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Preface to ”Genetic Diversity of Soil Bacterial
Communities”

Soil is an important natural resource and has a key role in the biosphere, as most of the carbon
and nutrient fluxes occur in the top 10 cm of the soil profile; it is a species-rich habitat that provides
support for plant growth and health and consequently affects human activities. Although broadly
homogeneous in the landscape, soil is extremely heterogeneous on a microbial scale. In fact, soil
supports taxonomic and physiologic microbial diversity, which is regarded as more extensive than
that of any other group of organisms and considered vitally important to the maintenance and
sustainability of the biosphere.

Soil microbiome has a main role as a driver of the living soil that, in turn, contributes to key life
support functions. Anthropogenic activities using soil, such as intensive agriculture, pose a burden
on soil functioning. Therefore, it is important to find out good indicators able to detect deleterious
changes and thus soil quality.

Looking within the “black box”, as soil has been regarded in the last decades, overcoming
its inaccessibility, and understanding its microbial composition and functioning, are challenges for
scientists. In particular, if it is important to investigate the genetic diversity of microbial populations,
it is also fundamental to understand the link between the major functions of microbial biomass and
its species composition.

This book investigates the roles that various grass species and their functional forms play in
modifying soil bacteriobiome and enzymatic activity, how plant genotypes can influence the bacterial
communities related to phosphate mineralization and nitrogen fixation in the rhizosphere, the effects
of crops and their cultivation regimes on changes in the soil microbiome and of three different
long-term land use intensities on soil biochemical, microbial, and molecular parameters, and reviews
how rhizobia, a diverse group of o and 3-proteobacteria bacteria, and legume species interact and are

responsible for symbiotic biological nitrogen fixation.

Carmine Crecchio
Editor
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Abstract: The Special Issue “Genetic Diversity of Soil Bacterial Communities” collected research and
review articles addressing some relevant and unclear aspects of the composition and functioning of

bacterial communities in rich or marginal agricultural soils, in field trials as well as in laboratory-scale
experiments, at different latitudes and under different types of management.

Keywords: soil bacteria diversity; bacteriobiome; soil fertility

Soil has been defined as a “black box” because of its complexity and of the difficulties that scientists
have faced in recent decades to unravel the composition and, moreover, the functions of its biotic and
abiotic components. Soil has been recognized to play a key role in the biosphere, as most of the carbon
and nutrient fluxes occur in its top 10 cm profile, and it is a habitat that is tremendously rich in species
that contribute to plant growth and health that, in turn, may affect human beings [1].

Among the biotic components, the soil microbiome, mainly bacteria and at a lower scale fungi,
plays an important role as a driver of the living soil, being responsible for the main biogeochemical
cycles involved in the transformation of nutrients and their flows from soil to plants [2]. On the other
hand, the soil microbiome is strongly affected by anthropogenic activities such as intensive agriculture,
different soil management approaches, and environmental contamination [3,4].

So, it is very important to deeply investigate the structure and functioning of whole microbial
communities as well as to characterize single species, i.e., those potentially useful in agriculture
as promoters of plant nutrition and protection. The papers in this Special Issue are an example of
how many different aspects should be investigated by biochemical, microbiological and molecular
approaches, and reveal how varied and still not completely understood this topic is.

A research article investigated how various fodder and lawn grass species and their functional
forms modify the soil bacteriobiome, as determined by 16S rDNA sequencing up to the genera level, as
well as the main enzyme activities of microbial origin [5].

A similar approach was used to investigate the relevance of cultivation regimes of three crop species,
leading the authors to conclude that both species and management contribute to the modification of
the rhizosphere soil microbiome as well as reliable biochemical indicators related to soil fertility [6].

Yaghoubi Khanghahi and colleagues investigated the influence of long-term land use intensities
on: (i) some microbiological and biochemical parameters, all contributing to the calculation of the
Biological Fertility Index (BFI); (ii) total bacterial quantification in soil, determining the rRNA gene
copy number by qPCR; (iii)  diversity and community composition [7].

A research paper by Marques and colleagues reports that sweet potato genotypes and their growth
stage influence rhizosphere bacterial composition, in particular that of microbial groups involved in
phosphate mineralization and nitrogen fixation, both playing a fundamental role in plant nutrition
processes [8].

The Special Issue also publishes a review by Moura and colleagues, reporting the state of the art
of the symbiotic nitrogen fixation, deepening, in particular, the interactions existing between rhizobia
and legume species, and how such association provides benefits not only in the efficiency of nitrogen

Diversity 2020, 12, 414; doi:10.3390/d 12110414 1 www.mdpi.com/journal/diversity
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use, but also in soil carbon sequestration, stabilization of soil organic matter, soil penetration resistance
and soil fertility in tropical environments [9].

We expect the above mentioned articles will be of interest to the scientific community and

complement ongoing global efforts to reveal secrets of the “black box”, soil and its bacterial inhabitants.

Funding: This research received no external funding.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: Today, various grass species are important not only in animal feeding but, increasingly
often, also in energetics and, due to esthetic and cultural values, in landscape architecture. Therefore,
it is essential to establish the roles various grass species and their functional forms play in modifying
soil bacteriobiome and enzymatic activity. To this end, a pot experiment was conducted to examine
effects of various fodder grass and lawn grass species on the bacteriobiome and biochemical properties
of soil. Nonsown soil served as the control for data interpretation. Analyses were carried out with
standard and metagenomic methods. The intensity of effects elicited by grasses depended on both
their species and functional form. More favorable living conditions promoting the development
of soil bacteria and, thereby, enzymatic activity were offered by fodder than by lawn grass species.
Among the fodder grasses, the greatest bacteriobiome diversity was caused by sowing the soil with
Phleum pratense (Pp), whereas among lawn grasses in the soil sown with Poa pratensis (Pr). Among
the fodder grasses, the highest enzymatic activity was determined in the soil sown with Lolium x
hybridum Hausskn (Lh), and among the lawn grasses—in the soil sown with Lolium perenne. Sowing
the soil with grasses caused the succession of a population of bacterial communities from r strategy
to k strategy.

Keywords: fodder grasses; lawn grasses; soil bacteria; soil enzymes

1. Introduction

Interactions between soil, plants, and soil microbiome are complex in character and require
extended research. Determination of changes in soil stability and identification of associations between
microbiological diversity of soil and plants occurring in agricultural ecosystems are difficult because
they are affected by plant root secretions [1-4], climatic changes [5-7], and various pollutants [2,7].
As the key component of life on Earth, soil is capable of meeting most of plant demands. Its traits,
including abundance of nutrients, productivity, and fertility, are a measure of the strength of plant
growth and crop yield [8-11]. Plant productivity largely depends on soil culture [9], count of soil
bacteria and fungi colonizing the rhizosphere [12,13], count of epiphytic microorganisms occurring on
the surface of plants and endophytic ones colonizing their tissues [14], presence of pathogens [15,16],
humus content [17,18], soil pH [19], water-air balance [20-22], soil fraction size [23,24] as well as the
microbiological and biochemical activity of soil [10,25-27].

For agricultural sustainability, 176 cultivars have been shortlisted by the Research Center for
Cultivar Testing (Stupia Wielka, Poland, 52.227° N 17.218° E) of which 19 are grasses species of
monocotyledonous flowering plants from the Poaceae (Gramineae) family, commonly known as
grasses, have been used in contemporary agriculture: xFestulolium Asch. & Graebn., Festuca rubra
L., Festuca pratensis Huds., Festuca filiformis Pourr., Festuca ovina L., Festuca trachyphylla (Hack.)
Krajina, Festuca arundinacea Schreber, Dactylis glomerata L., Agrostis gigantea Roth, Agrostis capillaris L.,
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Agrostis stolonifera L., Arrhenatherum elatius (L.) P. Beauv.ex J. Presl & C. Presl, Bromus catharticus Vahl,
Phleum pratense L., Poa pratensis L., Poa trivialis L., Lolium x hybridum Hausskn, Lolium perenne L.,
and Lolium multiflorum Lam. Pursuant to EU regulations, all cultivars submitted to the national register
are evaluated for distinctness, uniformity and stability (DUS), whereas crops are additionally evaluated
for their value for cultivation and use [28]. Grasses from the Poaceae family, i.e., from the family of
monocotyledoneous flowering plants, represent one of the most important and the most abundant
group of plants on the entire Earth. This family includes crops and monocotyledoneous fodder plants.
These plants constitute the source of feed to both, wild and domesticated animals. They possess
therapeutic and health-promoting properties, and are able to adapt to various climatic zones and
various habitats. The form assemblages of savannas, steppes, prairies and pampas, as well as lowland,
mountain, and arctic meadows. They have been accompanying man for years. They have been and
are used most often in animal feeding due to their high nutritive value, resulting from the chemical
composition of plants. Grasses are rich in dietary fiber digestible protein, minerals, and vitamins [29].
According to Peeters [30], grasses have a higher nutritive value for animals than fodder beet. They
represent complete feeds rich in organic and mineral compounds. Their leaves and stems may be easily
ingested by animals and effectively digested by microorganisms colonizing their rumens. In addition,
they are valuable energetic feed.

For sustainability, modern agricultural practices need to include every effort not to deplete the
soil’s organic matter, because the use of chemicals together with intensive cultivation can lead to soil
sterilization and microbiological imbalance [11,31,32]. The development of soil edaphon is at risk of
the impairment of decomposition and humification processes due to organic matter accumulating in
the soil [33].

Soil microorganisms and enzymes take part in the mineralization of organic substances [34-39],
in retention of heavy metals [40—-42], and in degradation of plant protection agents [43—45] and
polycyclic aromatic hydrocarbons (PAHs) [34,36,46]. They are the driving force of the geochemical
cycle of elements, and participate in transformations of simple and complex organic compounds [47].
Diversity of microorganisms influences the functioning of ecosystems, biological homeostasis as well
as chemical and physical properties of soil, and by this means determines its productivity [35,48,49].

Microorganisms that colonize soil and other environments synthesize intra- and extracellular
enzymes indispensable for depolymerization and hydrolysis of organic macromolecules which serve
as sources of carbon and energy [50]. Determination of enzymatic activity of soil is essential to the
understanding of the functional dynamics of a soil ecosystem. According to Moeskops et al. [51],
Zhan et al. [52], and Knight and Dick [53], it is also a good indicator of the biological status of soil
because the activity of enzymes from the class of oxidoreductases (dehydrogenases or catalase) is strictly
responsible for respiration of microorganisms in the soil. A reliable indicator of changes undergoing
in the soil is also the activity of urease. Although this is an extracellular enzyme related to a lesser
extent with the condition of microorganisms, it is highly sensitive to various xenobiotics [52]. In turn,
-glucosidade is responsible for cellulose transformation to glucose [53], while phosphatases—for
transformations of phosphorus compounds [54], and, inter alia, arylsulfatase—for the metabolism of
organic sulfur [55]. It can therefore be concluded that the geochemical transformations proceeding in
the soil are strongly associated with its biological activity.

Due to the small amount of research into the effects of grasses on soil biodiversity, research was
undertaken to compare (1) the soil bacteriobiome of six grasses species (three fodder and three lawn
grasses); (2) the effect of grasses on colony development and ecophysiological diversity index of soil
bacteria; (3) the grass yield of fodder and lawn grasses; and (4) the enzymatic activities of soil with
grasses and without grass.
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2. Materials and Methods

2.1. Soil Characteristics

The experiment was conducted with eutric cambisol soil sampled from the topsoil, from a depth
of 0 to 20 cm of the arable lands from the Olsztyn Lake District situated in the northeast of Poland
(NE Poland, 53.7161° N 20.4167° E). It contained 74.93% of the sand fraction, 22.85% of the silt fraction,
and 2.22% of the clay fraction. In terms of fraction size, this was loamy sand [56]. The physicochemical
and chemical properties of soil are presented in Table 1. They were conducted according to the
procedures presented in the manuscript by Borowik et al. [57].

Table 1. Physicochemical and chemical soil properties.

HAC EBC CEC lz/S Content Available Forms Interchangeable Forms
(]
PHka Niotat C P K M K Ca Na M
mmol (+) kg’l dm. total total g g
of Soil gks ! dm.

of Soil mg kg1 d.m. of Soil

6.70 1140 49.00 6040 81.10 0.62 930 93.68 141.10 42.00 156.00 623.50 40.00 59.50

HAC—hydrolytic activity, EBC—exchangeable base cations, CEC—cation exchange capacity, BS—base saturation,
d.m.—dry matter.

2.2. Plant Characteristics

The study focused on plants having a well-developed root system, including three species of lawn
grasses and three species of fodder grasses (Table 2).

Table 2. Characteristics of grasses used in the study.

Grasses Kind Common Name Botanical Name  Abbreviation  Variety Photosynthesis Kind

Hybrid ryegrass Lotium X hybridum Lh Gala C3

Fodd Hausskn
odder Tall fescue Festuca arundinacea Fa Rahela C3
Timothy Phleum pratense Pp Kaba c3
Perennial ryegrass Lolium perenne Lp Bajka C3
Lawn Smooth-stalked Poa pratensis Pr Séjka C3

meadowgrass

Red rescue Festuca rubra Fr Dark c3

2.3. Experimental Design

The study was conducted in a pot experiment, at the teaching-experimental station of the
University of Warmia and Mazury in Olsztyn (NE Poland, 53.760° N 20.454° E). It was accomplished
in two series: with nonsown (without grasses) soil and with soil sown with the selected grass species.
The experiment (pots sown with six different species of grass and soil without grasses) was performed
in four replications in 10 dm?3 Kick-Brauckman pots, each filled with 9 kg of soil. Before the experiment
had been established, the soil was sieved through a screen with mesh diameter of 5 mm, then thoroughly
mixed, weighed into 9-kg portions, carefully mixed with mineral fertilizers, and poured into the pots.
With soil sowing, 22 seeds were sown to each pot. The same mineral fertilization was applied for all
grass species and control soil (not sown with grasses). The pre-sowing fertilization included, in mg
kg‘1 soil d.m. (dry matter): N—80, P—20, K—40, and Mg—10, whereas, after the harvest of the first
and the second re-growth, the plants were additionally fertilized with nitrogen in the amount of 40 mg
N kg~! soil d.m.. All grass species emerged evenly and at the same time. After emergence, 20 plants
were left in each pot. The experiment spanned for 105 days. Within this period, soil humidity was
kept at a level of 50% of the maximum water capacity. The grasses were cut three times. Each time,
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the biomass of aerial parts was determined. In the last term of cutting (day 105 of experiment). Plants
were removed from the pots and then the soil from each pot was mixed thoroughly.

2.4. Determination of Bacterial Count and Activity of Soil Enzymes

In soil samples, microbiological and biochemical analyses were carried out using standard
methods, which are given in Table 3. These methods are described in detail in the manuscript of
Borowik et al. [57] and Wyszkowska et al. [58]. Analyses were performed in four replications.

Table 3. Parameters for determining the number of organotrophic bacteria and actinobacteria,
calculating colony development index and ecophysiological diversity index, and determining
enzyme activity.

Tested Feature Medium/Formula/Substrat References
Medium
peptone 1.0 g, yeast extract 1.0 g, (NH4)»,S04 0.5 g, CaCl,,
Organotrophic KyHPO,4 0.4 g, MgCl, 0,2 g, MgSO4 7H,0 0.5 g, salt Mo 0.03 g, [59]
bacteria (Org) FeCl, 0.01 g, agar 20.0 g, soil extract 250 cm?, distilled water [58]

750 cm®, pH 6.6-7.0

soluble starch 10.0 g; casein 0.3 g; KNO3 2.0 g; NaCl 2.0 g;
KyHPO4 2.0 g; MgSO,4-7H,0 0.05 g; CaCO3 0.02 g; FeSO4 0.01 g; [60]
agar 20.0 g; H,O 1 dm?; 50 cm® aqueous solution of nystatin [58]

0.05%; 50 cm3 aqueous solution of actidione 0.05%; pH 7.0

Actinobacteria (Act)

Formula
CD = [N1/1 + N2/2 + N3/3 + ... + N10/10] x 100, where: N1, N2,
Colony development N3,..., N10—the sum of ratios of the number of colonies of
index (CD) microorganisms identified in particular days (1, 2, 3,..., 10) to the [61]

total number of colonies identified throughout the study period

EP = —X(pi-log10 pi), where: pi—the ratio of the number of

Ecophysiological diversity colonies of microorganisms identified in particular days to the

index (EP) total number of colonies identified throughout the study period.
Substrat
Dehydrogenases (Deh) C19H15CINy [62]
Catalase (Cat) H,0, [63]
Urease (Ure) CON,H4
B-glucosidase (Glu) C1oH15NOg
Acid phosphatase (Pac) [64]

Alkaline phosphatase (Pal) O:NCH,OP(0)(ONa); 6H;0
Aryosulphatase (Aryl) NO,CgH,0S0O,0K

2.5. Metagenomic Analysis

Taxon of bacteria in soil samples was determined using analysis of the 165 rRNA encoding
gene based on the hypervariable region V3-V4. Two primers were used for amplification: 1055F
(5’-ATGGCTGTCGTCAGCT-3’) and 1392R (5'-ACGGGCGGTGTGTAC-3’). Polymerase chain reaction
(PCR) was performed in real time in an Mx3000P thermocycler (Stratagene) and sequencing was in an
Mx3000P thermocycler (Stratagene) at Genomed S.A. Warsaw, Poland.

2.6. Bioinformatic Analysis

The classification of bacteria was carried out with the QIIME package based on reference sequences
database Greengenes v13_8 [65]. Sequences shorter than 1250 base pairs (bp), incomplete sequences
and sequences containing more than 50 degenerated bases were omitted in the analysis and reference
databases were prepared. The sequences were grouped in operational taxonomic units (OTUs).
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2.7. Statistical Analysis

The Statistica 13.1 package [66] was used for statistical analyses. Homogenous groups were
determined with the Tukey’s test, at p = 0.05, and respective results were presented graphically using
principal component analysis (PCA) and graphs categorized for dependent variables (category X) and
the grouping variable (category Y). Using the analysis of variance (ANOVA), F and P values were
calculated for all parameters tested (Table S1). Relative abundance of microorganisms in soil samples
was visualized with the use of STAMP 2.1.3 software, using a two-way test for statistical hypotheses:
G-test (w/Yates’) + Fisher’s and Asymptotic with CC confidence interval method [67]. Genomic
data were presented in the circular system using Circos 0.68 package [68]. Visualization of relative
abundance data was performed using sequences with contribution exceeding 1%. The read-outs below
1% were summed up with the other nonclassified ones in a sample. To determine bacterial diversity at
the level of each taxonomic group, Shannon-Wiener (H) and Simpson (D) indices were calculated using
all metagenomic data. In addition, in order to consider not only the role of individual grass species in
soil bacteriobiome modification but also to emphasize functional types of grasses, the fodder grasses:
Lolium perenne (Lp), Festuca arundinacea (Fa), and Phleum pratense (Pp) were grouped and marked as
T1, whereas the lawn grasses: Lolium perenne L.x hybridum (Lh), Poa pratensis (Pr), and Festuca rubra
(Fr)—as T2.

3. Results

3.1. Grass Yield

The growth and development of grasses were significantly affected by their species (Figure 1).
Generally, regardless of cutting term and grass species, the yield of fodder grasses (T1) was higher
by 71.68% on average than that of the lawn grasses (T2). Among the fodder grasses, in the first and
third terms of harvest—the greatest biomass yield was obtained from Lolium x hybridum Hausskn (Lh),
whereas in the second term—from Festuca arundinacea (Fa). In the case of lawn grasses, the best yield
was produced by Lolium perenne (Lp) in all three terms of harvest. To sum up, regardless of the harvest
date, the largest biomass among fodder grasses was obtained in the case of Lolium x hybridum Hausskn
(Lh), and, among lawn grasses, Lolium perenne (Lp).

70 | © average;+standatd error
Iminrxé\ax :
60 T1, T2 |Tla | T2 T | 12
. ®ls | | |
8 E s
o 40 + i
5 b ib bl
;: 30 C; C
¢ 20 4 d d d
ga LI AR LD
LR ‘

first second third

cutting number

Figure 1. The yield of grasses in g dry matter (d.m.) per pot. Tl—fodder grasses; T2—lawn
grasses; homogeneous groups denoted with letters (a-d) were calculated separately for every cutting;
Lh—Lolium x hybridum Hausskn; Fa—Festuca arundinacea; Pp—Phleum pratense, Lp—Lolium perenne,
Pr—Poa pratensis; Fr—Festuca rubra.

3.2. Counts and Diversity of Soil Bacteria

Cultivation of grasses ambiguously modified soil bacteriobiome (Figure 2). Sowing the soil
with Lolium x hybridum Hausskn (Lh) caused a significant increase in the population number of both
organotrophs and actinobacteria, whereas cultivation of Festuca arundinacea (Fa), Lolium perenne (Lp),
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and Festuca rubra (Fr)—only in the population number of actinobacteria. In turn, sowing Phleum
pratense (Pp), Lolium perenne (Lp), Poa pratensis (Pr), and Festuca rubra (Fr) on soils significantly reduced
the proliferation of organotrophic bacteria. Regardless of grass species, but considering their functional
character, it was demonstrated that the fodder grasses (T1) increased the count of organotrophic bacteria
by 26.57% and that of actinobacteria by 156.49% compared to the control soil (not sown with grasses),
whereas the lawn grasses (T2) increased the count of actinobacteria by 47.43% and decreased that of
organotrophs by 37.91% compared to the control soil.
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Figure 2. Count of soil organotrophic bacteria (Org) and actinobacteria (Act), cfu 10° kg™! d.m. of soil:
(A) depending on the species of grass, (B) depending on grass type (fodder or lawn). Homogeneous
groups denoted were calculated separately for each microorganisms, groups denoted with letters (a—d)
were calculated for the species of grass and groups denoted with letters (x—y) were calculated for the
type of grass. C—unsown soil; Lh—Lolium x hybridum Hausskn; Fa—Festuca arundinacea; Pp—Phleum
pratense, Lp—Lolium perenne, Pr—Poa pratensis; Fr—Festuca rubra.

The positive impact of the fodder grasses on the proliferation of soil microorganisms was not
reflected in their ecophysiological diversity index (EP), because cultivation of Lh, Fa, and Pp not only
did not increase the EP index of organotrophs but decreased its value by 7.9% on average, and also did
not change the EP index of actinobacteria (Figure 3). Also the cultivation of the lawn grasses caused
insignificant changes in the value of EP index of organotrophic bacteria, whereas Lp and Fr had the
same effect also on actinobacteria. Only Pr decreased EP index of actinobacteria by 8.14%.

