions, which was already expected since Proteobacteria was the most
abundant phylum in soil sequencing analysis (Liu et al., 2020; Semenov
et al., 2020; Tkacz et al., 2020). However, the relative abundance of
other phyla changes mainly according to soil characteristics (Yokota
et al., 2022). Liu et al. (2020) studied rich soils, and the top five
dominant phyla were Proteobacteria, Acidobacteria, Chlorofexi, Acti-
nobacteria, and Planctomycetes, which account for approximately 65 %
of the identified OTUs. Naliukhin et al. (2018) showed that the domi-
nant phyla in fertilized and non-fertilized soils were Acidobacteria,
Actinobacteria, Armatimonadetes, Bacteroidetes, Planctomycetes, Pro-
teobacteria, and Verrucomicrobia. In our samples, the top five phyla of
rich soils were Proteobacteria, Bacteroidetes, Acidobacteria, Cyano-
bacteria, and Firmicutes (68 % of total OTUs). All phyla identified in the
top five phyla in Liu et al. (2020) were in our top ten.

Among the 11 main phyla found by Semenov et al. (2020), who
studied medium fertile soils, only the archaeal Thaumarchaeota was not
present in our list. Vera-Gargallo et al. (2019) studied hypersaline soils;
according to our classification, these samples can be considered poor
soils. These authors showed that salinity thresholds affect the compo-
sition of soil microbiomes. However, soil-specific properties (such as Al,
P, organic matter, and water content) are the major influencers in mi-
crobial community composition and structure. From the top 12 pro-
karyotic phyla identified by them, only the halophilic phylum
Balneolaeota and the recently proposed Rhodothermaeota were not on
our list. Lauber et al. (2009) studied 88 soils samples from North and
South Americas and showed that the five major groups (Acidobacteria,
Actinobacteria, Proteobacteria, Bacteroidetes, and Firmicutes) accoun-
ted for >90 % the OTUs. In our data, these phyla are also in our top five;
however, they account for approximately 60 % of the identified OTUs.

3.3. Influence of soil type in prokaryotic community's

Tkacz et al. (2020) showed that soil type is one of the most important
factors that affect microbial communities. A same soil microbiota col-
onizes all plant species, but plants can shape their structure. The data
analysis presented in Fig. 3 corroborates that conclusion as prokaryotic
communities present in studied soils are well separated according to the
level of soil fertility (Fig. 3A). Host plant did not clearly separate mi-
crobial community profiles of the evaluated samples (Fig. 3B). Leff et al.
(2015) studied variations in microbial communities associated with
grasslands subjected to different soil nutrient levels (25 different
grasslands across the world). These authors reported that the bacterial
community's composition was affected by N and P levels, and the rela-
tive abundance of soil bacterial groups considered strongly copio-
trophic, Actinobacteria and Proteobacteria, increased in nutrient-rich
soils; the oligotrophic Acidobacteria decreased in this condition. A
similar pattern of prokaryotic phylum was also observed in response to
the carbon content in the soil (Eilers et al., 2010). Marschner et al.
(2004) showed that the bacterial community structure is affected by soil
pH and P fertilization (using DGGE analysis). In the same study, these
authors showed that plant species did not affect the rhizospheric bac-
terial communities associated with cucumber and barley. Liu et al.
(2014) showed that soil characteristics were critical influencers of mi-
crobial communities, although the analysis explained only 37.52 % of
the total variability. These authors showed that geographical distance
accounts for 14.75 % of total variability, and 47.73 % of the variability
found was not explained.