Sowing the soil with both fodder and lawn grasses caused a significant decrease in the values of
the colony development index (CD) calculated for the organotrophic bacteria (Figure 4). A decrease in
CD value calculated for organotrophic bacteria ranged from 27.80% (Fa) to 36.88% (Lh) in the case of
fodder grass species, and from 30.02% (Fr) to 37.73% (Pr) in the case of lawn grass species. A lesser
decrease in CD value was observed in the case of actinobacteria, i.e., from 3.97% (Fa) to 16.26% (Pp) in
the soils used to cultivate fodder grasses, and from 6.23% (Fr) to 16.93% (Pr) in the soils sown with
lawn grasses.
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Figure 3. Ecophysiological diversity index (EP) of organotrophic bacteria (Org) and actinobacteria (Act):
(A) depending on the species of grass, (B) depending on grass type (fodder or lawn). Homogeneous
groups denoted were calculated separately for each microorganisms, groups denoted with letters (a—c)
were calculated for the species of grass and groups denoted with letters (x) were calculated for the
type of grass. C—unsown soil; Lh—Lolium x hybridum Hausskn; Fa—Festuca arundinacea; Pp—Phleum
pratense, Lp—Lolium perenne, Pr—Poa pratensis; Fr—Festuca rubra.
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Figure 4. Colony development index (CD) of organotrophic bacteria (Org) and actinobacteria (Act):
(A) depending on the species of grass, (B) depending on grass type (fodder or lawn). Homogeneous
groups denoted were calculated separately for each microorganisms, groups denoted with letters (a—d)
were calculated for the species of grass and groups denoted with letters (x—y) were calculated for the
type of grass. C—unsown soil; Lh—Lolium x hybridum Hausskn; Fa—Festuca arundinacea; Pp—Phleum
pratense, Lp—Lolium perenne, Pr—Poa pratensis; Fr—Festuca rubra.

At all plots, the prevailing phyla included Proteobacteria and Actinobacteria (Figure S1). In the
control soil, Proteobacteria accounted for 28.78% of total bacteria, whereas this fraction was 38.56%
in the soil sown with fodder grasses and 32.93% in that sown with lawn grasses. In the control soil,
Actinobacteria accounted for 23.55%, in the soil sown with fodder grasses, for 19.77%, and, in the soil
sown with lawn grasses, for 21.32% of total bacteria. The OTU number of Proteobacteria in the soil sown
with fodder and lawn grasses was higher by 9.8% than in the control soil, whereas the OTU number of
Actinobacteria decreased by 3.4% in the soil sown with fodder grasses and by 2.9% in soil sown with
lawn grasses, compared to the control soil.

Apart from Proteobacteria and Actinobacteria, taxa identified at the phylum level included:
Acidobacteria, Chloroflexi, Gemmatimonadetes, Firmicutes and Planctomycetes, Bacteroidetes, Verrucomicrobia,
Cyanobacteria, as well as OD1 and TM7 (Figure 5A,B). The OTU number of bacteria classified as ‘others’
reached 4.3% in the control soil, 3.38% in the soil sown with fodder grasses, and 3.80% in the soil
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sown with lawn grasses. Cultivation of all grass species facilitated the proliferation of Proteobacteria,
Bacteroidetes, and Verrucomicrobia bacteria, which resulted in higher OTU numbers of these bacteria
compared to the control soil. The OTU number of Actinobacteria increased only in the sample of soil
sown with Lolium x hybridum Hausskn (Lh) and Lolium perenne (Lp); the OTU number of Chloroflexi
increased in the soils sown with Lolium perenne (Lp), Poa pratensis (Pr), and Festuca rubra (Fr); the OTU
number of Firmicutes increased in the soil sown with Poa pratensis (Pr), whereas the OTU number of
Planctomycetes rose in the soil sown with Poa pratensis (Pr), and Festuca arundinacea (Fa).
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Figure 5. Bacterial communities at the phylum level (A) depending on the species of grass, (B) depending
on grass type (fodder or lawn). Abundances <1% are gathered into the category “other”. C—unsown
soil; T1—average bacteria abundance in soils sown with fodder grasses; T2—average bacteria abundance
in soils sown with lawn grasses. Lh—Lolium x hybridum Hausskn; Fa—Festuca arundinacea; Pp—Phleum
pratense, Lp—Lolium perenne, Pr—Poa pratensis; Fr—Festuca rubra.

Both, in the control soil and soils sown with grasses, the prevailing class of bacteria was
Alphaproteobacteria, which in the control soil accounted for 19.32% of total bacteria, in the soil sown
with fodder grasses—for 19.99%, and in the soil sown with lawn grasses—for 16.50% (Figure S2).
The second prevailing class was Actinobacteria, which in the structure of all bacterial classes represented
12.98% in the control soil, 13.88% in the soil used to cultivate fodder grasses, and 13.98% in the soil
used to grow lawn grasses. Sowing the soils with fodder grasses caused the greatest changes in the
abundance of bacterial classes: Gammaproteobacteria, Betaproteobacteria, and Acidobacteria-6, whose OTU
numbers increased by 6.37%, 2.64%, and 1.99%, respectively, compared to the control soil.

Also, sowing the soil with lawn grasses increased OTU numbers of these bacteria in the
range from 3.56% (Gammaproteobacteria) to 1.92% (Acidobacteria-6). Differences in changes in the
bacterial structure were also noticeable between the rhizospheres of the fodder and lawn grasses.
The OTU number of Alphaproteobacteria in the soils sown with fodder grasses was higher by 3.49%
and that of Gammaproteobacteria by 2.82% than in the soils sown with lawn grasses. Regardless of
grass species and functional designation, apart from the two prevailing classes Alphaproteobacteria
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and Actinobacteria, all soils contained also (in a descending order of OTUs): Betaproteobacteria,
Thermoleophilia, Gammaproteobacteria, Bacilli, Acidobacteria-6, Gemmatimonadetes, Deltaproteobacteria,
Planctomycetia, Solibacteres, Acidimicrobiia, Acidobacteriia, Gemm-1, C0119, Ellin6529, Chloracidobacteria,
Clostridia, Phycisphaerae, Saprospirae, Ktedonobacteria, Pedosphaerae, ZB2, Thermomicrobia, Spartobacteria,
Sphingobacteriia, Verrucomicrobiae, Chloroflexi, Chloroplast, TM7-1, Flavobacteriia, and Nostocophycideae
(Figure 6A,B).
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Figure 6. Bacterial communities at the class level (A) depending on the species of grass, (B) depending on
grass type (fodder or lawn). Abundances <1% are gathered into the category “other”. C—unsown soil;
Tl—average bacteria abundance in soils sown with fodder grasses; T2—average bacteria abundance in
soils sown with lawn grasses. Lh—Lolium x hybridum Hausskn; Fa—Festuca arundinacea; Pp—Phleum
pratense, Lp—Lolium perenne, Pr—Poa pratensis; Fr—Festuca rubra.

The effect of grasses on soil bacteriobiome was also noticeable at the order level. Among the
37 identified orders with OTU numbers above 1%, the greatest abundance was demonstrated for
bacteria classified to Actinomycetales, Sphingomonadales, and Rhizobiales (Figure S3). When comparing
effects of various functional types of grasses, it was found that sowing the soils with fodder grasses
increased OTU numbers of Xanthomonadales by 4.67%, Sphingomonadales by 3.18%, Burkholderiales by
2.41%, Solibacterales by 2.04%, and Actinomycetales by 1.12%, whereas sowing the soils with lawn grasses
increased OTU numbers of Burkholderiales by 2.60%, Xanthomonadales by 1.85%, Alteromonadales by
1.39%, Actinomycetales by 1.23, and Rhizobiales by 1.02%, compared to the nonsown control soil.

The highest OTU number of Actinomycetales bacteria was determined in the soils sown with Lolium
x hybridum Hausskn (Lh) and Lolium perenne (Lp); whereas that of Sphingomonadales—in the soils sown
with Lolium x hybridum Hausskn (Lh), Festuca arundinacea (Fa), Festuca rubra (Fr), and Lolium perenne
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(Lp) (Figure 7A,B). Higher OTU numbers were also determined in the soils with growing grasses
than in the control soil for the bacteria from the following orders: Burkholderiales, Xanthomonadales,
Saprospirales, and Sphingobacteriales.
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Figure 7. Bacterial communities at the order level (A) depending on the species of grass, (B) depending
on grass type (fodder or lawn). Abundances <1% are gathered into the category “other”. C—unsown
soil; T1—average bacteria abundance in soils sown with fodder grasses; T2—average bacteria abundance
in soils sown with lawn grasses. Lh—Lolium x hybridum Hausskn; Fa—Festuca arundinacea; Pp—Phleum
pratense, Lp—Lolium perenne, Pr—Poa pratensis; Fr—Festuca rubra.

Differences in the abundance of bacterial populations were also observed at the family level.
Compared to the control soil, the greatest changes in the structure of bacteria classified to families,
after soil sowing with both fodder and lawn grasses, occurred in the families of Gaiellaceae (decrease
by 3.16% and 2.57%, respectively), Koribacteraceae (decrease by 2.77% and 2.54%), Intrasporangiaceae
(increase by 2.14% and 1.38%), Xanthomonadaceae (increase by 3.54% and 1.13%), and Comamonadaceae
(increase by 2.61% and 2.43) (Figure S4).

When comparing effects of individual grass species on OTU number of bacteria classified to
families, it can be concluded that they were inexplicit (Figure 8A,B). All species increased OTU numbers
of the following families: Intrasporangiaceae, Bradyrhizobiaceae, Xanthomonadaceae, Sinobacteraceae,
Comamonadaceae, Pirellulaceae, Chitinophagaceae, Ellin5301, Nostocaceae, and Rhodocyclaceae, but decreased
OTU numbers of Gaiellaceae, Rhodospirillaceae, Koribacteraceae, Solibacteraceae, Acetobacteraceae,
Pseudonocardiaceae, Paenibacillaceae, Frankiaceae, and Chthoniobacteraceae. Noteworthy is the fact that
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sowing the grasses onto soils resulted in the appearance of families: Alteromonadaceae, Methylophilaceae,
Flavobacteriaceae, and Verrucomicrobiaceae, that were not identified in the control soil.
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Figure 8. Bacterial communities at the family level (A) depending on the species of grass, (B) depending
on grass type (fodder or lawn). Abundances <1% are gathered into the category “other”. C—unsown
soil; T1—average bacteria abundance in soils sown with fodder grasses; T2—average bacteria abundance
in soils sown with lawn grasses. Lh—Lolium x hybridum Hausskn; Fa—Festuca arundinacea; Pp—Phleum
pratense, Lp—Lolium perenne, Pr—Poa pratensis; Fr—Festuca rubra.

Considering OTU numbers above 1%, only 11 bacterial genus were identified in the control soil
not sown with grasses, whereas 17 genus in the soil sown with Pp and Pr, 16 genus in the soil sown
with Fr and Lp, 15 genus in the soil sown with Fa, and 14 genus in the soil sown with Lh (Figure 9).
The contribution of the identified bacteria in the genus structure ranged from 13.86% in the soil sown
with Pr to 20.34% in the soil sown with Lh. The genus Kaistobacter was found to predominate on all
plots. Regarding OTU number, it was followed by Rhodoplanes in the control soil and soil sown with Pr,
by Terracoccus in the soil sown with Lh and Lp, by HB2-32-21 in the soil sown with Fa and Fr, and by
Flavobacterium in the soil sown with Pp. Compared to the soils overgrown with grasses, no OTUs of
the following genera were identified in the control soil: Arenimonas, Dechloromonas, Flavobacterium,
Methylotenera, and Mycoplana.

The analysis of values of Shannon and Simpson diversity indices points to a richer microbiome of
the soils sown with grasses compared to the control soil (Table 4). The greatest abundance among the
fodder grasses was found in the rhizosphere of Pp, and, among the lawn grasses, in the rhizosphere
of Pr.
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Figure 9. The operational taxonomic units (OTUs) structure of identified genus of bacteria in the
total number of OTUs. C—unsown soil; T1—fodder grasses; T2—lawn grasses. Lh—Lolium x
hybridum Hausskn; Fa—Festuca arundinacea; Pp—Phleum pratense, Lp—Lolium perenne, Pr—Poa pratensis;
Fr—Festuca rubra.
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Table 4. Shannon and Simpson indices calculated from abundance of OTU.

Taxon C Lh Fa Pp Lp Pr Fr C T1 T2

Shannon-Wiener index

phylum 2052® 1869 1924 210 190¢4 2122 201 205X 196* 201X
class 281 267°¢ 280bc 2972 282bc p9geab  pgpab 281X 281X 289X
order 277° 275P 2902 2912 2812 27923 2933 277X 286X 284X
family 2009 2492 2433 223¢  234bc 2044 226°¢ 2007 238X 221V
genus  0.76° 097  0.86° 087° 087P 074  078° 076*% 090X  0.80Y

Simpson index

phylum 0.842> 078° 078° 083% 080° 085* 0822 084* 080*  0.82%
class 0922 0.89b 0929b 0932 0923 0947  093® 092X 091X 093X
order 0942 091> 0942 0967  092P 0952 0952 094X 094X 094
family 0.67¢ 0822 0783 o70de  75bc  0e6f 07294 067Y 077X 071V
genus 0289 036 032" 030° 031® 0269 0284 028Y 033X 028V

Homogeneous groups denoted were calculated separately for each taxon groups denoted with letters (a—f) were
calculated for the species of grass and groups denoted with letters (x—z) were calculated for the type of grass.
C—unsown soil; Lh—Lolium x hybridum Hausskn; Fa—Festuca arundinacea; Pp—Phleum pratense; Lp—Lolium perenne,
Pr—Poa pratensis; Fr—Festuca rubra.

3.3. Activity of Soil Enzymes

Study results demonstrated the highest enzymatic activity in the soil sown with Lh and Lp (Table 5,
Figure 10), and the lowest one in the control soil. Activities of all enzymes were expressed in activity
units per dry matter of 1 kg of soil within 1 h, and so the activity of dehydrogenases ranged from
10.292 umol TFF (triphenyl formazan) in the soil sown with Lh to 0.654 umol TFF with Pr; that of
catalase, from 0.205 mol O, in the soil sown with Pr to 0.091 mol O, in the control soil; that of urease,
from 0.880 mmol N-NHy in the soil sown with Pp to 0.302 in the control soil; that of acid phosphatase,
from 1.302 mmol PNP (p-nitrophenyl) in the soil sown with Lp to 0.785 mmol PNP in the control soil;
that of alkaline phosphatase, from 0.397 mmol PNP in the soil sown with Lh to 0.138 mmol PNP in the
soil sown with Fr; that of B-glucosidase, from 0.348 mmol PNP in the soil sown with Lh to 0.298 mmol
PNP in the soil sown with Pr; and that of arylsulfatase, from 0.164 mmol PNP in the soil sown with Pp
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to 0.082 mmol PNP in the control soil. The average enzymatic activity of soil sown with fodder grasses
was 161% higher than in nonsown soil, and of soil sown with lawn grasses was 83% higher than in
nonsown soil. Generally, the enzymatic activity of soils sown with fodder grasses was higher (by 30%)
than that of the soils overgrown with the lawn grasses. The lowest enzymatic activity was determined
in the control soil not sown with grasses (Figure 10); there was a significantly higher one in the soils
sown with Pr, Fr, and Fa; and the highest one was in the soils sown with Lh, Lp, and PP.

Table 5. Enzymatic activity in 1 kg d.m. of soil per 1 h.

Grass Deh Cat Ure Pac Pal Glu Aryl
Species umol TFF mol O, mmol N-NHy mmol PNP
C 1.38¢ 0.09 € 030" 0794 016°¢ 030"  0.084
Lh 10.29 2 0.18b 0.47 2b 1203 0402 0.352 0.152
Fa 2384 0.14 ¢ 0.60 2P 1182 032b 030 0142
Pp 3.25¢ 0.19 20 0.882 1.08b¢  033b  031P 0162
Lp 6.87"P 0.15¢ 0.68 3 1302 0352 0342  011bc
Pr 0.65f 0212 0.48 ab 098¢  017¢  030b  0.09¢
Fr 1.74 de 0114 0.632b 1272 0.14°¢ 031b  011d
C 1.382 0.09% 0.30Y 079Y 0162  030Y  0.08Y
T1 5.31% 0.17 % 0.65% 1.15%  035% 032X  0.15%
T2 3.09 0.16Y 0.60 X 118X 022V 032X 010V

Homogeneous groups were calculated separately for each enzyme groups denoted with letters (a—f) were calculated
for the species of grass and groups denoted with letters (x—z) were calculated for the type of grass. C—unsown
soil; Lh—Lolium x hybridum Hausskn; Fa—Festuca arundinacea; Pp—Phleum pratense, Lp—Lolium perenne, Pr—Poa
pratensis; Fr—Festuca rubra.
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Figure 10. Activity of soil enzymes presented with the principal component analysis (PCA) method.
Deh—dehydrogenases; Cat—catalase, Ure—urease; Pac—acid phosphatase; Pal—alkaline phosphatase;
Glu—B-glucosidase; Aryl—arylsulfatase. C—unsown soil; Lh—Lolium x hybridum Hausskn; Fa—Festuca
arundinacea; Pp—Phleum pratense, Lp—Lolium perenne, Pr—DPoa pratensis; Fr—Festuca rubra.

4. Discussion

4.1. Grass Yield

The genotype of grasses turned out to be the main factor which differentiated their yield.
Conditions mentioned by Broadbent et al. [69] that model plant growth and development, such as,
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climatic zone, fraction size, composition of soil, nutrients content in soil, as well as climatic and
anthropogenic stresses, could not affect grass growth and development because the pot experiment
was performed under controlled conditions. In addition, mineral fertilization was the same for all
grass species; therefore this was the genotype that determined the higher biomass produced by the
fodder than by the lawn grasses. According to Shukla et al. [70], plants used in agriculture are often
grown for green forage and energetic biomass, hence they are increasingly exploited for other purposes
than feeds.

4.2. Counts and Diversity of Soil Bacteria

The present study demonstrated that the analyzed grass species modified the soil bacteriobiome
to various extents, which was mainly due to the development of their root system [71-73] and chemical
composition of their root secretions [13]. According to Berg and Smalla [74] and to Murphy [75],
plants may contribute to the establishment of unique communities of soil microorganisms. Among
all analyzed grass species, Lolium x hybridum Hausskn (Lh) contributed to the greatest increase in
the population number of organotrophic bacteria compared to the control soil, whereas Poa pratensis
(Pr), Lolium perenne (Lp), Phleum pratense (Pp), and Festuca rubra (Fr) significantly suppressed their
proliferation. The analysis of study results demonstrates that the fodder grasses had a more beneficial
effect on the proliferation of organotrophic bacteria and actinobacteria than the lawn grasses had.
As reported by Deru et al. [71] and Saleh et al. [73], this could be due to the genetic determinants
of individual grass species, which affect development of their root system; whereas the root system
influences the development of rhizosphere microbiome by the mineral and organic compounds it
secretes [13,74]. Singh et al. [76] emphasized that greater amounts of root secretions produced by young
plants contribute to a better availability of carbon and energy sources to microorganisms. In addition,
these secretions facilitate rhizosphere colonization by microorganisms [77]. This, in turn, leads to
cooperation between the plant and the bacteriobiome, because part of rhizospheric bacteria penetrate
inside plant tissues through damaged tissue or due to the release of enzymes capable of increasing
solubility of nonabsorbable elements [73].

Although fodder and lawn grasses sown onto the soil elicited changes in the counts of
organotrophs and actinobacteria, they did not improve their ecophysiological diversity index
(EP). A shift could, however, be noticed in bacteria development towards the k strategists, i.e.,
slow-growing bacteria, which was indicated by decreased values of the colony development index
(CD) caused by both fodder and lawn grasses. These results confirm earlier findings reported by
De Leij et al. [61], and Murphy et al. [75], who also observed that the microbiome of the rhizosphere
of plants changes along with the prolonging growing season, and that the population of r-strategists
turns into k-strategists. Marschner et al. [78], Murphy et al. [75], and Kielak et al. [79] demonstrated
that bacterial communities of the rhizosphere are initially predominated by Proteobacteria r-strategists.
Also in our study, the Proteobacteria and Actinobacteria were the prevailing phyla on all pots; whereas
the prevailing classes included: Alphaproteobacteria and Actinobacteria; the prevailing orders were:
Actinomycetales, Sphingomycetales, and Rhizobiales; the prevailing families included: Sphingomonadaceae
and Hyphomicrobiaceae; and the predominating genera were: Kaistobacter, Rhodoplanes, Teracoccus,
and Flavobacterium. These results correspond with literature data [22,33,80-83]. In general, a richer
bacteriobiome in terms of diversity was demonstrated in the soils sown with grasses than in the
control soil without grasses. In the case of the fodder grasses, the greatest diversity occurred in the
rhizosphere of Poa pratensis (Pr), whereas, in the case of lawn grasses, it was in the rhizosphere of
Phleum pratense (Pp).

The response of Proteobacteria and Actinobacteria to sowing grasses onto soil varied. Greater OTUs
of Proteobacteria were demonstrated in the soils sown with grasses, regardless of their functional type,
than in the control soil, whereas the OTU number of Actinobacteria in the soil was reduced by both
groups of grasses. Changes at the level of phylum and other taxonomic units in the soil sown with
various species of legumes and grasses were also observed by Zhou et al. [47] and Singh et al. [76].
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A special trait of Actinobacteria is their resistance to extreme environmental conditions [22,33,82].
This phylum was described as a promising taxon of plant growth promoters [83].

According to Delgado-Baquerizo et al. [80], the most abundant class of bacteria in soils of
the world is Alphaproteobacteria, which includes Bradyrhizobium, Sphingomonas, Rhodoplanes, Devosia,
and Kaistobacter genera; whereas among Actinobacteria, there are the Streptomyces, Salinibacterium,
and Mycobacterium genera. In our study also, the Kaistobacter and Rhodoplanes genera were found to
prevail, but other major genera included Terracoccus, Candidatus Koribacter, and Devosia.

Both the results of this study and literature data [21,22,33,80,82] indicate that investigations
addressing the genetic biodiversity of bacteria should be continued in various soil ecosystems.

4.3. Activity of Soil Enzymes

Being sensitive indicators of soil quality, enzymes are strongly associated with the microbiological
activity and species colonization of plants [4,84]. In the present study, grasses stimulated the biochemical
activity of soil. This is due to their beneficial effect on the soil bacteriobiome, as indicated by results of
this study and by literature data [51,52,84-86]. The association between the activity of soil enzymes and
microbiome quality is due to the origin of enzymes [38,50,53,84]. In soil ecosystems, they are mainly
derived from microorganisms and, to a lesser extent, from plants and other soil organisms [87-90].
The positive correlation between the activity of soil enzymes and the activity of microorganisms has
been demonstrated by many experts in soil science [91-93]. In our own research, the higher activity of
soil enzymes in soil sown with fodder grass is mainly associated with a greater diversity of bacteria
at the family and genus level in soil from below these plants than in soil from below lawn grasses.
The values of the Shannon-Wiener and Simpson indicators prove this. Nevertheless, the more beneficial
effect elicited by the fodder than by the lawn grasses on the biochemical properties of soil proves that,
by activating the microbiome, the plants can intermediately affect enzymatic activity. This hypothesis
was corroborated by other authors [3,86,91-94].

5. Conclusions

The analyzed grass species from the family Poacea had a beneficial effect on soil microbiome
and activity of soil enzymes. The intensity of their effect was determined by both their species and
their functional type. More favorable conditions for the growth and development of soil bacteria,
and thereby for the enhanced enzymatic activity, were offered by the fodder than by the lawn grasses.
Among the fodder grasses, the greatest bacteriobiome diversity was demonstrated in the soil sown
with Poa pratensis (Pp), whereas, among the lawn grasses, it was in soil sown with Phleum pretense (Pr).
The highest enzymatic activity was determined also. Considering the fodder grasses, this was in the
soil with Lolium x hybridum Hausskn (Lh), and in the soil with Lolium perenne (Lp) in the case of lawn
grasses. The sowing of soils with grasses caused the succession of bacterial communities from r strategy
to k strategy. In all pots, the prevailing phyla included Proteobacteria and Actinobacteria; the prevailing
classes were Alphaproteobacteria and Actinobacteria; the prevailing orders included Actinomycetales,
Sphingomycetales, and Rhizobiales; the prevailing families were Sphingomonadaceae and Hyphomicrobiaceae;
and the prevailing genera included Kaistobacter, Rhodoplanes, Teracoccus, and Flavobacterium.
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Table S1: One-way significance tests carried out using the analysis of variance (ANOVA), Figure S1: The relative
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1% of all OTUs, Figure S3: The relative abundance of dominant order bacteria in soil. Data on the number of
readings greater than 1% of all OTUs, Figure S4: The relative abundance of dominant family bacteria in soil. Data
on the number of readings greater than 1% of all OTUs.
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Abstract: This study aims to determine the effects of crops and their cultivation regimes on changes
in the soil microbiome. Three plant species were selected for the study: Triticum aestivum, Brassica
napus, and Pisum sativum ssp. arvense, that were cultivated in soils with a similar particle size fraction.
Field experiments were performed on the area of the Itawski Lake District (north-eastern Poland) at
the Production and Experimental Station ‘Batcyny’ (53°35'49” N, 19°51’20” E). In soil samples counts,
organotrophic bacteria and actinobacteria were quantified, and the colony development index (CD)
and ecophysiological diversity index (EP) were computed. In addition, a 165 amplicon sequencing
encoding gene was conducted based on the hypervariable region V3-V4. Further analyses included
an evaluation of the basic physiochemical properties of the soil and the activities of dehydrogenases,
catalase, urease, acid phosphatase, alkaline phosphatase, arylsulfatase, and 3-glucosidase. Analyses
carried out in the study demonstrated that the rhizosphere of Triticum aestivium had a more beneficial
effect on bacteria development than those of Brassica napus and Pisum sativum ssp. arvense, as indicated
by the values of the ecophysiological diversity index (EP) and operational taxonomic unit (OTU)
abundance calculated for individual taxa in the soils in which the studied crops were grown. More
OTUs of the taxa Alphaproteobacteria, Gammaproteobacteria, Clostridia, Sphingomonadales, Rhodospirillales,
Xanthomonadales, Streptomycetaceae, Pseudonocardiaceae, Acetobacteraceae, Solibacteraceae, Kaistobacter,
Cohnella, Azospirillum, Cryptosporangium, Rhodoplanes, and Saccharopolyspora were determined in the
bacteriome structure of the soil from Triticum aestivum cultivation than in the soils from the cultivation
of Brassica napus and Pisum sativum ssp. arvense. Also, the activities of most of the analyzed enzymes,
including urease, catalase, alkaline phosphatase, 3-glucosidase, and arylsulfatase, were the higher in
the soil sown with Triticum aestivum than in those with the other two plant species.

Keywords: bacteria; diversity; operational taxonomic unit (OTU); enzymes activity

1. Introduction

Growing attention is being paid to the proper functioning of ecosystems [1,2]. This is due to
numerous initiatives which have been undertaken globally to make the population aware of the
need to protect soils and for their sustainable management. One of the first of these initiatives was
the announcement of the European Soil Health Card, which has made both the population and
policy makers aware of the significant role of the soil environment, and has introduced a new term,
‘environmental services’, which was later changed to ‘ecosystem services’ [3]. The concept of soil
quality and health, often used interchangeably, is becoming increasingly recognized worldwide [4-6].
Legaz et al. [6] and Biinemann et al. [7] define ‘soil quality” as the capability of soil to function in
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the framework of ecosystems, and also as land management and promotion of the biodiversity and
health of plants and animals. According to Cardoso et al. [5] and Veum et al. [8], the term ‘soil
health” highlights the fact that soil is a live and dynamic being whose functions are determined by the
diversity of living organisms. Therefore, the physical, chemical, and biological properties of soil may
change according to biotic and abiotic factors, which consequently affect its functions and ecosystemic
services [3,9].

Apart from elements such as profile morphology, physical and chemical properties, and microclimate,
the microbiological activity of soil is another principal factor affecting its fertility [10]. Microorganisms and
enzymes determine the transformation of organic matter introduced into soil, influence the humification
process, and play a key role in the biogeochemical cycles of many macro- and micro- elements [7]. They
are key participants in most of the important cycles, including carbon, nitrogen, phosphorus, and sulfur
circulation. It is mainly the biogeochemical cycles of these elements that determines the quality of
the natural environment, including the soil environment [9]. The role of microbes is invaluable in the
transformation of postharvest residues, as well as natural and organic fertilizers [11,12], the detoxication
of organic contaminants in soil [13,14], minimizing the prevalence of pests and pathogens [11], and finally,
in establishing symbiotic systems with plants [15]. The enormous importance of microorganisms for
the soil environment and their high metabolic activity are confirmed by the fact that the microbial
biomass of soil accounts for approximately 85% of the total biomass of all living organisms colonizing
this environment [11].

The main factors which affect the development of soil microorganisms include the abundance
of organic and mineral colloids in the soil, the climate and microclimate, oxidation associated with
humidity status [16-19], soil pH [20,21], soil tillage and plant cultivation systems [22-24], and fertilization
systems [25]. An inseparable element in this case is soil temperature, which is affected by the climate
and microclimate [16,26,27]. Significant are also contamination with heavy metals [28,29], various
hydrocarbons [30-32], plant protection agents [33-35], and dioxins, as well as the salinity level [36], all of
which determine the proliferation of various microbial communities for which an increase their diversity
may reduce soil fertility and, ultimately, influence soil productivity [37].

All the aforementioned parameters determine the development of not only microorganisms,
but plants as well. The connection between both of these groups of organisms is of the utmost
importance, e.g., in the case of symbioses of certain bacteria and fungi species with plants. Noteworthy
are also the microorganisms that live in association with plants and produce growth hormones, bind
atmospheric nitrogen, and protect plants against pathogens. An important role is also ascribed to the
microbes classified as plant growth-promoting rhizobacteria (PGPR) [38]. On the other hand, apart from
bacteriorrhiza, mycrorrhiza, and microbe associations with plants, we cannot observe a beneficial effect
of root secretions on microorganisms or a positive impact of root systems on the physical properties of
soil, as it serves the function of drainage, which is essential for appropriate soil oxygenation [27,39].
Root secretions, which may contain organic acids, amino acids, carbohydrates, vitamins, and metal
ions, modify the microenvironments of the rhizosphere [40]. They release ions, oxygen, water, and
carbon-containing compounds [41]. They may both stimulate and inhibit the development of a soil
microbiome [42], and act both as repellents [43] and attractants [44]. Volatile organic compounds
(VOCs) emitted by soil microorganisms can affect root growth. Bacterial volatile compounds (BVCs)
are used as a source of nutrients and information in plant-bacterium interactions [15]. Such interactions
are the strongest in the rhizosphere [7,45], which is colonized by 10 to 100 times more microorganisms
than the sphere that is distant from plant roots [46]. The beneficial bacteria of the rhizosphere compete
with other microorganisms for organic compounds and colonize plant roots [47]. Microorganisms
colonizing this microecosystem are affected by the root secretions of particular plant species and form
specific microbial communities [48]. The 165 amplicon sequencing analysis, a small subunit ribosomal
ribonucleic acid (SSU rRNA), is an important element in biological quality assessments of soil, as it
may provide answers about the response of individual taxa to variable factors in different agricultural
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ecosystems [49]. Despite the severity of the problem, investigations into the effects of plants on soil
bacteria based on next-generation methods are still scarce.

The complex nature of the active rhizosphere has become a premise for undertaking a study
aimed at determining the effect of a crop and its cultivation regime on changes in the soil microbiome.
Three plant species were used in the study: winter wheat, winter rape, and field pea; these species were
cultivated on soil with a similar fraction size. Analyses were performed to determine the structure
and diversity of microorganisms and the activity of the soil enzymes participating in the metabolism
of carbon, nitrogen, phosphorus, and sulfur. The coupled use of microbiological, biochemical, and
physicochemical parameters form the basis for a better understanding of the interactions between
the rhizosphere, microorganisms, and plants, which is extremely important from the viewpoint of
soil fertility.

2. Materials and Methods

2.1. Sampling Area

Field experiments were performed in the area of the Itawski Lake District (north-eastern Poland)
at the Production and Experimental Station ‘Batcyny’ (53°35’49” N, 19°51°20” E) of the University of
Warmia and Mazury in Olsztyn (Poland). The Lake District stretches over 4230 km? and is one of
the least polluted regions of Poland, called the Green Lungs of Poland. It is characterized by young
glacial relief resulting from Pleistocene glaciations, and has a temperate warm transition climate due to
the clash of continental and oceanic climates. According to the Institute of Meteorology and Water
Management State Research Institute IMGW), in this area in 2018, the average annual air temperature
was +9.0 °C, with August being the warmest month (+20.4 °C), and February the coldest (—4.1 °C).
The sunshine duration ranged from 240 h in July to 40 h in January. The growing season spanned
approximately 206 days, and snow cover persisted for 70 days. The annual sum of precipitation was
550 mm, with the highest amount of precipitation being recorded in July (140.7 mm) and the lowest in
February (2.0 mm). The average air humidity was approximately 81%.

The rhizosphere of the three following plant species was chosen for the study: winter wheat
(Triticum aestivum) of Julius cultivar, winter rape (Brassica napus) of Garou cultivar, and field pea (Pisum
sativum subsp. arvense) of Milwa cultivar. The plants were grown simultaneously on three plots, each
with a surface area of 20,000 m?. The fraction size distribution of the soil used in the experiment was
established and is presented in Table 1.

Table 1. The granulometric composition of the soil used in the experiment.

Particle Diameter, mm

Granulometric
Plants <0.002 0.002-0.020  0.020-0.050  0.050-2.0 Subgroups
0/0
Triticum aestivum 392 1812 17.72 60.2° sandy loam
Brassica napus 384 16.9° 15.0° 6442 sandy loam
Pisum sativum ssp. arvense 40% 16.0° 14.0° 66.0 2 sandy loam

Homogeneous groups denoted with letters (a, b) were calculated separately for each of the properties.

Winter rape was used as the previous crop of winter wheat, whereas winter wheat was used as
the previous crop of winter rape and field pea. Winter wheat was sown on October 2, 2017, and the
crop was harvested on August 2, 2018; winter rape was sown on August 19, 2017, and the crop was
harvested on July 20, 2018, while pea was sown on April 7, 2018, and the crop was harvested on July
15, 2018. All plants were grown in accordance with the recommended technology for cultivating these
plant species. All soil samples were collected the next day after the last crop harvest. In the case of
winter wheat, fertilization was as follows: 66 kg N ha’t, 20 kg P ha™!, and 36 kg K ha~!. The nitrogen
dose was divided into three portions that were administered at stage 23 of plant development according
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to the BBCH scale, in the form of an aqueous solution of NH;NO3 and CO(NH,), + H,O, and at stages
32 and 52 according to the BBCH scale, in the form of NH4NOj3. Potassium and phosphorus were
applied once before sowing. Potassium was used in the form of KCl and phosphorus in the form of
Ca(HPOy);. In the case of winter rape, fertilization was as follows: 75.8 kg N ha™1, 40 kg P ha~!, and
60 kg K ha~!. Nitrogen dose was divided into three portions that were administered before sowing
in the form of CO(NH;), and at stages 30 and 50 of plant development according to the BBCH scale,
in the form of NH4NOj3. Phosphorus and potassium were applied once before sowing in the form
of Ca(H,POy); and KCl, respectively. No fertilization was applied in the case of field pea. The plant
density of winter wheat per 1 m? was 400 plants; that of winter rape was 45 plants, and that of field pea,
90 plants. Soil was cultivated in a conventional (ploughing) manner in the case of all of the studied
plant species.

The area of 20,000 m? was divided into five plots, each measuring 4000 m2. After the harvest,
15 soil samples were collected at random from a depth of 0-20 cm from each plot using the zigzag
sampling method. All soil samples collected from each plot were homogenized and combined into
one collective sample. Hence, a total of five samples of soil from the cultivation of each plant species
studied were used for microbiological and biochemical analyses. Soil samples were collected using an
Enger-Riehm probe.

2.2. Methodology of Microbiological Analyses

2.2.1. Bacterial Count

Counts of organotrophic bacteria (Org) and actinobacteria (Act) were determined in individual
soil samples from the cultivation of each of the studied plant species (winter wheat, winter rape, field
pea) with the serial dilution method, in three replications. Microbial counts were performed according
the media and procedure described by Borowik et al. [50]. The composition of the microbiological
media was as follows: organotrophic bacteria (Bunt and Rovira medium): agar medium (peptone
1.0 g, yeast extract 1.0 g, (NH4)2504 0.5 g, CaCly, K;HPO4 0.4 g, MgCl, 0,2 g, MgSO, 7H,O0 0.5 g,
salt Mo 0.03 g, FeCl, 0.01 g, agar 20.0 g, soil extract 250 cm?3, distilled water 750 cm?, pH 6.6-7.0;
Actinomycetes (Parkinson medium): soluble starch 10.0 g; casein 0.3 g; KNOs3 2.0 g; NaCl 2.0 g; K,HPO4
2.0 g; MgSO4-7H20 0.05 g; CaCOj3 0.02 g; FeSO, 0.01 g; agar 20.0 g; HoO 1 dm?; 50 cm® aqueous
solution of nystatin 0.05%; 50 cm’ aqueous solution of actidione 0.05%; pH 7.0. Microorganisms were
cultured on petri dishes at a temperature of 28 °C. The colony forming units (cfu) were counted every
day for ten days using a colony counter. Counts of bacteria and actinobacteria isolated from the
rhizosphere of particular plant species allowed us to compute the colony development index (CD),
the ecophysiological diversity index (EP), and the microbial growth indexes at specific time intervals
(Ks). Descriptions of the indexes and calculations are presented in De Leijj et al. [51] and Tomkiel et al.
2015 [52]. The CD and EP were calculated from the following formulas [51]: CD = [N1/1 + N2/2 +
N3/3 ... N10/10] x 100, where N1, N2, N3, ...N10 are the sum of ratios of the number of colonies of
microorganisms identified on particular days (1, 2, 3, ...10) to the total number of colonies identified
throughout the study period, and EP = —X(pi-log10 pi), where pi is the ratio of the number of colonies
of microorganisms identified on particular days to the total number of colonies identified throughout
the study period. KS was determined with the use of the following formula [52]: Ks = (Nx/Nt) x 100,
where Ks is the percentage of microbes cultured at specific time intervals, Nx is the number of colonies
cultured at two-day intervals counted for ten days, and Nt is the total number of colonies cultured
within ten days.

2.2.2. DNA Extraction and Bioinformatic Analysis of Specific Bacterial Taxa

DNA was isolated from the rhizosphere of the three plant species using a “Genomic Mini AX
Bacteria+” kit. According to the manufacturer’s instructions, the PCR reaction was carried out using
Q5 Hotstart Hight-Fidelity DNA Polymerase (NEBNext). In the case of amplicon libraries, the data
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were pooled and normalized in the final stage of the library preparation. Afterwards, a 16S amplicon
sequencing encoding gene was conducted for each DNA sample based on the hypervariable region
V3-V4. The selected region was amplified and the library was developed using specific sequences of
341F (5-CCTACGGGNGGCWGCAG-3") and 785R (5'-GACTACHVGGGTATCTAATCC-3’) primers.
The 16S library sequencing was performed on a MiSeq Reporter sequencer ver. 2.6 in the paired-end
(PE) technology, 2 x 250 bp, using a v2 Illumina kit. The Illumina 16S Metagenomics workflow
with MiSeq Reporter (MSR) software (San Diego, CA, USA) and Greengenes v13_5 software (South
San Francisco, CA, USA) were used [53]. Preparation of the reference database included filtering
low-quality, degenerate, and incomplete sequences, and then combining paired sequences based
on the reference sequence database. The algorithm Uclust was assigned taxonomy, taking into
account the ChimeraSlayer algorithm. Sequencing was performed by the Genomed S.A. Company
(Warsaw, Poland).

2.3. Methodology of Biochemical Analyses

The activities of dehydrogenases (EC 1.1), catalase (EC 1.11.1.6), alkaline phosphatase (EC
3.1.3.1), acid phosphatase (EC 3.1.3.2), arylsulfatase (EC 3.1.6.1), 3-glucosidase (EC 3.2.1.21), and
urease (EC 3.5.1.5) were determined in triplicate in individual soil samples from the cultivation
of each plant species studied. A detailed procedure of enzymatic activity determination is
provided by Borowik et al. [50] and Borowik et al. [13]. The substrates used to determine the
enzymatic activity included aqueous solutions of the following chemical compounds: 2,3,5-triphenyl
tetrazolium chloride (TTC) for dehydrogenases, urea for urease, disodium 4-nitrophenyl phosphate
hexahydrate (PNP) for phosphatases, potassium-4-nitrophenylsulfate (PNS) for arylsulfatase, and
4-nitrophenyl-f-D-glucopyranoside (PNG) for 3-glucosidase. The activities of all enzymes except for
catalase were determined by measuring the reaction product extinction using a Perkin-Elmer Lambda
25 spectrophotometer (Massachusetts, USA). Catalase activity was analyzed with the titration method.
The activity of dehydrogenases was expressed in umol TFF (tri-fenylformazane), that of catalase in
mol Oy, that of alkaline phosphatase, acid phosphatase, arylsulfatase, and (3-glucosidase in mmol PN
(p-nitrophenol), and that of urease in mmol N-NH, kg~ soil d.m. h™'.

2.4. Methodology of Chemical and Physicochemical Analyses of Soil

Fraction size of soil from cultivation of winter wheat, winter rape, and field pea was measured using
a Malvern Mastersizer 2000 Laser Diffraction. The physicochemical analyses included the determination
of soil pH in 1 mol KCl dm™3 [54], hydrolytic acidity (HAC), and the sum of exchangeable base cations
(EBC) according to the method outlined by Carter and Gregorich [55], whereas the chemical analyses
included the determination of organic carbon content according to the method outlined by Tiurin [56],
total nitrogen content according to the method outlined by Kjeldahl [57], available phosphorus and
potassium contents according to the method outlined by Egner et al. [58], magnesium content with
the atomic absorption spectrometry (AAS) according to the method outlined by Schlichting et al. [59],
and exchangeable cations, K*, Ca?*, Mg?*, and Na* according to the ISO 11260 [60] procedure.
Determinations were carried out in the following solutions: HAC in 1 mol (CH3COO),Ca dm=3, EBC
in 0.1 mol HCl dm~3; organic carbon in a mixture of 0.13 mol K,Cr,O7 and concentrated H,SO4 in
the ratio of 1,1; total nitrogen—wet mineralization in concentrated H,SOy; available phosphorus and
potassium in a mixture of 0.03 (CH;CHOHCOO),Ca-H,0 and 0.02 mol HCI; magnesium in 0.012 mol
CaCl,-6H,0; and exchangeable cations: K*, Ca?t, Mg2+, and Na* in 1 mol CH;COONHy.

2.5. Statistical Analysis

Counts of microorganisms, the activity of soil enzymes, and the physicochemical and chemical
properties of soil were developed statistically using the Statistica 13.1 package (StatSoft, Tulsa, OK,
USA) [61]. The results were compared with ANOVA and then with a post hoc Tukey test (HSD).
Homogenous groups were computed at p = 0.05. The data meet assumptions of normality and similar
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variance. Analyses of metagenomic profiles were performed on the STAMP 2.1.3. software (Australian
Centre for Ecogenomics, School of Chemistry and Molecular Biosciences, The University of Queensland,
St Lucia, QLD, Australia) [62] and the Circos 0.68 package (Canada’s Michael Smith Genome Sciences
Center, Vancouver, British Columbia V5Z 456, Canada) [63]. The abundance of each family and genus
is directly proportional to the width of each band connecting bacterial taxa with an appropriate soil
sample from the cultivation of: B—Brassica napus, T—Triticum aestivum, and P—Pisum sativum ssp.
arvense. A specified color is assigned to each family and genus of bacteria. The outer ring represents
the total percentage of 16S sequences, whereas the inner ring represents the number of 16S amplicon
sequences assigned to a given taxon.

The relative abundance of bacteria was calculated using a two-sided test of statistical hypotheses,
i.e., the G-test (w/Yates’) + Fisher’s, with the method of intervals confidence Asymptotic with CC [62].
The relative abundance of bacteria was visualized with the use of sequences whose percentage
contribution was higher than 1%.

3. Results

3.1. Physicochemical and Chemical Properties of Soil

The pH value of soil from the cultivation of winter wheat, winter rape, and field pea ranged
from 5.4 to 6.1 (Table 2). The most favorable pH value, the highest sorption capacity, and saturation
with base cations were demonstrated for the soil sown with winter wheat, which offered the most
beneficial conditions for the development of this crop (Table 3). This soil was also the richest in
available phosphorus and potassium, and had the closest-to-optimal carbon to nitrogen ratio (14.8).