Among the 15 phyla studied, ten were positively correlated with soil
clay and organic matter percentages (Fig. 4; p < 0.05). Except for the
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phyla Bacteroidetes and Proteobacteria, which presented a positive
correlation with pH, nine other prokaryotic phyla showed an inverse
correlation. As identified in this work, Lauber et al. (2009) showed that
the relative abundance of Acidobacteria decreased and that Bacter-
oidetes increased with an increase in soil pH. However, these authors
showed that the relative abundance of Actinobacteria OTUs and soil pH
were positively correlated. Our results identified a negative correlation.
Acidobacteria, Actinobacteria, Cloroflexi, and Verrucomicrobia increase
their relative abundance with a decrease in soil P content. Bacteroidetes,
Chlamydiae, and Gemmatimonadetes were positively related to soil P
content. The RDA and Pearson correlation analyses performed by Jiang
et al. (2019) indicated that soil nutrient availability, mainly available P
and K, were the key environmental factors that shaped the bacterial
community in saline soils cultivated with tomatoes. These authors tested
the influence of six soil parameters on microbial communities. Inter-
estingly, organic matter was less important than the available K, P, N,
and soil electrical conductivity. Similar as the data presented in this
work, Guo et al. (2019) showed that Acidobacteria was positively
correlated with organic matter and negatively correlated with available
P and K and pH (p < 0.05).

Network analysis of individual prokaryotic phyla in the three soil
fertility classes showed that Verrucomicrobia, Gemmatimonadetes, and
Elusimicrobia seem to have a central importance in distributions, and
Proteobacteria did not present connections in the three analyzed soils
(high number of connections; Fig. 5). The phylum Elusimicrobia is
enriched in bioremediation of nitrogen polluted sediments; it plays an
essential role in nitrogen cycling and contributes considerably to the
removal of nitrogen from sediments. Gemmatimonadetes is a phylum
closely related to polyphosphate accumulation in soil (Lu et al., 2022).
The network formed by the phyla Tenericutes, Firmicutes, and Bacter-
oidetes in rich soils marks a high nutrient availability. The relation be-
tween Firmicutes and Tenericutes was already observed by Laconi et al.
(2021) in enriched fertilized soils. Finally, the network among nine

generalist phyla (Planctomycetes, Proteobacteria, Bacteroidetes, Chlor-
oflexi, Acidobacteria, Actinobacteria, Chlorobi, Cyanobacteria, and
Verrucomicrobia) can be the key phyla affecting the stability of micro-
bial communities in different types of soil (Jia et al., 2021).

However, Babin et al. (2019) showed that long-term agricultural
management also influence microbial communities, but only at lower
taxonomic levels. No clear differences were observed at phylum level.
Thus, it is also important to consider soil management to understand
microbial community changes. It is known, for example, that crop
rotation reduces microbial pathogens load and increase soil biodiversity
(Tilman et al., 2002). Granzow et al. (2017) showed that, depending on
the cropping regime (monoculture, row intercropping, mixed inter-
cropping), different soil microbial communities could be observed. Soil
microbial community structure in more novel agricultural management
methods, like pixel cropping (Ditzler and Driessen, 2022) are not yet to
be reported in the literature.

Thus, this work summarizes and highlights the importance of soil
physical and chemical characteristics to maintain the structure of mi-
crobial communities and their resilience. In face of an accelerated
climate change scenario, it is crucial to understand the soil as a complex
environment in which different communities work together to achieve
an effective stability and a sustainable life.

4. Conclusion

Fifteen key phyla, which relative abundance up to 1 %, were iden-
tified in the 197 soil samples analyzed in this work. These phyla were
also identified in several other reports covering soils from around the
world. Soil nutrient analyzes enabled to classify soil samples in poor,
median or rich. According to this classification, it was possible to
identify differences in microbial communities at superior taxonomic
levels (phyla), specially in phyla Proteobacteria, Acidobacteria and
Actinobacteria. Others reports, that did not use our fertility



L.K. Vargas et al.

classification, were unable to identify microbial community structure
differences at phyla level. Soil physical and chemical characteristics
were strongly related to the relative abundance the 15 prokaryotic
phylum studied. Finally, the diversity of microbial communities present
in plant rhizospheric systems may be shifted mainly by changes in soil
characteristics (physical and chemical), which can be modulated by
plant roots.
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