Table 2. The soil acidity and cation exchange capacity.

HAC EBC CEC
Plants pHkal BS %
mmol (+) kg1 d.m. of soil
Triticum aestivum 6.12 19.4® 174.82 19422 90.0 2
Brassica napus 54b 2122 64.0° 85.2b 75.1b
Pisum sativum ssp. arvense 5.6 19.2° 467 ¢ 65.9 ¢ 70.9 ¢

Homogeneous groups denoted with letters (a, b, ¢) were calculated separately for each property.

Table 3. The content of carbon, phosphorus, nitrogen, potassium, sodium, calcium, and magnesium

in soil.
Content Available Forms Interchangeable Forms
Flants Now  Com P K Mg K Ca Na Mg
g kg1 d.m. of Soil mg kg1 d.m. of Soil
Triticum aestivum 1.0? 1487 6917 2241%  530P 27207 5000° 2002 833°
Brassica napus 0.8°¢ 138> 594b 1287b  450° 184.0° 53332 20.0@ 59.5¢

Pisum sativum ssp. arvense 09°b 14.33b 431°¢ 107.9°¢ 62.0° 176.0° 350.0¢ 20.02 9292

EBC—exchangeable base cations, HAC—hydrolytic activity, CEC—cation exchange capacity, BS—base saturation.
Homogeneous groups denoted with letters (a, b, c) were calculated separately for each property.

3.2. Counts and Diversity of Microorganisms

The best conditions for microorganism proliferation were offered by the soil from field pea
cultivation (Figure 1). The number of organotrophic bacteria in the field pea rhizosphere was 30%
higher than in the rhizospheres of winter wheat and winter rape, whereas the number of actinobacteria
was 98% and 110% higher than in the respective rhizospheres. The total bacteria count in the rhizosphere
of winter wheat, winter rape, and field pea was not necessarily reflected in the proliferation rate and
diversity of particular microorganisms. The analysis of the colony development index (CD) values
demonstrated the fastest development of organotrophic bacteria in the rhizosphere of filed pea, and
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the fastest development of actinobacteria in the rhizosphere of winter wheat. Within the first four
days, as many as 87% of the total organotrophs and 49% of the total actinobacteria grew in the soil
from winter wheat cultivation (Figure 2). The values of the ecophysiological diversity index (EP)
determined for organotrophic bacteria ranged from 0.887 (winter wheat rhizosphere) to 0.715 (field
pea rhizosphere), and those calculated for actinobacteria from 0.843 (field pea rhizosphere) to 0.741
(winter rape rhizosphere). Analyses of CD and EP values allowed us to conclude that regardless of
the plant species, higher values of both indices were determined for organotroph bacteria than for
actinobacteria (CD = 34.27 vs. CD = 22.50; EP = 0.82 vs. EP = 0.79, respectively).

45 1.0 s
= average a
[Javeragesstandard error a & average
40 T min-max a [Javeraget+standard error
l 0.9 T min-max
[B] Act b a
35 D Org 1 ¢ 10 |E| Act I
0| Org o
0.8 l
30 I b

[ 1

2}
—ag— T

% 25 & 07 8 32 %
20 a
0.6
15 %ﬂ [@] Act 24 b b
Blomg %
0.5
10 =average
O averagesstandard error
% % T min-max
5 04 16
T B P T B P T B P
Plants Plants Plants
(@) (b) (©

Figure 1. Microbiological properties of soil sown Triticum aestivum (T), Brassica napus (B), Pisum sativum
ssp. arvense (P); (a) count of soil bacteria; (b) physiological diversity index of bacteria (EP); (c) colony
development index (CD). Homogeneous groups denoted with letters (a, b, ¢) were calculated separately
for each microorganism. Org—organotrophic bacteria, Act—actinobacteria.

The crop and its cultivation regimes have a significant impact on the soil microbiome. The prevailing
phylum in the rhizosphere of all plants turned out to be Proteobacteria, which accounted for 33.05%
in the soil from winter rape cultivation and 35.24% in the soil from winter wheat (Figure 3). Other
phyla identified in all soils were Actinobacteria and Firmicutes. The greatest differences in OTU numbers
were determined in the case of phylum Actinobacteria, i.e., the OTU number in the soil from field pea
cultivation was higher by 6.39% than in the soil from winter wheat cultivation, whereas the OTU
number in the soil from winter rape cultivation was higher by 4.87% than in the soil from winter
wheat cultivation.
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Figure 2. The growth and development index (Ks); (a) organotrophic bacteria; (b) actinobacteria.
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Figure 3. The relative abundance of dominant bacterial phyla in soil. Data on the number of readings
greater than 1% of all OTUs. B—Brassica napus; T—Triticum aestivum; P—Pisum sativum ssp. arvense.

When comparing the effects of the discussed plant species on individual bacterial classes, it was
found that the number of Actinobacteria OTUs determined in the field pea rhizosphere was higher by
6.82% than in the rhizosphere of winter wheat, and by 3.15% compared to the rhizosphere of winter
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rape (Figure 4). The second largest phylum was that of Alphaproteobacteria, whose OTU abundance was
similar in soils from the cultivation of all of the studied plants.
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Figure 4. The relative abundance of dominant class bacteria in soil. Data on the number of readings
greater than 1% of all OTUs. B—Brassica napus; T—Triticum aestivum; P—Pisum sativum ssp. arvense.

The greatest OTU abundance in order of rank, on average, and regardless of the cultivated plant
species, was as follows: Actinomycetales (34,738 OTU) classified in the class Actinobacteria, phylum
Actinobacteria; Bacillales (8083 OTU) classified in the class Bacilli, phylum Firmicutes; Sphingomonadales
(11846 OTU); Rhizobiales (6897 OTU); Rhodospirillales (5897 OTU) classified in the class Alphaproteobacteria,
phylum Proteobacteria; and for Xanthomonadales (5154) classified in the class Gammaproteobacteria, phylum
Proteobacteria (Figure 5). Differences in the OTU abundance of particular classes in the soils from
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the cultivation of field pea, winter wheat, and winter rape usually did not exceed 3%. An exception
was the order Actinomycetales, whose OTU number in the soil from field pea cultivation was higher
by 6.94% than in the soil from winter wheat cultivation, and by 3.25% than in the soil from winter
rape cultivation.
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Figure 5. The relative abundance of dominant order bacteria in soil. Data on the number of readings
greater than 1% of all OTUs. B—Brassica napus; T—Triticum aestivum; P—Pisum sativum ssp. arvense.

The cultivation of plants modified the soil microbiome also at the family level (Figure 6). In the
soil sown with winter wheat, the highest numbers of OTUs were found for the following families:
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Figure 6. The relative abundance of dominant family bacteria in soil. Data on the number of readings
greater than 1% of all OTUs. B—Brassica napus; T—Triticum aestivum; P—Pisum sativum ssp. arvense.

Paenibacillaceae (4.81%), Xanthomonadaceae (4.43%), and Rhodospirillaceae (3.71%), and in the soil
from winter rape cultivation, for the families: Nocardioidaceae (10.37%), Sphingomonadaceae (7,40%),
Paenibacillaceae (3,70%), Gemmatimonadaceae (3,31%), Intrasporangiaceae (3.06%), and Xanthomonadaceae
(3.01%); and finally, in the soil from field pea cultivation, for the families: Nocardioidaceae (9.36%),
Sphingomonadaceae (7.08%), and Paenibacillaceae (3.43%). At this taxonomic level, the greatest differences
in the effects of individual plant species were noticeable in the abundance of OTUs from the
Nocardioidaceae.

In the soils from the cultivation of winter rape and field pea, there were by 7.93% and 6.91%
more OTUs, respectively, than in the soil from winter wheat cultivation. It is worthy of notice that the
highest number of genera were classified in the soil sown with winter wheat, and the lowest in the soil
sown with winter rape (Figure 7). In the soils from winter rape and field cultivation, the prevailing
genus turned out to be the Nocardioides, which accounted for 7.45% and 6.63% of all identified bacteria,
respectively, whereas in the soil from winter wheat cultivation, it was the Kaistobacter genus (6.32%).
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Figure 7. The relative abundance of dominant genus bacteria in soil. Data on the number of readings
greater than 1% of all OTUs. B—Brassica napus; T—Triticum aestivum; P—Pisum sativum ssp. arvense.

3.3. Enzymatic Activity of Soil

Apart from the numbers and diversity of microorganisms, the biological activity of soil and, thus,
its fertility, is determined by the activity of soil enzymes (Table 4). In the present study, the enzymatic
activity of soil was significantly affected by the plant crop and its cultivation regimes. The highest
activities of dehydrogenases and acid phosphatase were determined in the soil from field pea cultivation,
and those of catalase, urease, alkaline phosphatase, 3-glucosidase, and arylsulfatase in the soil from
winter wheat cultivation. Especially big differences between plant species were noticeable in the
activities of alkaline phosphatase and arylsulfatase, which, in the soil sown with winter wheat, were
respectively 6.2 times and 2.7 times higher than in the soil from winter rape cultivation, and 3.5 times
and 1.9 times higher than in the soil from field pea cultivation. This activity was strongly correlated
with the productivity of individual plant species (Figure 8). Considering the total activity of all
analyzed enzymes taking part in carbon, nitrogen, phosphorus, and sulfur metabolism, the highest
biochemical activity was demonstrated for the rhizosphere of winter wheat, followed by that of field
pea and winter rape.

The activities of catalase, urease, alkaline phosphatase, 3-glucosidase, and arylsulfatase were
positively significantly correlated with the sum of exchangeable base cations and with the degree of
soil saturation with base cations (Figure 9). The sorption properties of soil had no effect on the activities
of dehydrogenases and acid phosphatase. A similar response of the enzymes was observed regarding
the contents of available and exchangeable phosphorus in the soil. The activities of dehydrogenases,
urease, phosphatases (both, acid and alkaline), and arylsulfatase were also positively significantly
correlated with total nitrogen content of the soil.
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Table 4. The soil acidity and the cation exchange capacity.

Deh Cat Pal Pac Aryl Glu Ure
Plants WMTFEMO,  mM PNP mM PNP mM N-NH,

Triticum aestivum 5.67 P 3452 2412 329 0512 1162 2.072

Brassica napus 5.18¢ 3.25P 039¢  273°¢  019°¢ 097P 0.94¢

Pisum sativum ssp. arvense 6.162 3.49° 0690 3492 027b .84 1470

Homogeneous groups denoted with letters (a, b, ¢) were calculated separately for each enzyme.
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Figure 9. Pearson correlation coefficients between enzyme activity and soil physicochemical and
chemical properties, n = 15, p = 0.05, * significant differences.

4. Discussion

4.1. Physicochemical and Chemical Properties of Soil

The abundance of available phosphorus and potassium in the soil, as well as the highest sorption
capacity and soil saturation with base cations, were probably the main factors which affected the yields
of the tested plants (Figure 8). Grain yield produced from 1 m? of the plot sown with winter wheat
reached 0.462 kg grains, that achieved from the plot sown with winter rape reached 0.350 kg grains, and
that for field pea reached only 0.130 kg grains. Next to the natural plant features, the physicochemical
properties of the soil are closely related to the development of the root system. Besides the varied
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chemical composition of the plant species grown in the study, the size of the root system was probably
the main determinant of the differences observed in the microbiological and biochemical properties of
soil, because plant species and soil fertility are the key indicators of the biological activities of soil [64].
The superiority of one factor over another is affected by multiple habitat factors, like, e.g., soil tillage
system [65] the contents of phosphorus and Ca?*, Mg?*, AI** cations, and the pH value of soil [66].

4.2. Counts and Diversity of Bacteria

The physicochemical properties of the soil from winter wheat cultivation should, theoretically,
be more favorable to the development of organotrophic bacteria and actinobacteria than the soil
used for winter rape and field pea cultivation. This is due to, among other things, more favorable
fraction size distribution, a higher sorption capacity, and lower acidification of the soil. However, the
experimental data also pointed to some other dependencies influenced by the species of the cultivated
plant. In spite of the fact that the physicochemical properties of the soil sown with field pea were far
from being the most favorable, it was its rhizosphere that was the most abundant in organotrophs
and actinobacteria. This can be explained by the difference in the root system morphology between
winter wheat and field pea, in favor of the latter, as well as by the capability of field pea roots for
symbiosis with atmospheric nitrogen-binding bacteria from the genus Rhizobium, and by the difference
in the chemical composition of root secretions. The aforementioned factors contributed to a more
dynamic development of organotrophic bacteria of r strategy than of k strategy, which was indicated
by the values of their colony development index (CD). Usually, the greater inflow of nutrients to the
natural environment aids the development of fast-growing microorganisms [34]. The k strategists, i.e.,
the slow-growing bacteria, are more stable in this respect. They are responsible for maintaining soil
homeostasis, and are also resistant to the adverse effects of environmental conditions [67], as well as
being typical of soil ecosystems [15,48].

Generally, organotrophic bacteria proliferate faster in the soil than actinobacteria as a result of
organic matter inflow to the natural environment [13]. Such a response of microorganisms is not
always associated with their ecological diversity [48]. In the present study, the highest value of the
ecophysiological diversity index (EP) of organotrophic bacteria was determined in the winter wheat
rhizosphere (0.877) and that of actinobacteria in the field pea rhizosphere. In the case of the latter
microorganisms, the EP values reached 0.843 in the soil from pea field cultivation, 0.791 in the soil
from winter wheat cultivation, and 0.684 in the soil from winter rape cultivation.

Under natural conditions, microbiome stability is largely affected by the species of growing
plant and, especially, by its root system [41,48]. By providing water-soluble compounds to plants,
including organic acids, sugars, or amino acids, the roots of plants stimulate the microbiological
activity of soil [68,69], whereas plant growth promoting bacteria (PGPR) colonize roots and increase
the root system biomass [40,70]. The PGPR modify the root architecture through the production of
phytohormones, siderophores, and hydrogen cyanide, as well as by nitrogen uptake and mechanisms
of phosphates stabilization [15,47,71]. Therefore, the rhizosphere is characterized by greater diversity
of the population of microorganisms than the soil distant from the root system of plants [42,46,72].

Another important factor which determines soil health, and thus, soil quality and productivity,
is the structure of microbial communities [73], because these communities affect the stability of the
soil ecosystem [7,11,74]. There is a strong correlation between the soil microbiome and the plant
microbiome [75,76]. It is the soil bacteriome that often determines the quality features of cultivable
plants [77]. According to Bakker etal. [78] and Xu etal. [76], the prevailing phyla in the arable soil include
Proteobacteria, Actinobacteria, Bacteroidetes, Firmicutes, and Acidobacteria. According to Xu et al. [76],
proteobacteria comprised 40% and 43% in the pot and the field experiments, respectively. Proteobacteria
can quickly respond to nutrient changes in the rhizosphere. Maron et al. [67] and Pascault et al. [79]
have emphasized that Acidobacteria, Actinobacteria, Planctonycetes, Chloroflexi, and Gemmatimonadetes are
classified among slow-growing microorganisms (k-strategists), whereas Proteobacteria (mainly those
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from classes Alphaproteobacteria and Gammaproteobacteria) and Firmicutes are among the fast-growing
ones (r-strategists).

The dependency between a plant species and the microbiological communities in the rhizosphere
that was observed in the present study was also reported by Huang et al. [80]. According to Maron
et al. [67], diminished diversity of microorganisms retards the degradation of both autochthonous
and allochthonous carbon sources, thereby reducing the global emission of CO, by as much as 40%,
whereas the importance of the diversity effect increases along with increasing the availability of
nutrients. Bacteria from various families differ significantly in their genetics, which determine their
functions in the soil environment [81]. For instance, bacteria representing the families Solibacteraceae and
Acidobacteriaceae play an active part in protein and carbohydrate mineralization; those from the family
Baciliaceae degrade chitin and cellulose, and participate in the biosynthesis of plant growth hormones
and secondary metabolites [82]; bacteria from the family Burkholderiaceae are active participants of
bioplastics biodegradation [83]; and Streptomycetaceae, Pseudonocardiaceae, and Promicromonosporaceae
exhibit robust activity against carboxymethyl cellulose, xylan, chitin, and pectin substrates [84].

According to Chaparro et al. [66], the secretions of the roots of various species or even ecotypes of
plants, which determine the soil microbiome, differ in their chemical compositions. They manifest
plant responses to the chemical signals emitted by soil microorganisms. Their secretion process can
proceed both at the passive and active transport pathways. Root secretions determine interactions
between plants and the soil microbiome, and therefore, regardless of the soil type, the crop and its
cultivation regime is the key determinant of the soil microbiome [64]. The above factors contribute to a
more favorable structure in the bacteriome of the soil from winter wheat cultivation compared to the
soils from winter rape and field pea cultivation.

4.3. Enzymatic Activity of Soil

The results of ample investigations [10,85-87] have demonstrated that the analysis of the activity
of soil enzymes is of great importance to the evaluation of soil quality and productivity, due to its high
sensitivity, ease of measurements, and a high correlation with plant yield. The enzymatic activity of soil
is usually strongly associated with soil colonization by microorganisms. In the reported study, this effect
was observed only in the case of dehydrogenases and acid phosphatase. Their activities were highest
in the soil from cultivation of field pea, i.e., in the rhizosphere had the greatest effect on the promotion
of soil colonization by cultivable bacteria (organotrophic bacteria and actinobacteria). The positive
correlation between the abundance of microbial communities and the activity of dehydrogenases
has been shown by many authors [88,89], who explained this phenomenon by the localization of
these enzymes in viable microorganism cells [86]. According to Merino et al. [90], intracellular, rather
than extracellular, enzymes provide information about the potential activity of a community of soil
microorganisms. In the present study, the activities of the other tested enzymes, in particular of
urease, alkaline phosphatase, 3-glucosidase, and arylsulfatase, were higher in the soil sown with
winter wheat than in those of field pea and winter rape. The activities of extracellular enzymes are
positively correlated with the sorption capacity of soil [91], whereas the soil from the cultivation
of winter wheat was characterized by the best physicochemical properties. The activities of these
enzymes may, however, be suppressed by the excessive sorption capacity caused by, e.g., biocarbon
supplementation [92].

5. Conclusions

The crop and its cultivation regimes contributed to the development of specific conditions which
modify soil microbiome. The rhizosphere of winter wheat had a more beneficial effect on bacteria
development and enzyme activity than those of winter rape and field pea, as indicated by the values
of the ecophysiological diversity index (EP) in the soils sown with the tested plants. Microbiological
indices, including bacterial count and diversity, as well activities of soil enzymes, are reliable indicators
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of soil environment conditions, and are also helpful parameters in the evaluation of soil fertility
and productivity.
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Abstract: We hypothesize that sweet potato genotypes can influence the bacterial communities
related to phosphate mineralization and nitrogen fixation in the rhizosphere. Tuberous roots of
field-grown sweet potato from genotypes IPB-149, IPB-052, and IPB-137 were sampled three and
six months after planting. The total community DNA was extracted from the rhizosphere and
analyzed by Polymerase Chain Reaction-Denaturing Gradient Gel Electrophoresis (PCR-DGGE)
and quantitative real-time PCR (qPCR), based on the alkaline phosphatase coding gene (alp gene)
and on the nitrogenase coding gene (nifH gene). The cluster analysis based on DGGE showed that
plant age slightly influenced the bacterial community related to phosphate mineralization in the
rhizosphere of IPB-137, although it did not affect the bacterial community related to nitrogen fixation.
The statistical analysis of DGGE fingerprints (Permutation test, p < 0.05) showed that nitrogen-fixing
bacterial community of IPB-052 statistically differed from genotypes IPB-149 and IPB-137 after six
months of planting. The bacterial community of IPB-137 rhizosphere analyzed by alp gene also
showed significant differences when compared to IPB-149 in both sampling times (p < 0.05). In
addition, alp gene copy numbers significantly increased in abundance in the rhizosphere of IPB-137
after six months of planting. Therefore, plant genotype should be considered in the biofertilization of
sweet potato.

Keywords: sweet potato; bacterial communities; nitrogen fixation; phosphate mineralization;
plant genotype

1. Introduction

The rhizosphere is characterized as the soil in close contact with plant roots and is where the root
microbiome recruitment occurs through exudation of plant molecular signals, especially secondary
metabolites [1,2]. Plants are usually benefited by the interactions with soil microbes in their rhizospheres,
improving plant nutrient acquisition, pathogen resistance, and stress tolerance [3,4]. The so-called
‘Plant Growth-Promoting Rhizobacteria” (PGPR) are non-pathogenic bacteria that live in the rhizosphere
soil and are able to promote plant development [3,5-7]. Some PGPR are able to provide essential
nutrients to plants using a compound that is synthesized by the bacterium or making some macro and
micro-nutrients available that were immobilized in mineral and organic compounds, and were not free
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for plant uptake [8]. The biological nitrogen fixation and the phosphate solubilization/mineralization
are examples of the direct promotion of plant growth by PGPR [9]. The use of PGPR in biofertilization
is an open field for research on sustainable agriculture, as it optimizes crop yields based on beneficial
plant-microbe interactions [1,10]. The use of PGPR has been tested with success in different plants
such as maize, potato, wheat, and many other economically important ones [11].

A large number of biotic and abiotic factors influence the microbial communities in the rhizosphere.
Physicochemical characteristics of the soil directly modulate microbial communities [2] and plant
physiology and genetics also control rhizosphere composition [1,12]. The impact of plant genotypes on
rhizosphere microbiome composition varies depending on soil context and plant species studied [13].
Therefore, understanding mutual adaptation between microbes and plants in response to different
environmental conditions can contribute to crop breeding and management programs.

Sweet potato plants (Ipomoea batatas L.) present a complex root system composed by fibrous roots -
specialized in nutrient absorption - and tuberous roots - specialized in nutrient storage. The transition
from fibrous root to tuberous root is related to starch accumulation [14,15]. The tuberous roots represent
one of the major nutrient sources for countries in development, and they also contribute to a supply
of vitamins B, C, and E and minerals, including iron, calcium, zinc, and selenium, in the human
diet (International Potato Center — [16]). Sweet potato is cultivated worldwide, with Asia and Africa
together producing 95% of all roots commercialized globally [17]. Sweet potato is used for food,
animal feed, and processing (as food, starch, and other products) and its biggest global producer and
consumer is China. Among Latin America countries, Brazil is in the spotlight as the main sweet potato
producer. Sweet potato is considered to be the country’s fourth most consumed vegetable crop, and in
the northeast of the country, the culture is important both economically and socially [18].

For sweet potato, as for other crops, high root yields are desirable for good crop productivity.
Usually, chemical fertilizers are used, but the high inorganic fertilizer input contributes negatively
to production costs and to environment pollution [19]. They are expensive, non-eco-friendly, cause
eutrophication, reduce organic matter and microbial activity in soil, and are hazardous to health [20].
Therefore, there is increasing interest in the use of biofertilizers for sustainable agriculture. PGPR can
help to increase quality of the soil by providing nutrients required for benefit of the plants [8]. Dawwam,
et al. [21] have already demonstrated the beneficial effect of PGPR isolated from the roots of sweet
potato. Different isolates having abilities for IAA production and phosphate solubilization were tested
as bioinoculants to potato tubers, and the inoculated plants showed significant differences in various
parameters such as vegetative growth, photosynthetic pigments, and N, P, and K concentrations.

According to other studies, the growth of sweet potato can be significantly improved by
PGPR [19,22-24]. However, information about the PGPR communities during the sweet potato
growth and their behavior depending on the genotype of sweet potato studied is still limited.
In previous studies, the total bacterial communities from the rhizosphere and endosphere of the
tuberous roots of three sweet potato genotypes (IPB-149, IPB-137, and IPB-052) were characterized
by Marques, et al. [12,25]. The results showed a strong rhizosphere effect in the soil surrounding the
sweet potato tuberous roots, showing an influence of plant age and genotypes in bacterial communities.
However, the effects of either plant age or genotypes specifically in the PGPR communities (nitrogen
fixing and phosphate mineralizing bacteria) found in the rhizosphere of these sweet potato genotypes
have never been described before. Therefore, in the present study, we used cultivation-independent
methods (PCR-DGGE and quantitative PCR) based on alp gene (alkaline phosphatase coding gene) and
on nifH gene (nitrogenase coding gene) to analyze the structure and the density (gene copy numbers)
of the bacterial communities related to biofertilization (phosphate mineralization and nitrogen fixation)
in rhizosphere soil. The analyses were performed to compare the distribution of alp and nifH genes
among the sweet potato genotypes sampled three and six months after planting. The data generated
in this study could be important for increasing knowledge on the productivity of these sweet potato
genotypes under field conditions.
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2. Materials and Methods

2.1. Plant Genotypes, Experimental Field Design and Conditions

The sweet potato genotypes IPB-149, IPB-137, and IPB-052 used in the present study are from the
Active Germplasm Bank of the Federal University of Sergipe (UFS). These genotypes were previously
described by Marques, et al. [12,25]. In brief, the IPB-149 genotype, the most commercialized genotype
in the northeast of Brazil, presents a white surface color in the tuberous roots, a high starch content,
and a major resistance to insect attack. The IPB-052 genotype, commercially known as cultivar
Brazlandia Rosada, shows similar characteristics to the IPB-149 genotype. In contrast, the IPB-137
genotype, from the breeding program of the Federal University of Lavras, Brazil and denoted as clone
2007HSF028-08, presents different characteristics, including a pink color on its tuberous root surface,
a lower starch content, and a low resistance to insect attack. It has longer branches and a shorter length
between nodes, and the use of its aerial part for animal feed purposes has been suggested. Other
morpho-agronomic traits, including the dry mass of aboveground part and the total productivity of
the roots, were presented in Alves, et al. [26].

In 2011, a field experiment with sweet potato plants was performed in the Research Farm “Campus
Rural da UFS”. The experimental farm is located in the ‘Sao Cristévao” municipality (10°55"27” S/
37°12’01” W), Sergipe State, northeast of Brazil. The experimental farm soil characteristics were:
pH (5.4), Ca?* (0.82 cmolc/dm?®), Mg?* (0.43 cmolc/dm?), AI** (0.65 cmolc/dm?), Na (3.5 mg/dm?),
K (1.1 mg/dm3), P (7.0 mg/dm3), 73.82% sand, 20.72% silt, 5.46% clay, and 0.86% Corg [14-16]. The
experimental field design was described in Marques, et al. [12,25]. The genotypes were planted in three
replicate rows (randomized block design) in the experimental plot with spaces of 0.8 m between the
rows and 0.35 m between plants. All of the cultural management processes used were those described
in Alves, et al. [26]. After three (t1, _3M) and six (t2, _6M) months, sweet potato plants with similar
plant growth developmental stages were randomly harvested from the research farm soil. A total of
five plants/replicates of the three different sweet potato genotypes were collected in each sampling time.
Their roots were shaken to remove the loosely attached soil, and the soil still adhering to the tuberous
roots was aseptically brushed off from all tuberous roots of every plant. This soil was considered
to be rhizosphere soil. The rhizosphere samples were kept at —20 °C before total community DNA
(TC-DNA) extraction.

2.2. TC-DNA Extraction and PCR Amplification

The TC-DNA was extracted from each five replicates of rhizosphere (0.5 g of each) from the three
sweet potato genotypes (IPB-149, IPB-137, and IPB-052), and from both sampling times (t1 and t2).
The Fast DNA Spin Kit for soil (Qbiogene, BIO 101 Systems, Carlsbad, CA, USA) was used according to
the manufacturer’s instructions. TC-DNA preparations were used in PCR reactions in order to amplify
the alp gene (alkaline phosphatase coding gene) and nifH gene (nitrogenase coding gene).

The PCR conditions for alp gene amplification were performed as described by Sakurai, et al. [27].
The primers ALPS-F730/ALPS-R1101 were used in the PCR reactions and the reverse primer was
added with a GC clamp. The reaction conditions were those previously described in Sakurai, et al. [27].
Fragments of the nifHH gene were amplified using a nested-PCR approach. Briefly, the primers
FGPH19 [28] and PolR [29] were used for the first-round of the PCR. The first-round PCR conditions
were those described by Monteiro, et al. [30]. A 1:100 dilution of the first-round PCR product was used
as a template for the second-round with the primers PolF/AQER using the same reaction conditions as
described by Poly, et al. [29]. The PCR products were visualized by electrophoresis and then stored at
—20 °C until DGGE analyses.

2.3. DGGE and Statistical Analyses

The INGENYphorU-2 system (INGENY International BV, Middelburg, The Netherlands) was
used for DGGE. The PCR products from both genes (alp and nifH) and a standard bacterial marker
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(previously described by Heuer, et al. [31]) were loaded directly to DGGE. The denaturing gradient
of urea and formamide varied in the range 40%-60% (the alp gene), and 40%-70% (the nifH
gene). The electrophoresis conditions were performed as described by Sakurai, et al. [27] and
Monteiro, et al. [30] for the alp and the nifH genes, respectively. After electrophoresis, the DGGEs were
stained with SYBR Green I and visualized using a STORM apparatus (Amersham Pharmacia Biotech,
Munich, Germany). The unweighted pair group with average linkages (UPGMA) was used for cluster
analysis. The software BioNumerics 5.0 version (Applied Mathematics, Kortrijk, Belgium) was used to
construct dendrograms based on Pearson similarity indices. Significant differences (p < 0.05) between
DGGE profiles were determined by permutation tests based on pairwise Pearson correlation indices
using the PERMTEST software [32]. In addition, quantitative matrices generated from the DGGE lanes
based on Dice correlation index were exported to PAST software [33] for principal component analysis
(PCA).

2.4. Determination of alp and nifH Genes Copy Numbers

The abundance of phosphate mineralizing and nitrogen fixing bacteria were quantified by
targeting the alp and nifH genes, respectively, in a quantitative real-time PCR (qPCR). The reactions
were performed in an ABI Prism 7300 Cycler (Applied Biosystems, Germany) in 25 uL reaction
mixtures containing 1 x SYBR™ Select Master Mix (Applied Biosystems, Germany), 0.4 pg/ul. BSA,
1 uL of target DNA (approximately 50 ng) and 0.5 uM of primers. For the quantification of alp gene,
primers ALPS-F730/ALPS-R1101 [27] were used. The amplification conditions were 2 min at 50 °C,
10 min at 95 °C, and 40 cycles consisting of 30 s at 95 °C, 60 s at 57 °C, and 30 s at 72 °C. Standard
curves were prepared by serial dilutions (from 10® to 10! gene copy numbers/uL) of plasmid DNA
(pTZ57R/T; Clone]ET™ PCR Cloning Kit - Thermo Fisher Scientific, Waltham, MA, USA) containing the
cloned alp gene PCR products from bacterial strain 006.30 [34]. For the quantification of the nifH gene,
primers FGPH19 [28] and PolR [29] were chosen as described by Taketani, et al. [35]. The amplification
conditions were an initial denaturation step at 94 °C for 10 min, followed by 40 cycles of 1 min at 94 °C,
27 sat57 °C, and 1 min at 72 °C. Standard curves were obtained using serial dilutions of the Escherichia
coli-derived vector plasmid JM109 (Promega, Madison, WI, USA) containing a cloned nifH gene from
Bradyrhizobium liaoningense, using 10% to 107 gene copies/uL. Significant differences between samples
were tested in pairwise comparisons using the Tukey test (p < 0.05; SAS 9.3; SAS Institute Inc., Cary,
NC, USA).

3. Results

3.1. Structure of Phosphate Mineralizing and Nitrogen Fixing Bacterial Communities Analyzed by DGGE

The effects of plant growth stage and genotypes on the structure of the phosphate mineralizing
and nitrogen fixing bacterial communities present in the rhizosphere of tuberous roots of the genotypes
IPB-149, IPB-137, and IPB-052 were analyzed by DGGE based on alp gene and nifH gene fragments,
respectively, which were amplified from TC-DNA.

For the DGGE profiles based on the alp gene, principal component analysis (PCA) showed the
formation of two separate groups: IPB-137_6M and IPB-149_3M (Figure 1A). The fingerprints of the
phosphate mineralizing bacterial community in the rhizosphere were statistically analyzed using the
permutation test (p < 0.05). The sampling time had a significant effect on the structure of the bacterial
community in the IPB-137 genotype (Table 1). Moreover, the results showed that the genotypes
also significantly influenced the structure of the phosphate mineralizing bacterial community in
IPB-137 and IPB-149 (Figure 1B). These communities were statistically different for both sampling
times (Table 1). Therefore, the different genotypes and, to a minor extent, the time influenced the
phosphate mineralizing bacterial community present in the tuberous roots of sweet potato studied
here. The DGGE fingerprint analyses showed that the structure of both bacterial communities were
complex with high variability among the replicates (Figure S1A,B). The samplings of IPB-137 and of
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IPB-149 were grouped separately (per genotype) with more than 60% similarity after UPGMA cluster
analysis (Figure S1A). A high similarity (more than 80%) was observed within IPB-137_6M samples,
suggesting a slight influence of the plant age, as was observed in PCA.
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Figure 1. Principal component analyses (PCA) was conducted using Denaturing Gradient Gel
Electrophoresis (DGGE) patterns of phosphate mineralizing bacteria based on the alp gene from the
rhizosphere of three different sweet potato genotypes (IPB-149, IPB-137, and IPB-052) sampled after
three and six months after planting (t1, _3M and t2, _6M, respectively). (A) and (B) highlight the
grouping observed within the sampling time (t1 X t2) and within the different genotypes, respectively.

For the DGGE profiles based on nif gene, the influence of the sampling time was not evident in
PCA, except for some of IPB-137_6M replicates (Figure 2A). The results also showed that the genotypes
affected the structure of the nitrogen fixing bacterial community (Figure 2B). The fingerprints of the
nitrogen fixing bacterial community in the rhizosphere were statistically analyzed using the permutation
test (p < 0.05). No significant effect of the sampling time on the structure of the nitrogen fixing bacterial
community within the different genotypes was observed (Table 1). In contrast, the structure of the
nitrogen fixing bacterial communities in sweet potato genotypes IPB-149 and IPB-137 were statistically
different from those in IPB-052 after six months of planting (Table 1). The visual interpretation of
the DGGE profiles corroborated the PCA. UPGMA cluster analysis of the DGGE profiles based on
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nifH gene showed a high similarity within the replicates of IPB-137_6M. The replicates of IPB-052_6M
formed a group that was separate from the other genotypes (Figure S1B).

Table 1. Dissimilarity (d value in %) of rhizosphere bacterial fingerprints (DGGE) based on alp and

nifH genes with comparisons between samplings (t1, _3M and t2, _6M) or among IPB-149, IPB-137, and
IPB-052 genotypes.

Genes Sam(}:lllzglz'l)'lme Dissimilarity (%) Genotypes (t1) Dissimilarity (%) Genotypes (t2) Dissimilarity (%)
alp 1PB-149 0.7 1PB-149 x IPB-137 8.1* 1PB-149 x IPB-137 17.6*
IPB-137 0.4% 1PB-149 x IPB-052 0.2 1PB-149 x IPB-052 3.1
1PB-052 -0.3 IPB-137 x IPB-052 -12 IPB-137 x IPB-052 4.1
nifH IPB-149 -1.9 1PB-149 x IPB-137 -1.8 1PB-149 x IPB-137 9.0
IPB-137 18.3 IPB-149 x IPB-052 0.4 IPB-149 x IPB-052 11.0*
1PB-052 12.4 IPB-137 x IPB-052 16 IPB-137 x IPB-052 26.8*
* Significant difference (p < 0.05) as determined using the permutation test.
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Figure 2. Principal component analyses (PCA) were conducted using DGGE patterns of nitrogen
fixing bacteria based on the nifH gene from the rhizosphere of three different sweet potato genotypes
(IPB-149, IPB-137, and IPB-052) sampled after three and six months after planting (t1, _3M and t2, _6M,
respectively). (A) and (B) highlight the grouping observed within the sampling time (t1 x t2) and within
the different genotypes, respectively.
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3.2. Quantitative Real-time PCR of alp and nifH Genes

The alp and nifH genes were quantified in all sweet potato rhizospheres. The values for alp gene
quantification (copies of alp gene/g of rhizosphere soil) were higher than for nifH gene (Figure 3).
The analyses revealed a statistically significant difference (p < 0.05) in the abundance levels of the alp
genes only in IPB-137 after six months of planting, suggesting that the abundance of the phosphate
mineralizing bacterial community present in the tuberous roots of sweet potato is influenced by
the genotype and also by the time in IPB-137 (Figure 3A). Similarly, the IPB-137 genotype showed
statistically significant differences in the abundance levels of the nifH genes between three and six
months (t1 X t2) after planting (Figure 3B). Statistically similar nifH gene densities (p < 0.05) were
observed between the t1 and t2 samplings in IPB-149 and IPB-052. When comparing the t2 samplings,
no differences in nifH gene densities were observed between the different genotypes (Figure 3B).
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Figure 3. Abundance of bacterial phosphate mineralizing bacteria based on the alp gene (A) and
nitrogen fixing bacteria based on the nifH gene (B) in the rhizosphere of three different sweet potato
genotypes (IPB-149, IPB-137 and IPB-052) sampled after three and six months after planting (t1, _3M
and t2, _6M, respectively). The error bars indicate standard error. Different letters (a and b) indicate
significant differences of means in pairwise comparisons (Tukey test; p < 0.05).
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4. Discussion

The use of biofertilizers, including plant growth promoting bacteria, is increasing worldwide as
an environmentally-friendly alternative for soil fertility management, sustaining not only sweet potato
yields (both in terms of tuber weight and in terms of the levels of starch in sweet potato crops) but also
different economically important plants [11], compared with the continuous application of inorganic
fertilizers alone [36-39]. The plant positive response to biofertilization stimulates the continuous
optimization of crop yields by exploiting beneficial plant-microbe interactions [4]. However, the effect
of different biofertilizers on root colonization, nutrient uptake, growth, and yield is not always as
effective as expected. Different types of soils found in various countries, as well as plant genotypes and
the sampling time (period the crop was maintained in the field) all contribute to different responses in
plant yields, including those observed in sweet potato [22,36,37].

It was evident in previous studies conducted by our group that the total bacterial communities
associated with different genotypes of sweet potato planted in Brazil varied depending on the plant age
and genotype [12,25]. However, the behavior of specific communities such as phosphate mineralizers
and nitrogen fixers, which may contribute directly to the plant development, was not taken into account
at that time. Indeed, the majority of the studies focusing on phosphate-solubilizing/mineralizing
and nitrogen-fixing bacterial communities found in the literature were conducted to screen for
beneficial traits that could improve plant growth. Alterations on the structure and abundance of these
communities along the plant growth have not been accessed, which are usually restricted to a single
genotype and a growth stage of the plant [21,24,40].

In the present study, we demonstrated that the structure of phosphate- mineralizing bacterial
community (based on the presence of alp genes) varied along the plant growth depending on the
genotype considered. The structure of the phosphate mineralizing bacterial community in IPB-137 was
mainly different from that in IPB-149. Tarafdar and Jungk [41] observed that both acid and alkaline
phosphatase activities of soil were usually increased near the rhizoplane of different plants and such an
increase depended on plant species, soil type, and plant age. Although the optimal pH for the activity
of the alkaline phosphatase is higher than the pH of the soil where the sweet potatoes were planted,
its role remains an important one regardless. For example, both acid and alkaline phosphatase activities
near the rhizoplane of maize resulted in alterations of the composition of bacterial communities,
as determined by PCR-DGGE [42]. In addition to the influence of the genotype, a statistically difference
in phosphate mineralizing bacterial communities in IPB-137 was observed between samplings after
three to six months of planting. Changes were observed not only in the structure of this community
but also in the abundance of alp genes after six months of growth. These changes could be explained
by the fact that, at the late growth stage of sweet potato, the roots usually presented stronger nutrient
absorption ability due to the increase of the number of root tips, the enlargement of root surface
area, and the root volume [43]. Phosphate mineralizers may have contributed to the conversion
of insoluble phosphates into available forms for plant via different processes such as acidification,
exchange reactions, chelation, and production of gluconic acid [21,44].

Nitrogen-fixing bacteria identified as Azospirillum sp. were first isolated from the fibrous roots
and storage root peels of sweet potato [45]. From this time on, different studies were carried out
on the isolation and identification of nitrogen fixers in sweet potato roots, as important evidence
indicated that nonsymbiotic N, fixation in sweet potato is agronomically significant [40]. Active
expressions of the nifH gene phylogenetically similar to those of Bradyrhizobium spp., Sinorhizobium
sp., Azorhizobium sp., Bacillus sp. and Pelomonas sp. were found in large quantities in the N-fixing
sweet potato storage tubers planted in different regions [40,46,47]. In our study, the structure and
abundance of nitrogen-fixing bacterial communities based on the nifH gene were determined and
compared between the three genotypes.

The nitrogen-fixing bacterial community in the rhizosphere of IPB-052 seems to be different from
those of the other two genotypes. IPB-052 presents a white surface color on the tuberous roots and
high starch content. It is quite possible that specific nitrogen-fixing bacteria are being recruited from
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soil to the rhizosphere. This rhizosphere effect can generate a zone with maximum microbial activity,
resulting in a pool of metabolic products that can support plant growth [48]. However, the difference
observed on the structure of the nitrogen-fixing bacterial community in IPB-052 does not also appear
in the analysis of the nifH gene abundance. The nifH gene copy numbers appeared to be lower than
those of alp genes, and the only difference observed among the genotypes studied was between the
3-6 month samplings in IPB-137. This fact suggests that nitrogen-fixing bacteria may only contribute
more towards plant development during the early stages of plant growth in this sweet potato genotype.

5. Conclusions

The results obtained here suggest that the three sweet potato genotypes studied showed a
differentiated recruitment of members of the studied communities (phosphate mineralizers and
nitrogen fixers). In addition, the IPB-137 genotype showed the highest number of copies of both genes
studied with statistically significant differences compared to the other genotypes. Even though we
know that the distribution of these communities may be directly related to the productivity of a given
genotype, more studies are needed to trace this correlation in the field.

Supplementary Materials: The following are available online at http://www.mdpi.com/1424-2818/11/12/231/s1,
Figure S1. DGGE fingerprints and UPGMA cluster analyses based on alp gene fragments (A) and nifH gene
fragments (B) of phosphate mineralizing and nitrogen fixing bacterial communities, respectively, present in the
rhizosphere of the tuberous roots (replicates 1-5 in parenthesis) from three different sweet potato genotypes
(IPB-149, IPB-137 and IPB-052) sampled three (t1, _3M - black squares) and six (t2, _6M - grey squares) months
after planting.
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Abstract: The current study was performed to investigate the effects of three different long-term land
use intensities on adjacent soil plots, namely a winter wheat field, a grass-covered vineyard, and
a cherry farm, on soil biochemical, microbial, and molecular parameters. The results showed the
maximum content of soil organic matter (SOM) and microbial biomass carbon (MBC) observed in the
grass-covered vineyard. Basal respiration (BSR) and the cumulated respiration (CSR) after 25 days
of incubation were significantly higher in the grass-covered vineyard and cherry farm, respectively
(BSR 11.84 mg CO,—C kg~ soil d~!, CSR 226.90 mg CO,~C kg™! soil). Grass-covered vineyard
showed the highest soil biological fertility index (BFI) score (20) and ranked in the class IV (good)
of soil biological fertility. Cereal field and cherry farm had lower BFI scores and the corresponding
BFI class was III (medium). In addition, the maximum ribosomal RNA copy number and the
highest abundance of oligotrophic bacterial groups (25.52% Actinobacteria, 3.45% Firmicutes, and
1.38% Acidobacteria) were observed in the grass-covered vineyard. In conclusion, the grass-covered
vineyard is a more conservative system and could have a large potential to improve total carbon
storage in soil, mainly because of the cover crop residue management and the low soil perturbation
through the no-tillage system.

Keywords: bacterial community structure; biological fertility index; land use; microbial biomass;
microbial respiration; ribosomal RNA copy numbers

1. Introduction

One of the most important negative factors on Mediterranean ecosystems is the conversion of
natural landforms into cropland and grassland, due to agricultural development [1]. Nearly 40% of
Puglia (a typical Mediterranean region) lands have been converted to farmland for growing olives,
table grapes, and almonds over recent centuries [2]. In addition, over 80% of Puglia lands, classified as
agricultural land [3], have always been exposed to land degradation because of intensive management
practices and land use change [4,5]. Land conversion has become a challenge in Puglia region, where
lands are surrounded by soft carbonate rocks and hard calcareous stones [6,7]. However, for a short
period of time, soil quality can be improved by the decomposition of rocks because of nutrients released
into the soil, but over the long run, land degradation and ecosystem deterioration will occur, which may
lead to the farmlands abandonment [2].

Many studies have been focused on examining soil chemical and physical parameters such as
soil reaction (pH), soil organic carbon (SOC), cation exchange capacity (CEC), electric conductivity
(EC), aggregate stability, bulk density, and soil porosity [8,9]. On the other hand, a proposed minimum
dataset for soil quality assessment as quantitative indicators is linked to physical, chemical, and
biological parameters or a mix of physical and biological characteristics, such as soil texture, infiltration,
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and soil bulk density, water holding capacity, SOC, soil microbial biomass, and microbial activity, pH
value, total organic carbon, and nitrogen (N), N mineralized under aerobic condition, and extractable
N, phosphorus (P), and potassium (K) [10,11].

Therefore, a comprehensive indicator system is required to be used for soil monitoring among
all types of biological indicators and biogeochemical cycles [12]. In this regard, the soil Biological
Fertility Index (BFI) was introduced by Renzi et al. [13] according to some biochemical parameters of
soil, including SOM, microbial biomass carbon (MBC), basal respiration at the last day of incubation
(BSR), cumulated respiration during the incubation period (CSR), metabolic quotient (qCO,), and
mineralization quotient (qM). It has already been reported that the BFI indicator may be more efficient
than microbial biomass and activity alone and can be used to assess soil quality at varying levels of
human disturbance [12,13].

There have been relatively limited researches dealing with the impacts of different types of land
use intensities on microbial and biochemical soil properties in the Mediterranean-type ecosystems and
extremely rarely addressed by ecological researchers in term of the application of precise indicators in
complex Mediterranean mosaic landscapes [12,14]. Therefore, the present research aimed to investigate
the effects of different land use intensities, which are frequently adopted in the agro-ecosystems of the
Mediterranean area, on soil chemical, biochemical and microbial parameters. Three different long-term
land use intensities on adjacent soil plots, recently converted from natural landform to farmland by
rock fragmentation and intensive agricultural management, were investigated. Namely, soil plots
were a winter wheat field (soil tillage, residues removal, integrated pest management, no irrigation,
chemical fertilization), a grass-covered vineyard (no tillage, residues left on the field, integrated
pest management, drip irrigation with continuous mixed chemical and organic fertilization), and a
cherry farm (soil tillage, residues removal, drip irrigation with continuous chemical fertilization). Our
hypothesis is that the long-term land use changes soil biological fertility, evaluated by the Biological
Fertility Index (BFI) and composition and abundance of soil bacterial community.

2. Materials and Methods

The study was performed in a Mediterranean soil ecosystem in Puglia region, Italy (Figure 1)
(Turi, located at 40°91" N, 17°04” E, altitude of 247 m above the average of sea level, with long-term
annual precipitation range from approximately 550 mm to 600 mm and annual temperature range
from 4 to 30 °C) with Mediterranean climate conditions according to the Domarten classification.

Figure 1. The area located at Turi in Puglia region, Southern Italy.
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Three land-use intensities, namely cereal field (winter wheat), grass-covered vineyard, and cherry
farm plots, were compared in adjacent plots. The land use descriptions and management are presented
in Table 1.

Table 1. Land use management.

Land Use Area (Ha)  Cultivation History (Year) Management Irrigation and Fertilization
Soil tillage (40 cm), residues removal No irrigation (dryland
Cereal field 2.4 7 from the field, integrated pest farming), chemical
management, fertilization before seeding
Drip irrigation with
Grass-covered 49 10 No tillage, residues left on the field, continuous mixed
vineyard : integrated pest management, fertilization
(chemical-organic)
Soil tillage (40 cm), residues removal Drip irrigation with
Cherry farm 1.2 10 from the farm, integrated pest continuous chemical
management fertilization

The area was a natural landform with carbonates, clay, and iron oxides accumulation in depth
(Chromic and Calcic Luvisols) that has been converted to farmland by rock fragmentation and intensive
agricultural practices about 10 years ago and cultivated continuously. The geological characteristics of
the plots (Luvisols from limestone) are similar and typical for this region.

Three composite soil samples from each land use were taken randomly from the upper soil layer
in June 2018. A minimum of five sub-samples were collected, mixed together on site and considered as
a composite soil sample. Samplings were carried out at depth of 0-20 cm, since the maximum microbial
biomass is devoted to the upper soil horizons [15] and microbial activity is sensitive to changed land
uses [16]. The fraction passing a 2 mm sieve was transported refrigerated at 4 °C.

2.1. Measurements

Soil pH was measured in an aqueous matrix in 1:2.5 soil: water suspension [17] using pH meter
(XS Instruments pH 50, Carpi, Italy), soil texture according to the USDA classification [18] by the
relative amounts of sand, silt, and clay in the fine earth fraction includes all soil particles that are less
than 2 mm. The Walkley and Black [19] method was performed to measure total soil organic carbon
(SOC) and the van Bemmelen factor (=1.724) was used to calculate the amount of soil organic matter
(SOM) with the following equation [20]:

SOM = SOC x 1.724 1)

2.2. Soil Microbial Biomass

The chloroform fumigation extraction method [21] was used to estimate the microbial biomass
carbon (MBC). In details, the air-dried soil was pre-incubated for five days at 30 °C in open glass jars at
field capacity. Three replicates of each soil (12.5 g) were fumigated with free ethanol chloroform for 24
h in vacuum desiccators at dark condition, and other three replicates were not fumigated as blank.
Both the fumigated and non-fumigated soil samples were extracted with 0.5 M K;50; for 30 min and
the resulting extracts were filtered. Potassium dichromate method [21] was used to measure MBC
in filtrates.

2.3. Microbial Respiration

Soil microbial respiration was measured according to Isermeyer [22]. Twenty-five-gram soil
samples were incubated in closed glass jars under dark conditions at field capacity and 30 °C. The CO,
evolved was trapped by 0.2 N NaOH and measured by titration of the excess NaOH with 0.2 N HCL.
The jars without soil maintained at the same way served as a CO, blank. The difference of consumed
volume of HCI between the samples and the blank in titration was considered to estimate the amount
of CO, evolution by soil microorganisms. Cumulated microbial respiration (CSR) is the respiration
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rate during 25 days of incubation period in mg CO,-C kg! soil. Basal respiration rate (BSR) is the
respiration at the last day of incubation (The 25th day) expressed in mg CO,~C kg~ soil d~1.

The microbial metabolic quotient (qCO,) indicates the amount of CO,—C produced per unit MBC
and was calculated from BSR per unit MBC in mg CO,-C 1072 h~! mg MBC™! [23]. The mineralization
quotient (qM) is expressed in% and calculated as the ratio of the CSR to SOC. The qM represents
the efficiency of microflora to metabolize the soil organic carbon [24]. The efficiency of microbes to
decompose organic carbon (CUE) was estimated as the ratio of microbial biomass carbon to soil organic
carbon [25].

2.4. Biological Fertility Index

The Biological Fertility Index (BFI) is a comprehensive indicator by composing six biological
variables, such as SOM, BSR, CSR, MBC, qCO,, and qM. Five intervals of values were set for each
parameter, and scores increasing from 1 to 5 were assigned to each interval (Table 2) based on the
available evidences from previous research [13]. The algebraic sum of scores for all the parameters
providing the proposed classes of biological fertility are shown in Table 2

Table 2. Scores of the intervals of values for the different parameters.

Scores
Parameters
1 2 3 4 5
. . o <1.0 >1.0 >1.5 >2.0 >3.0
Soil organic matter, SOM (%) <15 <0 <30
Basal soil respiration, BSR <5 >5 >10 >15 >20
(mg CO,~C kg1 soil d71) <10 <15 <20
Cumulative soil respiration, CSR <100 >100 >250 >400 >600
(mg CO,—C kg1 soil) <250 <400 <600
Microbial biomass carbon, MBC <100 >100 >200 >300 >400
(mg C kg™ soil) <200 <300 <400
Metabolic quotient, qCO, >0.4 >0.4 <0.3 <0.2 <0.1
(mg CO,~C 1072 h™! mg MBC 1) <0.3 >0.2 >0.1
. - . o <1.0 >1 >2 >3 >4
Mineralization quotient, qM (%) < 3 <
Classes of the Biological Fertility Index (BFI)
I I 11 v \%
Fertility class
Stress Pre-stress (alarm) Medium Good High
BFI scores sum 6 7-12 13-18 19-24 25-30

2.5. Soil DNA Extraction

The FastDNA® SPIN Kit for Soil (MP Biomedicals, Solon, CA, USA) was used for DNA extraction.
Briefly, 0.5 g of soil was added into Lysing Matrix E tubes, and the samples were homogenized
in a FastPrep® at setting 6.0 m s~! for 40 s. All extraction steps were performed according to the
manufacturer’s instructions for kit. Nucleic acid concentration was evaluated using a Nanodrop
spectrophotometer (ND-1000, EuroClone, Milan, Italy).

2.6. Real-Time Quantitative PCR Analysis (JPCR)

qPCR was performed in triplicate to evaluate bacterial 16S rRNA gene copy numbers using
an Applied Biosystems 7500 detection system (Applied Biosystems, Foster City, CA, USA) with
341 primer pairs, forward (5-CCTACGGGNGGCWGCAG-3’) and 785 primer pairs, reverse
(5’-GACTACHVGGGTATCTA ATCC-3’) [26]. The reaction mixture (20 uL) and amplification conditions
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were performed based on the methods of Pascazio et al. [27]. Reference strain DNA of Azospirillum
irakense [28] was used to create the standard curve and the gene copy number in the samples was
calculated using the regression equation that related the cycle threshold (Ct) value to the number of
copies in the standard curve [29].

2.7. Analyses of 165 rRNA Gene Sequence, Species Richness and Diversity

Aliquots of the extracted DNA were sent to the IGA Technology Service in Udine (Italy) for
metagenomic analyses; the sequencing was performed through the MiSeq Illumina system platform.
QIIME software (version 1.9.1) was used to perform bacterial community analysis as fully described
by Kuczynski et al. [30]. There were two amplification steps in the library workflow: an initial
PCR amplification using locus specific PCR primers and a subsequent amplification that integrates
relevant flow-cell binding domains and unique indices (NexteraXT Index Kit, FC-131-1001/FC-131-1002).
This method was used to amplify the variable V3 and V4 regions of the 16S rRNA gene aiming to
characterize bacterial community compositions. Operational taxonomic units (OTUs) were identified
using a cut-off of 97% similarity. Singletons, non-bacterial OTUs were removed, and the OTU abundance
levels were normalized based on the sample with the least number of sequences.

To estimate the bacterial x-diversity, CHAO1, Shannon and Simpson indices and good-coverage
were calculated using the QIIME software based on 10,000 sequences per sample. Rarefaction curves
endpoints and normalization of counts for diversity analysis was set to 50% of the target sequencing
coverage (i.e., for 100,000 fragments a cutoff of 50,000 fragments were applied). Bacterial taxonomic
assignment was conducted using the Ribosomal Database Project (RDP) Naive Bayesian classifier and
reference database with a minimum confidence threshold of 50%.

2.8. Statistical Analysis

All statistical analyses including the least significant difference (LSD) test, performed to compare
the differences among parameters means at a 5% level, correlation (Pearson, two-tailed), regression
(multiple linear regression, backward method) and cluster (Ward’s method) analysis were done using
SPSS software (Statistical Product and Service Solutions, version 16, IBM, New York, NY, USA).

3. Results

3.1. Chemical and Microbial Parameters

Results of the soil chemical parameters and microbial activity in different land use are summarized
in Table 3. There was no difference among the three land uses in terms of soil pH and texture. However,
cherry farm soil had a slightly lower sand and silt content and higher pH than the other soils. The results
showed that soil organic carbon (SOC) of the samples from grass-covered vineyard and from cereal
field was significantly greater than that from the cherry farm. In particular, SOC was 1.82% and 1.69%
in the grass-covered vineyard and cereal field, respectively, which was 1.33 and 1.24 times more than
that in the cherry field (Table 3). Accordingly, the maximum soil organic matter (SOM) was recorded
in grass-covered vineyard, while the lowest was found in cherry farm (3.13% and 2.35%, respectively).
The maximum values of microbial biomass (MBC) was observed in the grass-covered vineyard soil
(201.92 ug C g~! soil), which was about 2.45% and 8.29% more than that in cereal and cherry farm
soils, respectively. Basal soil respiration (BSR) and the cumulated respiration (CSR) after 25 days of
incubation were significantly higher in grass-covered vineyard and cherry farm, respectively (BSR
11.84 mg CO,~C kg™ soil ™!, CSR 226.90 mg CO,~C kg™ soil) than in the cereal field (BSR 9.73 mg
CO,—-C kg~! s0il d!, CSR 153.91 mg CO»—~C kg~! soil). The highest and significantly different value
of efficiency of microbes to decompose organic matter (CUE) was found in cherry farm (138.08 nug C
g‘l soil). The highest amount of metabolic quotient (qCO,) were detected in grass-covered vineyard
(0.058 mg CO,-C 1072 h! mg MBC™1) and cherry farm (0.056 mg CO,-C 1072 h! mg MBC™1), which
were about 16% and 12% higher than that in the cereal field. We also found statistically significant
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differences among land uses in term of carbon mineralization quotient (qM). These values varied from
0.91% in the cereal field to 1.66% in the cherry farm.

Table 3. Chemical and microbial parameters under different land use.

Land Use
Parameter Unit " N
Cereal Field Grass-Covered Vineyard Cherry Farm
Soil pH 7.95 +0.04 7.95 +0.01 7.98 +0.04
Soil texture Sandy Clay Loam
SOC % 1.69 £0.17 a 1.82+0.13a 1.36 £0.11b
SOM % 291+029a 313+022a 2.35+0.19b
MBC ng C g soil 197.08 £ 18.76 a 201.92 +20.81a 186.45 + 14.19b
CUE ng C g soil 117.06 £ 1.14 b 110.53 b + 4.96 138.08 a +12.98
BSR mg CO,~C kg™! soil d~! 9.73+0.87b 11.84 £ 0.66 a 10.51 +1.11 ab
CSR mg CO,~C kg™! soil 153.91 £ 10.77 b 214.49 +13.69 a 226.90 +18.88 a
qCO, mg CO,~C 1072 h™! mg MBC™! 0.050 + 0.004 b 0.058 + 0.005 a 0.056 a + 0.004
qM % 0.91+0.08 ¢ 117 +0.10b 1.66 £0.15a
Nucleic acid concentration ngul™10.5g7! 154.8 + 6.01 b 160.6 +5.49 a 143.7 £594 ¢
16S rRNA- CN ¢ 1 DS 8.06 +1.28 x 107 a 1.82 £ 0.51 x 107 ¢ 5.18+0.32 x 107 b

Means (+ standard error) of each parameter followed by a similar letter are not significantly different based on
the least significant difference (LSD) test at the 5% probability level. SOC: total organic carbon, SOM: total organic
matter, MBC: microbial biomass C, CUE: microbial carbon use efficiency, BSR: basal soil respiration, CSR: cumulative
soil respiration, qCO,: metabolic quotient, qM: mineralization quotient, 165 rRNA- CN: Bacterial 16S rRNA gene
copy numbers.

Regression of cubic equation models significantly fitted (P < 0.01) correlations between microbial
respiration rate and time period of incubation. The coefficients of determination (R2) of the equations
were 0.98, 0.95, and 0.99 in the cereal field, grass-covered vineyard, and cherry farm, respectively
(Table 4, Figure 2).

Table 4. Regression coefficient for determining the relationship between the microbial respiration rates
in different land use after an incubation period of 25 days.

Land Use Equation R Square Constant b1l b2 b3

Cereal field Cubic 0.98 ** 18.28 1.57 -0.18 0.004
Grass-covered vineyard Cubic 0.95 ** 38.79 -0.75 -0.12 0.004
Cherry farm Cubic 0.99 ** 61.92 -8.11 0.44 -0.008

** corresponds to significance at p < 0.01.
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Figure 2. Respiration rate during 25 days of incubation in cereal field (m), grass-covered vineyard (a),
and cherry farm (@®).
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3.2. Soil Biological Fertility Index

The soil Biological Fertility Index (BFI) was calculated to determine the overall effect of land-use
systems on soil quality. The BFI results and the average scores of the parameters with respect to
land use are given in Table 5. Grass-covered vineyard showed the highest BFI score (20) and ranked
in class IV (good) of soil biological fertility, which is assumed to be a sustainable ecosystem for the
long-term. The other two managements (cereal field and cherry farm) had lower BFI scores (16 and 18,
respectively), corresponding to a BFI of class III (medium) (Table 5).

Table 5. Scores of the soil parameters and biological fertility index for the different land uses.

Land Use SOM BSR CSR MBC qCO, qM  BFIScore BFI Class
Cereal field 4 2 2 2 5 1 16 III (medium)
Grass-covered vineyard 5 3 2 3 5 2 20 IV (good)
Cherry farm 4 3 2 2 5 2 18 1T (medium)

SOM: total organic matter, MBC: microbial biomass C, BSR: basal soil respiration, CSR: cumulative soil respiration,
qCO,: metabolic quotient, qM: mineralization quotient, BFI: biological fertility index.

The multiple linear regressions were used to explain which of the biological parameters could be
more useful to predict the BFI under different land uses. In order to achieve this purpose, backward
elimination method was used, and the results are shown in Table 6. Accordingly, SOM and CSR
were identified as two independent variables which had most impact on BFI (dependent variable).
The rankings of the parameters were SOM > CSR > qM > qCO; > BSR > MBC. This multiple linear
regression model with two explanatory variables (SOM and CSR) had an R? of 0.916. Therefore, 91.6%
of the variation in%BFI can be explained by this model and variables (Table 6).

Table 6. Multiple linear regressions (backward method) among BFI (dependent variable) and six
biological variables (independent variables) under three land uses.

Model Independent Variables  Standardized Coefficients (Beta) t Significance Level

(Constant) 1.059 0.401

SOM 1.119 0.932 0.450

BSR 0.501 0.603 0.608

1 CSR 1.230 1.352 0.309

MBC -1.411 —0.550 0.638

qCO, —1.448 —0.625 0.596

qM —0.466 —-0.980 0.430

(Constant) 3.756 0.033

SOM 0.519 1.181 0.323

2 BSR 0.208 0.372 0.735

CSR 0.792 2.061 0.131

qCO, —0.206 —0.454 0.680

qM —0.426 -1.035 0.377

(Constant) 4.827 0.008

SOM 0.650 2.782 0.050

3 CSR 0.896 3.835 0.019

qCO, —-0.046 —-0.363 0.735

qM —0.445 -1.229 0.286

(Constant) 5.318 0.003

4 SOM 0.641 3.035 0.029

CSR 0.903 4.269 0.008

qM —0.484 —1.544 0.183

(Constant) 5.703 0.001

5 SOM 0.931 8.765 0.000

CSR 0.612 5.761 0.001

Model Summary
Model R R? Adjusted R? Std. Error of the Estimate

1 0.983 0.966 0.863 0.46969
2 0.980 0.961 0.895 0.41147
3 0.979 0.959 0.918 0.36447
4 0.978 0.957 0.932 0.33132
5 0.968 0.937 0.916 0.36752

SOM: total organic matter, MBC: microbial biomass C, BSR: basal soil respiration, CSR: cumulative soil respiration,
qCO;: metabolic quotient, qM: mineralization quotient.
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3.3. Nucleic Acid Concentration

The amount of nucleic acid was affected by different land use intensities. The highest amount of
nucleic acid was extracted from grass-covered vineyard soil samples (160.6 nguL ™! 0.5 g71) and the
lowest value from cherry farm soil samples (143.7 nguL‘1 0.5 g‘l) (Table 3).

3.4. Bacterial Quantification

Bacterial quantification was performed on DNA extracts using a quantitative real-time polymerase
chain reaction (qQPCR) analysis. The bacterial ribosomal RNA gene copy numbers ranged from 1.82 to
8.06 x 107 g‘1 soil. Land use intensities had a significant effect on the ribosomal gene abundances,
which was higher in the cereal field than that in the DNA extracted from grass-covered vineyard and
cherry farm soils (Table 3).

3.5. Correlation Coefficients among Parameters

The Pearson correlation coefficients showed that there were significant positive correlations
between MBC and SOM, BSR and qCO,, CSR and qM (p < 0.05), and negative correlations between
MBC and qCO; (p < 0.05) and qM and SOM (p < 0.05) is soil under different managements. In addition,
there was a significant positive correlation between the nucleic acid concentration and SOM and MBC
in soil samples under different land uses. We observed a negative correlation (p < 0.05) between nucleic
acid concentration and qM. A significantly (p < 0.05) negative correlation was also observed between
the rRNA gene copy numbers and soil microbial respiration (both basal and cumulative respirations)
(Table 7).

Table 7. Pearson correlation coefficients (1) between biological and molecular variables under different
land uses (n =9).

Parameters SOM BSR CSR MBC qCO; qM Nucleic Acid Concentration 16S rRNA- CN
SOM 1
BSR 025m 1
CSR —0.27 18 0.60 ™ 1
MBC 0.78* -0.10" -0.09 ™ 1
qCO, —0.4171s 0.68 * 0.44 1 -0.79* 1
qM -0.76 * 02771 0.76 * -0.58 s 0.59 "¢ 1
Nucleic acid concentration 0.91 ** 0.317m -0.21m 0.68 * -0.33 1 —0.69* 1
16S rRNA- CN -0.15"¢ -0.71% —0.68* -0.00 " -0.4518 -0.25"8 -0.27 "¢ 1

* and **: Significant at p < 0.05 and p < 0.01 levels, respectively. ns: not significant. SOM: total organic matter,
MBC: microbial biomass C, BSR: basal respiration, CSR: cumulative soil respiration, qCO,: metabolic quotient, qM:
mineralization quotient, 165 rRNA CN: Bacterial 16S rRNA gene copy numbers.

3.6. Bacterial a Diversity and Community Composition

A total of 479,160 high-quality sequences were detected with a 300-bp read length. The minimum
Good'’s coverage value was 0.99 according to the similarity cut-off of 97%, meaning that a sufficient
number of reads were obtained to evaluate bacterial diversity. There were no statistically significant
differences among land uses in term of bacterial a-diversity (Table 8), although the grass-covered
vineyard non-significantly increased CHAO1 and Shannon indices, as compared to the other ecosystems.

Table 8. Estimation of x-diversity indexes for bacterial communities under different land uses (sequence
count: 10,000).

Land Use CHAO1 Simpson Shannon Goods-Coverage
Cherry farm 4882.3 +108.95 a 0.85+0.00a 9.93+08a 0.99 +0.00 a
Cereal field 4558.8 +97.04 a 0.87 +0.00 a 9.84+£0.05a 0.99 £ 0.00 a
Grass-covered vineyard 49732+ 6194 a 0.85+0.00 a 1014 £ 04 a 0.99 +0.00 a

Means (+ standard error) in each column followed by similar letter are not significantly different based on the least
significant difference (LSD) test at 5% probability level.
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Relative abundances (%) of bacteria at the phylum (> 1%) and family levels (> 2%) are presented
in Table 9. Proteobacteria was the dominant phylum in all soil samples of land uses, which varied
from 26.38% and 26.43% (in the cherry farm and grass-covered vineyard, respectively) to 29.29% (in
the cereal field) of the total sequences, followed by Actinobacteria (22.88%-25.51%) and Bacteroidetes
(6.88%—8.82%). The maximum abundance of Actinobacteria, Firmicutes and Acidobacteria was
detected in the samples of the grass-covered vineyard. Moreover, the abundance of Planctomycetes
and Gemmatimonadetes were also higher in the cherry farm than those in other ecosystems.

Table 9. Relative abundance of (A) bacterial phyla (relative abundance > 1%) and (B) families (relative
abundance > 2%) under different land uses.

(A) Land Use
Phylum Cherry Farm (%) Cereal Field (%) Grass-Covered Vineyard (%)
Proteobacteria 26.38 + 0.58 b 2929 +£0.79 a 2643 +0.23b
Actinobacteria 22.88 +0.25b 2371 +1.05b 2551 +141a
Bacteroidetes 7.58 +£0.99 a 8.82+046a 6.88 +0.35a
Planctomycetes 503+0.19a 4.13 £0.21 ab 3.98+£0.28b
Verrucomicrobia 4.67 £0.11 ab 528 +051a 3.09+011b
Chloroflexi 4.33 +0.66 a 385+027a 389+023a
Firmicutes 3.25+0.39 ab 232+020b 345+0.14a
Gemmatimonadetes 2.00 £0.04 a 1.31+0.05¢ 1.64+0.10b
Acidobacteria 1.23+0.07b 0.95+0.03 ¢ 1.38 +£0.02a
(B)

Phylum Family Cherry Farm (%) Cereal Field (%) Grass-Covered Vineyard (%)
Actinobacteria Rubrobacteraceae 720+ 0.35b 6.09 +£0.27 b 8.68 £ 0.28 a
Proteobacteria Bradyrhizobiaceae 2.33+029a 2.56 +0.08 a 2.78+0.13a

Firmicutes Bacillaceae 210+0.31a 123 +0.14b 2.02+0.16a
Actinobacteria Solirubrobacteraceae 2.56 + 0.58 a 1.87 +£0.02b 242+0.19a
Bacteroidetes Chitinophagaceae 2.75+0.24b 2.81+0.02b 3.87+032a
Planctomycetes Gemmataceae 2.55+0.04a 1.26 £0.10b 1.61+0.13b
Gemmatimonadetes — Gemmatimonadaceae 2.00+0.04a 1.31+0.05¢ 1.64+0.10b
Proteobacteria Rhodospirillaceae 1.66 +£0.08 b 1.97 £ 0.04 ab 2.59+0.17a
Proteobacteria Sinobacteraceae 2.04+0.08 a 211+022a 1.37+0.12b
Verrucomicrobia Pedosphaeraceae 2.31+0.33a 1.65+0.05b 8.68 +0.28 a

Means (+ standard error) in each phylum or family followed by similar letter are not significantly different based on
the least significant difference (LSD) test at the 5% probability level.

A total of 10 abundant families (relative abundance > 2%) were identified (Table 9).
Rubrobacteraceae represented a range of percentage from 6.09% (cereal field) to 8.68% (grass-covered
vineyard) of the total sequences, followed by Bradyrhizobiaceae (2.33-2.78%) and Bacillaceae
(1.23-2.10%). Bacillaceae and Solirubrobacteraceae were 2.10% and 2.56% in the cherry farm, and 2.02%
and 2.42% in the grass-covered vineyard, respectively, which were significantly higher than those
percentages in the cereal field (1.23 and 1.78%, respectively). The relative abundance of Gemmataceae,
Gemmatimonadaceae, Sinobacteraceae, and Pedosphaeraceae were also significantly influenced by the
cherry farm system. In opposite, the highest abundance of Chitinophagaceae and Rhodospirillaceae
were obtained from the samples of the grass-covered vineyard, which was significantly higher than the
corresponding abundances in other fields.

At the genus level, the majority of bacteria among all fields belonged to the genera Rubrobacter,
Bacillus, Gemmatimonas, Gemmata, Steroidobacter, and Pedosphaera (Figure 3). Cluster analysis showed
that the bacterial community composition of the cherry farm and grass-covered vineyard clustered
into one group, with a distance of 2.53%, which was separated from the cereal field (Figure 3).
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Figure 3. Analysis (Ward’s method) of the 16S rRNA composition of soil bacterial communities at the
genera level.

4. Discussion

Our results showed that the SOM, MBC, and BSR were highest in the topsoil of the grass-covered
vineyard. The increase in the SOM amount in these soil samples was likely due to a mix of different
reasons, some of them already demonstrated by other authors, namely, the type of cropping systems
and tillage intensity, e.g., the reduction of soil disturbance through no-tillage [31], the management
of crop residues [32], and of cover crops [33], both practices increasing the plant inputs returned to
the soil. In fact, crops’ shoot and root biomass of cover crops and grape trees were left on the field, in
contrast with the cereal field and cherry farm, where residue removal and crop harvesting decreased
organic inputs. These findings are in agreement with Ramesh et al. [34], who found a considerable
impact of land use changes on SOC and reported that chemical and biochemical soil parameters were
constant under low-intensity farming practices. A similar finding was also reported by Safaei et al. [35]
who showed that the SOM and soil quality in natural ecosystems were considerably affected by land
uses. Increasing MBC is the consequence of high-concentration C substrates available to the soil
microbial communities [36] and of a significant positive trend in the quantity of organic C in the
natural or low-disturbance ecosystems over the long run [12], such as the grass-covered vineyard in the
present research. Similarly, an increase in MBC has already been found with decreased levels of human
activities i.e., no-tillage practices [37] and straw returning [38] by changing the soil physicochemical
environment, such as soil water content, porosity, and bulk density.

According to the results, the rankings were grass-covered vineyard > cherry field > cereal field for
BSR, and cherry farm > grass-covered vineyard > cereal field for CSR. This means that the microbial
respiration was increased by higher organic C inputs to the soil from crop residue management in
the grass-covered vineyard. On the other hand, soil respiration and microbial activity are strongly
influenced by soil water content [39]. Therefore, in the present study, lower rates of basal and
cumulative respiration in the cereal field as compared to others may be explained by dry land farming
and lower water content.

The ranking for CUE was cherry field > cereal field > grass-covered vineyard. CUE is a principal
parameter used to estimate soil C dynamics and to understand the destiny of C resources by partitioning
organic C between MBC and mineralized CO, [25]. In the cherry farm, higher CUE indicated an
increased decomposition, resulting in reduction of plant and microbial organic matter in soil [40].
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The highest amounts of metabolic quotient (qCO,) were detected in grass-covered vineyard (0.058
mg CO,~C 1072 h™! mg MBC™!) and cherry farm (0.056 mg CO,~C 1072 h~! mg MBC™1), which were
about 16 and 12% higher than that in cereal field. It has been reported that stress conditions may cause
an increment in the qCO, which is related to a microbial stress, while low qCO; may indicate more
desirable conditions for microbial survival and more carbon available for biomass production [41].
High qCO, values could also be related to changes in the bacterial-to-fungal ratio [42]. In this regard,
Nsabimana et al. [43] determined qCO, and CUE parameters to illustrate how the soil microbial
activity and community composition were affected by land uses. In addition, we also found statistically
significant differences among land uses in term of carbon mineralization quotient (QM). These values
varied from 0.91% in the cereal field to 1.66% in the cherry farm, meaning that the cherry farm had
better microbial C metabolism efficiency [44]. Lower amounts of qM in the cereal field than that in
other ecosystems are related to lower ratios of easily mineralizable organic matter to stable organic
matter in the soil [24].

There were statistically significant relationships between microbial respiration rate and the time
period of incubation as cubic equation models. These results are also in agreement with Birge [45]
who reported that the microbial respiration rate declined over the course of the incubation due to
lack of organic C resource. Dungait et al. [46] suggested that the availability of soil organic C to
microbial decomposers is one of the main factors that can influence and limit microbial respiration.
This hypothesis has been supported by Birge [45] who stated that the SOM availability, and not the
microbial biomass content, could limit the respiration rate.

Our results showed that the highest value of BFI was obtained from grass-covered vineyard. It
has been previously reported that soil fertility is proportional to the soil microbial activity and SOM,
as well as altering environmental conditions and land uses [47,48]. It has also been proved that crop
residues and cover crops increase soil microbial biomass and activity and improve SOC sequestration
in the long-term [49]. Therefore, cover crop residues stimulated cumulative carbon mineralization and
improved SOC cycling in vineyard ecosystem, resulting in high level of BFI. In fact, grass-covered
vineyard, being a more conservative system, has a large potential to improve total carbon storage in
soil, given the organic input and the lower soil disturbance from tillage operations. On the other hand,
BFI score in cereal field was lower than that in other land uses. This was very likely due to the frequent
tillage practices and the removal of crop residues from the field, as well as to the dryland farming that
can lead to a low soil biological fertility. These findings highlight the need for proper sustainable land
management to prevent soil degradation [50], since the sustainability of the dryland ecosystem and
its agricultural production depends strongly on proper and effective land-use and management [51].
Thus, it is quite clear that the conventional tillage with the crop-fallow system should be avoided
in dryland cropping systems because of consequently reduced soil fertility and degraded chemical
properties [52].

According to the evaluation by multiple linear regressions, SOM and CSR seem to be more
useful to predict the BFI under different land uses. Similar results were presented by Renzi et al. [13],
who found that the BFI had a significant relationship with SOM, CSR, MBC, and BSR, and increased
linearly with all composing variables except for qM and qCO,, and particularly that MBC and CSR
were the most important parameters contributing to the BFL.

The amounts of extracted nucleic acid were affected by different land use intensities, too. A similar
finding was reported by Agnieszka et al. [53], who demonstrated that the soil DNA content was
significantly influenced by land uses. It is well recognized that the soil DNA concentration is higher in
soils with higher soil organic carbon [40,54]; in this regard, we found a significant positive correlation
between changes in the nucleic acid concentration and SOM and MBC in soils under different land uses.
Other authors reported a strong correlation between microbial biomass carbon and extracted DNA in
soil [53], this relationship being affected by land use intensity and clearly indicating that microbial
ecophysiology can be directly linked to soil carbon storage potential [40].
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The composition of the soil bacterial communities in the cereal ecosystem, a management
characterized by a higher disturbance and lower values of biochemical and microbiological parameters,
shifted to species with a higher number of 16S rRNA gene copies. It has been reported that the rRNA
gene copy numbers are linked to the bacterial life strategy [55], basically classified into two main
categories, copiotrophic and oligotrophic, according to their response to resource availability and life
strategies [56]. Therefore, higher ribosomal RNA copy numbers detected in the cereal field than that in
other land uses, as indicated by the qPCR assay, indicate an increase in fast-growing r-strategists” taxa
(copiotrophic species), due to decreased microbial respiration [55,57].

Bioinformatics analyses of the 16S sequencing data completely matched with the rRNA gene
copy numbers. Accordingly, the abundance of oligotrophic bacterial groups (25.52% Actinobacteria,
3.45% Firmicutes, and 1.38%Acidobacteria) was higher in the grass-covered vineyard, while the rRNA
gene copy numbers were lower than for other land uses. Oppositely, the cereal field had the highest
abundance of copiotrophic bacteria (29.29% Proteobacteria and 8.82% Bacteroidetes) which was 10.8
and 28.2% more than grass-covered vineyard and 11.0 and 11.6% higher than cherry farm, respectively.
The adaptive capacities of these species permit a successful competition with other bacterial groups,
particularly when the levels of soil disturbance or tillage intensity are higher. In the cereal field, we
hypothesize that soil disturbance repressed microbial respiration by favoring r-strategists’ taxa with
faster growth rates and limited capabilities to degrade recalcitrant organic matter, as indicated by
a significant negative correlation between rRNA copy number and soil microbial basal as well as
cumulative respiration.

CHAOQ]1, Shannon and Simpson diversity indices indicated that the whole bacterial communities
were very similar, no matter the land use intensities. This finding has already been proved by many
authors [58-60], who reported that there was no effect of land use and agricultural practices on the
diversity indices tested (e.g., CHAO1 and Shannon). Our research supports the hypothesis that different
land uses do not change species richness and heterogeneity, although significant differences in some
bacterial groups were found, very likely because of the high microbial resilience and/or resistance [61].

The results of Pearson correlation coefficients agree with the results of Renzi et al. [13], who found
a significant relationship between SOM and MBC, BSR and qCO,, and CSR and qM (p < 0.001) based
on Pearson correlation analyses. Similarly, Li et al. [62] and Malik et al. [40] reported that the SOM
significantly correlated with MBC in different land use. It has also been reported that soil microbial
communities were affected by quality and quantity of soil organic carbon [38]. Van Wesemael et al. [41]
reported that the high qCO, values represent the high energy required to keep up the microbial biomass
and indicate a stressful condition for microbial communities. As a result, qCO; values are reduced if
the MBC content increases and vice versa.

5. Conclusions

As far as we know, this is the first study focusing on the effects of land uses intensities on
both bacterial communities and biological fertility index in soil cropped in Southern Italy, a typical
Mediterranean region. The number of bacterial gene abundances was negatively regulated by soil
microbial respiration. As indicated by qPCR and sequencing analyses, different land uses altered
bacterial abundance and community structure; in particular, copiotrophic bacterial groups in the
grass-covered vineyard decreased, while oligotrophic bacterial taxa increased along with a conservative
managing of crop residues and no-tillage. In addition, the determination of SOM and microbial
activity parameters allowed deriving relevant conclusions about the effect of land use intensities on
the three studied ecosystems. The grass-covered vineyard demonstrated the highest amount of SOM
and MBC, while respiration activity, qM, and CUE were higher in the cherry farm. The BFI indicated
a higher soil biological fertility in the grass-covered vineyard, which can be reasonably assumed by
the preservation of this ecosystem, with none or lower disturbance. These results could be useful
to farmers in decisions about the best practices to avoid or reduce the negative impacts of land use
intensities. Thus, the BFI could be an effective indicator system in the perceptions and assessment of
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soil fertility. More in-depth studies could validate the results of the present research under changing
climate conditions and agro-ecosystems and allow the use of the biological fertility index to assess soil
quality in agricultural soils.
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Abstract: Symbiotic biological nitrogen fixation (BNF) is a complex process that involves rhizobia,
a diverse group of « and f-proteobacteria bacteria, and legume species. Benefits provided by
BNF associated with legume trees in tropical environments include improvements to efficiency of
nitrogen (N) use, increase of soil carbon sequestration, stabilization of soil organic matter, decrease
of soil penetration resistance, and improvement of soil fertility. All these benefits make BNF a
crucial ecosystem service to the sustainability of tropical agriculture. Due to the importance of this
ecological process and the high diversity of rhizobia, these bacteria have been extensively characterized
worldwide. Currently, over 400 species of rhizobia are known, distributed into seven families. In the
humid tropics, Leucaena leucocephala, Acacia mangium, Gliricidia sepium, and Clitoria fairchildiana are
four of the most common species used by family farmers to create sustainable agricultural systems.
These four legumes perform symbiosis with different groups of rhizobia. Exploring BNF could help
to enable sustainable intensification of agriculture in the humid tropics, mainly because it can increase
N use efficiency in an environment where N is a limiting factor to plant growth.

Keywords: biological nitrogen fixation; nitrogen; Leucaena leucocephala; Acacia mangium; Gliricidia
sepium; Clitoria fairchildiana

1. Rhizobia Strains and Legume Tree Interactions: Importance and Use in Tropical
Agricultural Systems

In the humid tropics, the edaphoclimatic conditions, which involve soils with fragile structure
subjected to high temperatures, rainfall, and insolation, are unfavorable for organic matter accumulation
and thus N availability and nitrogen use efficiency. The adoption of inappropriate agricultural practices
for local conditions reduces nutrient availability and results in the depletion of soil fertility. Small family
farmers in the humid tropics, especially in the pre-Amazon region, practice itinerant agriculture that is
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associated with the slashing and burning of natural vegetation. These small farmers mainly cultivate
food crops such as rice, maize, cassava, and beans, using low technology. According to Moura et al. [1],
this system has negative effects on the local and global environment and no longer provides social
benefits to rural communities. The environmental impact of agriculture in tropical regions can include
deforestation and loss of wildlife habitat, soil nutrient depletion, increased greenhouse gas emissions,
and loss of biodiversity [2]. In contrast, there are excellent opportunities to avoid environmental
damage through the use of ecosystem services to achieve ecological and economic benefits [3].

No-tillage alley cropping can be an alternative for the family farmers for maintaining productivity
in the low-fertility soils of humid tropical regions. In this system, legume trees or shrubs are planted in
two or more sets of single or multiple rows. Before and during the cropping period, the leguminous
branches are periodically pruned and laid down on the soil surface between the leguminous tree sets,
where other crops are planted. The use of legume trees can provide ecosystem services such as biomass
production, recycling of nutrients, biological nitrogen fixation, and carbon sequestration [4].

Following the work of Fischer et al. [5], we define ecosystem services as the ecological processes
of ecosystems that are used to produce human well-being. In this context, nitrogen (N) fixation by
legume trees, in which bacteria living in root nodules convert atmospheric dinitrogen (N;) gas to a
plant-available form of N, is crucial to the sustainability of tropical agriculture [6]. Fixation of N in this
manner can provide much of the N needed to drive crop growth and biomass creation [7]. In addition,
proper management of legume tree biomass can increase soil organic matter, sequestered carbon, and
recycled nutrients, which increases soil fertility and agricultural productivity [8]. In the tropics, the
high biodiversity in rhizobia and legume trees, combined with long growing seasons and adequate soil
moisture, provides the ideal conditions for making use of the ecosystem services provided by legume
trees [9].

These phenomena offer a potential solution to agricultural sustainability challenges in the Amazon
region, which are mainly associated with depletion of soil fertility [10]. The region’s low-activity clay
soils present difficulties for agriculture due to their reduced capacity to retain nutrients under high
rainfall intensity, making agriculture an unfeasible activity [11]. Nutrient retention in the root zone can
be enhanced by adding nutrients in slow-release forms and through biologically mediated processes
like N-fixing symbiosis [12]. In the agroecosystems of the humid tropics, these approaches may be
more sustainable than saturating the soil with soluble nutrients [13].

Biologically mediated processes are one of the most important targets in modifying and improving
N uptake efficiency by roots [14]. This assertion is particularly true in humid tropical conditions, where
N use efficiency is usually very low. High temperatures increase the volatilization rates of fertilizers [15],
while high rainfall rates increase nitrate (NO~3) concentration and leaching [16]. Inefficient use of N,
beyond its negative economic impact, contributes to agriculture disservices through greenhouse gas
emissions and groundwater pollution [17]. Indeed, in the humid tropics, N uptake is impaired by N
leaching due to high rainfalls, and by reduced root growth in hard-setting soil when rainfall is low [18].
The poor agronomic efficiency of N, reaching as low as 14 kg/kg (maize grain/applied N) has been the
main reason why many family farmers have resisted changing from the traditional slash-and-burn
systems to conventional tillage systems, despite recommendations to switch.

Some authors have reported the positive effect of the symbiosis between rhizobia and legume
trees on agroecosystem services, one of the main results of which is an increase in tropical agriculture
sustainability. Sena et al. [10] showed that the total N content of maize was increased by around 50%
when adding biomass of gliricidia (Gliricidia sepium (Jacq.)) on its own and with urea. Aguiar et al. [13]
reported that a combination of high- and low-quality residues from legume trees increased N
concentrations in maize. A combination of gliricidia with sombreiro (Clitoria fairchildiana (R. A.
Howard)) resulted in a nearly threefold increase in N accumulation compared to bare soil with urea
(148.4 vs 54.1 kg ha™!). Treatments involving legume residues plus urea led to higher N accumulation
in comparison to the treatments with residues but without urea [13].
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N fixation by legume trees also has a positive effect on soil carbon sequestration. N-fixing trees
sequester CO, directly through their growth or indirectly via the turnover of their N-rich tissues,
whose decomposition increases plant growth due to higher soil N [7]. However, some authors have
highlighted the influence of quality of the applied residue (i.e., residues with high N contents and
low to medium cellulose contents) on the stabilization of the soil organic matter [19,20]. According
to Bradford et al. [21], high-quality leaf litter, which increases microbial activity, results in more
organic matter that can be physicochemically stabilized. Therefore, the higher the symbiotic efficiency
between rhizobia and legume trees, the higher the quality and amount of stabilized organic matter or
sequestered carbon. According to Sena et al. [10], total carbon stock was 30% higher in treatments with
high-quality legume tree residue than in treatments with bare soil. Thus, compared with the control
treatment, the treatment with gliricidia, when added to the accumulated organic content, resulted in
the carbon stock increasing by 5.0 g kg™!.

Improvement in soil fertility from legume tree biomass can be physical (decreased soil penetration
resistance), or chemical (increased base cations due to recycled nutrients) [18]. After four rainless days,
the effect of biomass application on penetration resistance in a hard-setting soil extended to a depth of
17.5 cm, due less to soil moisture conservation than to the increase in soil organic matter [22]. This
biomass may also capture a considerable amount of recycled base cations that were previously out of
the reach of crops, improving the environment of the root zone [9,23].

Since the Forest Code in Brazil specifies that only 20% of a farmer’s land can be used for agriculture
in the Amazon, local research and policy agendas must consider N-fixing symbiosis between rhizobia
and legume trees. This would allow sustainable intensification of agriculture in this region, for which
increased N availability and use efficiency is crucial [24]. However, strategy to meet the challenges of
the systematic use of ecosystem services provided by interactions of leguminous trees and rhizobia will
require the mastery of a vast knowledge base [25]. First, we need to know how symbiotic relationships
between different species could work through the ecological gradient, like the one that makes up the
Amazon and its periphery. Such a process can determine the efficiency of N input in tropical family
farm systems [26], increasing the ease of adoption by farmers. Second, it will be necessary to identify
and select rhizobia communities which have greater efficiency to produce high quality biomass if the
aim is to take advantage of the large tropical biodiversity [24].

A large number of texts have recently appeared in the scientific literature on these different issues,
but often with an orientation less applied to the tropical environment and its agrosystems. This paper
provides an overview of recent developments in the diversity of rhizobia for N fixation but is mostly
concerned with contributing to meet the challenges of feasibility and sustainability of the agrosystems
in tropical family farms.

2. Biological N Fixation and Indigenous Rhizobia Communities in Tropical Environments

N is the most limiting nutrient for plants, especially in the tropics, where it is particularly important
in secondary forest succession [7], which is common in the humid tropics due to the practice of shifting
cultivation. The largest source of N is the atmosphere, where it is found as Ny, a form that is unavailable
to most living beings. Most plant-available N is extracted from the atmosphere using biological
nitrogen fixation (BNF).

N can also be fixed by the Haber—Bosch process, an industrial procedure used to produce N
fertilizers, or by electrical discharges in the atmosphere. However, the Haber-Bosch process has a
high economic and environmental cost, since it requires a high amount of energy, requires fossil fuel
inputs, and generates harmful by-products [27]. BNF is important in agriculture due to its low/no
cost and non-polluting process. This environmental service contributes to the production of high
protein content seeds for food and forage. In addition, it considerably reduces the use of fertilizers,
favoring the productivity of ecosystems and reducing losses from N leaching [28]. BNF consists
of the conversion of atmospheric N to ammonia and can be carried out by free-living, associative,
or symbiotic bacteria. This symbiosis represents an inexpensive and sustainable approach to crop
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production [27]. BNF is mediated by nitrogenase, a complex metalloenzyme, with well-preserved
structural and mechanical characteristics.

Nodulation in legumes evolves a highly specific interaction between these plants and rhizobia,
which are gram-negative soil bacteria. This symbiosis includes several processes, including the
recognition of symbionts, infection and colonization of plants by bacteria, the formation of root nodules
by the plant, and biological N fixation. Modern genetic and molecular methods are effective in
identifying N-fixing organisms [29]. Indigenous or native rhizobia are those naturally found in the
soils of a given location. Studies have shown that tropical soils have native rhizobia communities
with high diversity and varied efficiency and are a source of genetic variability in the search for
strains capable of being used as inoculants [25,30,31]. Inoculants are products composed of living
microorganisms capable of benefiting the development of different plant species. The rhizobia were the
first microorganisms used as inoculants. Currently, the use of inoculants is widespread and indicated
in agriculture, mainly for legumes such as soybeans, common beans, faba beans, and cowpea, but the
production of inoculants for other legumes and non-legumes has increased in order to obtain greater
yield [32].

The high variability among strains of indigenous communities is largely the result of the numerous
stresses and natural interactions to which these communities are subject due to edaphoclimatic factors.
However, it must be emphasized that the genes that regulate BNF are highly conserved in the organisms
that express it. Therefore, they are not subject to significant variations [29,33]. The efficiency of strains
in the native community has a direct impact on BNF with legumes that are native or introduced
in certain areas. BNF is determined by the efficiency and number of rhizobia present in the soil
and influenced by the host and environmental conditions [34,35]. The characteristics of the native
community of rhizobia, especially features related to competitiveness and efficiency, are critical for the
management of legumes of agricultural importance or those that want to explore the BNE. Inoculation
with efficient rhizobia is usually recommended for locations where there are no compatible rhizobia,
reduced soil rhizobia populations, or where the native community of rhizobia has low efficiency [36].

Currently, the benefits of using inoculants are well known and the target of frequent studies.
However, potential environmental impacts related to this practice are generally overlooked. The use of
microbial inoculants can influence the indigenous microbial communities. In addition, there is a major
concern about how the impact on taxonomic groups can be related to effects on functional capabilities of
the soil microbial communities. The use of microbial inoculants may cause major changes in microbial
soil communities. This change is capable of ultimately inducing unpredictable feedback reactions. This
is because the responses in vegetative development (plant growth), contrary to expectations, may be
related to indirect effects of using the inoculant such as induction or repression of resident microbial
populations which can influence beneficial soil functions such as biological nitrogen fixation [37].

Bakhoum et al. [38] demonstrated that, in addition to the inoculant, soil origin and the plant
provenance influenced the plant growth, bacterial structure, and diversity and soil functioning in
plant rhizosphere. This means that inoculation with selected rhizobial strains is a suitable tool for
increasing plant growth; however, for each soil origin, plant species, or provenance, a rhizobial strain
must be objectively selected. In this scenario, an inoculum mixture is an alternative to be considered.
Thilakarathna and Raizada [39], through a meta-analysis that encompassed several studies on soybean
inoculation, demonstrated that inoculants consisting of indigenous rhizobia, sometimes, result in
greater yields than non-local, improved rhizobia under field conditions and that these native rhizobia
are generally more competitive than the improved rhizobia in terms of nodule occupancy. This
indicates that native rhizobia may have potential for commercial inoculant production at a local level.
Additionally, the review pointed out that locally adapted rhizobia strains are capable of performing
better under environmental stress conditions than introduced rhizobia. This characteristic is especially
important for the choice of inoculant strains for some regions with limiting characteristics such as
semi-arid regions.
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The rhizobia host specificity refers to the ability to interact between symbionts. It is a concept that
can be applied to both bacteria and plants. Legume root exudates contain phenolic compounds called
flavonoids that may or may not activate nod gene expression in the bacterial partner. If activated, nod
genes expression results in the production and secretion of a set of molecular signals known as nod
factors, that may or may not elicit the appropriate responses in the plant required for rhizobial root
infection and nodule development [40]. Strains of rhizobia and legumes that can establish symbiotic
relationships with several species are considered promiscuous. Usually, a particular species of rhizobia
can nodulate a limited rate of legumes [36,41,42]. Therefore, the harnessing of N fixation as a tool
for agricultural development is dependent on immersing oneself in the vast diversity of species and
characteristics to identify and select the agronomically more efficient ones. The symbiotic relationships
between two species and the diversification of rhizobia in functional, adaptive characteristics through
the ecological gradient can determine the N input in several ecological niches [36,43].

Biological nitrogen fixation includes several processes, such as the recognition of symbionts,
infection and colonization of plants by bacteria, the formation of root nodules by the plant, and
biological N fixation. The plants regulate the formation of root nodules that house nitrogen-fixing
rhizobia and adjust investment into nodule development and growth [44]. Legumes occupy a variety
of habitat types, and they can also take on a range of growth forms (trees, vines, shrubs, and herbs)
and substantially differ in their promiscuity with rhizobial partners (generalists vs. specialists) and
their ability to regulate symbiotic nitrogen fixation (obligate vs. facultative) [45].

For nitrogen-fixing rhizobia, assemblages are mostly determined by filtering by the host as well
as abiotic soil conditions [46]. Therefore, legume-rhizobia association is a powerful model of the limits
of host control over microbes [44].

An important consideration when assessing the effects of mutualisms such as legumes and
rhizobia is the specificity/promiscuity of each partner in the symbiosis. If a species in the mutualism is
a generalist (will engage in symbiosis with multiple partner species), then increasing partner diversity
can increase its contribution to ecosystem functioning [45]. However, for legumes adapted to highly
variable environments and nutrient-poor soils, filtering out rhizobial partners may not be an effective
strategy to ensure symbiotic benefits [46]. Strain-specific legume rhizobia symbioses can develop in
particular habitats and lateral gene transfer of specific symbiosis genes within rhizobial genera is
an important mechanism allowing legumes to form symbioses with rhizobia adapted to particular
soils [47]. The generalists (i.e., promiscuous legumes) obtain fewer average benefits from rhizobia than
specialists [45]. However, the “Jack-of-all-trades is a master of none” hypothesis asserts that specialists
persist because the fitness of a generalist utilizing a particular habitat is lower than that of a specialist
adapted to that habitat [48].

Specialized interactions help structure communities, but persistence of specialized organisms
is puzzling because a generalist can occupy more environments and partake in more beneficial
interactions [48]. A specialist-generalist trade-off would suggest that hosts often benefit from
blocking many rhizobia strains, which conflicts with the fitness interest of rhizobia to increase
nodulation [44]. Therefore, species-specific legume-rhizobial interactions can directly influence niche
and fitness differences among legume species and between legumes and non-legumes, with important
consequences for the richness—productivity relationship [45].

Both the rhizobia-host specificity and the diversity of the native rhizobia community are
fundamental for the efficient use of inoculants. Poor inoculation responses may be related to
large and diverse indigenous populations of well adapted nodulating bacteria. This occurs with the
inoculation of beans in Latin American agricultural fields [49].

3. Identification of Bacterial Strains and Determination of Rhizobia Diversity

Rhizobia have been extensively characterized in global studies due to their high diversity and
importance for agriculture [50]. These studies of diversity generally involve sampling of nodules in
the fields (soils and seeds), rhizobia isolation from nodules, identification of the isolates at the genus
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and species levels, molecular characterization through genotyping of isolates, and characterization of
symbiosis-related genes, as well as nodulation tests, phenotyping, and description of new rhizobium
species [51].

Currently, several molecular tools are available to study and identify bacterial diversity. Molecular
methods have been developed to reveal the rhizobia diversity at the genetic, strain, species, genus,
or higher levels [51]. Genetic analysis includes DNA-DNA hybridization, G + C contents, and
PCR analysis using a large number of genes, including housekeeping genes [52]. For molecular
characterization of the rhizobial strains, different PCR methods can be used [50]. To further improve
the identification process, the analysis of conserved housekeeping genes has been used successfully
to detect rhizobia diversity with precision [52]. The housekeeping genes used in PCR and sequence
analyses for further characterization of representative strains of each recA genotype include the 16S
rRNA, atpD, glnll, dnaK, gap, glnA, gltA, gyrB, pnp, rpoB, and thrC. Recommended strategies for studies
on rhizobia diversity include 1, screening by recA phylogeny; 2, phylogenetic analyses of housekeeping
genes; 3, BOX-PCR; 4, phenotypic characterization; 5, chemical taxonomy; 6, phylogenetic analyses
of symbiosis genes and symbiotic specificity; 7, genome analysis; 8, description of new species and
genera [51].

Sequencing the 16S rRNA gene, one of the most important tools in current studies on microbiology,
has been used mainly to identify and classify isolates from pure cultures and estimate bacterial diversity
in the environment without culture samples, through metagenomic approaches [53]. The 165 rRNA
gene is a component of the 30S subunit of the prokaryote ribosomes, whose other components are
23S and 5S in the RNA molecules. The 16S gene is considered a good phylogenetic marker because
it displays some conserved regions that are useful for unveiling phylogenetic relationships between
distant species and also more variable regions, which are used to differentiate closely related species.
For example, Salvina et al. [54] carried out preliminary tests to select the best procedure for genetic
identification of rhizobia species and selected the 165 rRNA gene due to its reliable genetic identification
of bacteria. Moreover, Hakim et al. [55] used the sequencing of the 16s rTRNA by the illumina®system
(Ilumina, Inc, San Diego, USA) to obtain an overview of microbial diversity using a metagenomic
approach and the relative distribution of the endophytic population (rhizobial and non-rhizobial) in
mung bean nodules grown in different areas.

Although important, molecular methods should not be limited to the 16S rRNA gene alone,
since a taxonomic consensus is best achieved when different types of data are combined. Such an
integrated model, which includes phenotypic, genotypic, and phylogenetic information, is referred to
as polyphasic taxonomy [56]. To identify rhizobia at the species and subspecies levels, identification
and classification of bacteria and particularly rhizobia using polyphasic approaches is becoming the
most accepted method [52].

Currently, several methodologies and other housekeeping genes have been used in phylogenetic
studies of bacteria, mainly because the 165 rRNA has limitations in resolving the taxonomy and
phylogeny of some genera, such as Bradyrhizobium, where high conservation of this gene hampers
diversity analysis and species identification [56,57]. Other methods that have been used include
characterization and screening of nodulating bacteria and sequencing of repetitive DNA-like BOX, ERIC
sequences, and the 165-23S rRNA intergenic spacer. However, so far, limited databases are available to
compare results from different studies [52]. Moreover, screening by recA is advantageous because such
phylogenetic analyses can simultaneously determine the genus and species of the rhizobial strains.
On the other hand, many rhizobial species share highly similar (>97%) or even identical sequence of
16S rRNA.

A phenotypic or morphocultural characterization is a culture-dependent, fast, and low-cost
method that provides information on groups of viable and cultivable microorganisms in a soil
sample [58]. The phenotypic data involves biochemical and physiological traits, and analysis includes
Gram staining; cell morphology and motility; oxidase and catalase activity; Biolog tests; NaCl tolerance,
antibiotic, pH and temperature profiling; fatty acid composition; nodulation; and N fixation [52]. In
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this method, evaluating the morphological characteristics is the first step to identify new taxonomic
groups of microorganisms. Due to its low cost, the phenotypic characterization can be useful in
laboratories that do not have access to sophisticated technologies [59]. Currently, despite the high
value of molecular methods to bacteria taxonomy, phenotypic characterization still plays an important
role in classification [60]. The isolation and characterization of rhizobia from nodules collected in the
field or from bait plants require few materials and are carried out, according to Vincent [61], in the
following stages: 1, rehydration of nodules, if desiccated, in sterile water; 2, superficial disinfestation
of nodules; 3, crushing and streaking the internal content of the nodule in a petri dish containing
Yeast-extract-mannitol (YEM) broth. The most important characteristics observed are the time of
emergence of isolated colonies and pH reaction in YEM broth with bromothymol blue; however,
exopolysaccharide production, shape, size, color, texture, consistency, and optical details of the
colony can also be observed [62]. Thomas-Oates et al. [63] also point out physiological and symbiotic
characteristics as important for the characterization of strains of rhizobia.

Analyses of the chemical composition of Rhizobium cells include the content of cellular fatty acids,
protein, respiratory quinones, polar lipids, and G + C mol% of the genomic DNA [53]. Although the
data from these analyses are not so valuable for species differentiation, they can be used as descriptive
characteristics for the species that are currently known [52].

Genome analysis complements studies on bacterial diversity. With the development of genome
sequence analysis, the DNA-DNA hybridization (DDH) methods were replaced by average nucleotide
identity (ANI) and digital hybridization of genome sequences in the description of novel species and
genera [64,65]. Several analyses mentioned here are used to describe new species and genera. The
International Committee on Systematics of Prokaryotes hosts the Subcommittee for the Taxonomy of
Rhizobia and Agrobacteria, which holds regular meetings to discuss relevant issues and keep track of
newly published species and genera. Importantly, the subcommittee publishes recommendations for
the description of new species and genera of rhizobia and agrobacteria, and authors are expected to
follow these guidelines [51].

Using these described methods, we identified different types of nodular bacteria and verified
that nitrogen-fixing Leguminosae-nodulating bactéria (NFLNB) or rhizobia are included in a diverse
phylogenetic classification list with species distributed in alphaproteobacteria and betaproteobacteria
of the following genera (Table 1):

Table 1. Classification and number of species of bacteria identified as rhizobia.

Species of Rhizobia within the Genus,

Family Genus/Type Species According to List of Prokaryotic Names  References
with Standing in Nomenclature (2018)
Rhizobium. Type species: R. leguminosarum 133 species [66]
Ensifer/
Rhizobiaceae Sinorhizobium Type species: E. adhaerens; The genus Ensifer/Sinorhizobium covers
- : [67,68]
S. fredii; about 24 species
S. xinjiangensis.
Allorhizobium. Type species: A. undicola 9 species [69]
Pararhizobium. Type species: P. giardinii. P. giardinii; P. herbae [70]
Shinella. Type species: S. granuli S. kummerowiae [71,72]
Neorhizobium. Type species: N. galegae N. alkalisoli, N. galegae and N. huautlense [73]
L . . A. caulinodans, A. doebereinerae and
Hyphomicrobiacene Azorhizobium. Type species: A. caulinodans A. oxalatiphilum [74-76]
Devosia. Type species: D. riboflavina D. neptuniae [77,78]
Bradyrhizobiaceae Bradyrhizobium Type species: B. japonicum 60 species [79-81]
Blastobacter. Type species: B. tienricii B. denitrificans [82]
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Table 1. Cont.

Species of Rhizobia within the Genus,

Family Genus/Type Species According to List of Prokaryotic Names  References
with Standing in Nomenclature (2018)
Mesorhizobium. Type species: M. loti 59 species [83,84]
Phylobacteriaceae Aminobacter. Type species: A. aminovorans A. anthyllidis [85,86]
Phyllobacterium 8 species: P. ifrigiyense, P. vlegummum,
Type species: P. myrsinacearun P. bourgognense, P. brassicacearum, [87,88]
Ypesp Py P. endophyticum, P. loti, P. sophorae, P. trifolii
Methylobacterium. Type species:
Methylobacteriaceae M. organophilum M. nodulans [89,90]
Microvirga M. lupini, M. lotonononidis, M. zambiensis [91,92]
Type species: M. subterrinea and M. vignae !
. . O. lupini, (synonym of O. anthropic);
Brucellaceae Ochrobactrum. Type species: O. anthropi 0. cytisi [93-96]
Burkholderia. Type species: B. cepacian.
Sawana et al. (2015) proposed the The genus Burkholderia has 32 species and [97-99]
X division of the genus into Burkholderia Paraburkholderia has 69 species
Burkholderiaceae .
and Paraburkholderia,
Cupriavidus. Type species: C. necator C. taiwanenses [100-102]
Ralstonia. Type species: R. pickettii, R. tawanensis (Sinonimous: Cupriavidus [103,104]

taiwanensis; Wautersia taiwanensis)

4. Diversity of Rhizobia in Nodules of Legume Trees in the Humid Tropics

In the humid tropics, more specifically, in the periphery of the Amazon region, legume trees
are important for their ability to colonize and supply N in environments with poor soils due to
the continuous production of biomass throughout the year, even in long periods of drought, which
provides better soil coverage [105].

Legume trees of economic and environmental interest are distributed throughout the world, and
some non-native species are widely distributed in the tropics [106]. These legumes can be used to
recover degraded areas by providing N-rich biomass for agroforestry systems, produce high-quality
forage for livestock, stabilize slopes against erosion, and provide shade for planting crops, fruits, and
vegetables for human consumption, among others [33,107]. It should also be noted that the success of
the BNF of legume, both introduced and native, depends on the presence of compatible and efficient
rhizobia in the native community of the soil [106]. Therefore, the evaluation of the presence or absence
of efficient strains in the native community of the area and forecast of the need for inoculation is
the first step towards the establishment of legume trees, regardless of the purpose. This review will
focus on four legume trees, the leucaena (Leucaena leucocephala (Lam.) de Wit), acacia (Acacia mangium
Willd.), sombreiro (C. fairchildiana R. A. Howard), and gliricidia (G. sepium (Jacq.) Kunth), common in
sustainable agricultural systems in the humid tropics due to their effectiveness in the use of N, mainly
by low-income family farmers [10,13].

Leucaena is a fast-growing legume tree belonging to the subfamily Mimosoideae, native to
Central America and widely distributed in tropical regions. It has a high BNF (average of 177-247
kg ha™!), high leaf N content (about 1.3%), and high biomass production (about 5 t ha~!) [108].
Leucaena is used to rehabilitate degraded areas by vegetation covering, in agroforestry systems,
as forage, human food, firewood, wood, green manure, shade, support for scandent species, and
to control wind and soil erosion [109]. It appears that leucaena is non-specific with respect to its
symbiotic relationships with NFLNB, since it can form nodules with species of several genera of
rhizobia. A survey of several studies carried out in tropical regions indicated that nodulation of
leucaena occurs, preferably, with fast-growing rhizobia. Four recent studies have identified species of
Rhizobium in leucaena nodules [105,109-111], while others have found species belonging to the genus
Mesorhizobium [109-112]. Only one study reported the occurrence of symbiosis between leucaena and
Bradyrhizobium [111] and between leucaena and Cupriavidus [113].
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The BNF capacity of acacia in symbiosis with rhizobia is one of its most advantageous characteristics.
This legume establishes symbiosis with species of Bradyrhizobium, Rhizobium, Mesorhizobium, and
Ochrobactrum [114,115]. However, symbiosis between acacia and strains of Bradyrhizobium is more
common than with species of other genera of rhizobia, as shown in studies on the identification of
rhizobia strains in symbiosis with acacia in several regions [94,116-119]. Some authors have reported
that effective nodulation of acacia occurs only with specific strains of Bradyrhizobium sp., such as
B. elkanii, although acacia seedlings show high variability in their ability to fix N, in symbiosis with
their specific strains of Bradyrhizobium [114,117,118,120].

Another legume of interest is gliricidia, a medium-sized tree that can reach up to 12 m in
height [121]. The species is native to Mesoamerica and is considered the second most important
multifunctional legume tree only behind leucaena [122]. Due to the high capacity of climate adaptation,
this legume has been transported to most tropical countries, where it is widely distributed. Gliricidia
can produce about 5 t ha™! of dry matter and 186 kg ha™! of N. The capacity for BNF makes the
use of this species advantageous, especially for green manure purposes and for use in agroforestry
systems. This legume establishes symbiosis, preferably with fast-growing rhizobia, mainly of the genus
Rhizobium [25,123]. This fact is confirmed by the massive presence of species of the genus Rhizobium
in a survey carried out with the main studies that addressed symbiosis of gliricidia with rhizobia,
identified by a wide variety of molecular or classic methodologies [25,105,109,110,124,125].

The sombreiro is a rustic, medium to large fast-growing legume tree. The species is native to Brazil,
and its phytogeographic domain includes the Amazon rainforest. Although it has a clear preference for
fertile and moist soils, the sombreiro can also occur in open and altered areas [126]. The BNF capacity
of this tree is known, but little studied, despite its high production of biomass (about 8 t ha™!) and N
(328 kg ha~1) [127], with reports of symbiosis with Rhizobium strains [114] and Bradyrhizobium [25,120].

5. Final Considerations

The huge diversity of rhizobia strains and their interactions with legume trees in tropical soils,
if used wisely, can contribute to the sustainability of tropical agroecosystems. According to studies
carried out in these regions, tropical soils have a high diversity of rhizobia, which interact with
different legumes. Furthermore, the efficiency of this symbiosis depends on both the symbionts and
external factors. Indeed, BNF is a highly complex process that involves a diverse group of bacteria,
currently distributed into seven families and 19 genera identified through several methods based on
phenotypic/morphological, biochemical, and molecular characterizations, the latter of which is making
major contributions to modern taxonomy. Fortunately, four of the most suitable legumes for use in
achieving more sustainable agricultural systems for family farmers in the humid tropics, L. leucocephala,
A. mangium, G. sepium, and C. fairchildina, perform symbiosis with different groups of rhizobia. Future
research must be focused on efficiency of the interaction between the symbionts and external factors,
which can lead to higher legume biomass, rich in N. In this scenario, the exploration of BNF as a key
ecological service could bring economic, ecological, and agronomic benefits to assist in the process of
sustainable intensification of agriculture in the humid tropics, mainly because BNF can increase the
efficiency of N use in this environment, where it is a major limiting factor.
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