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Abstract: The quality of a soil environment affects the microbial community that inhabits it. We
decided to examine whether soils formed from river sediments, located in an area of high biodiversity
of organisms, are fertile and microbiologically diverse. Fluvisols are considered to be one of the most
fertile soils. In this research, bacterial and metabolic diversity, as well as physico—chemical parameters,
in three Fluvisols from the Vistula River Gorge of Lesser Poland was investigated. The analysis of
physico—chemical and biological parameters demonstrated statistically significant differences between
the three Fluvisols examined. While determining the metabolic potential of soil microbiomes with
the use of the EcoPlate™ Biolog®technique, we also noted variation between the Fluvisols; however,
they were arranged in a significantly different manner from other properties. The next generation
sequencing method enabled us to determine the microorganisms common to three Fluvisols, and we
identified bacteria specific to individual soils. These results corresponded with the data obtained
through EcoPlate™, indicating that the structural diversity and metabolic potential of the microbiome
does not always depend on soil quality parameters. Meanwhile, the increased structural diversity of
the microbiome was found to improve the metabolic potential of soil microorganisms.

Keywords: biodiversity; Fluvisols; microbiome; physicochemical properties; soil microbiota; soil
properties; soil quality; Vistula River Gorge of Lesser Poland

1. Introduction

Soil is a complex and dynamic ecosystem whose functionality is related to the links that exist between
chemical, physical, and biological parameters and resident microbial communities. Soil quality can be
defined as the balance between high activity and high microbiological biodiversity [1]. The management
of soil quality plays an important role in protecting the environment, through preserving biodiversity
and good agricultural practices [2]. Many different microorganisms live in this environment, including
bacteria, archaea, fungi and yeasts, and protozoa and microalgae. Soil microorganisms play a central
role in decomposing organic matter, determining the release of mineral nutrients and in nutrient cycling,
and have direct and indirect effects on both crop growth and quality [3-5]. The structural composition
of the soil microbiome can be studied in detail using next generation sequencing (NGS) [6] and its
metabolic potential via the EcoPlate™ method (Biolog®system) [7].

In addition to the composition and activity of soil microbiomes, the quality of the soil is also
defined by its physical, chemical, and biochemical parameters [8]. Among the parameters used to
assess the quality of soil, one can distinguish pore size distribution (PSD), organic matter content,
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pH value, the total content of carbon and nitrogen, microbial biomass carbon and nitrogen contents,
enzymatic activity, and glomalin contents [9].

The microbiological diversity of soil influences its functioning and stability [5]. At the same time,
the physical and chemical parameters of the soil influence the microbial community and its activity. It is
considered that a certain minimum number of species is necessary for the functioning of ecosystems,
although the relationship between microbiological diversity and the functioning of the soil system is not
well known. A total of 80-90% of soil processes are reactions in which microorganisms mediate [5,6]. It
can be concluded that soil quality is the result of interactions between physical, chemical, and biological
properties [1]. A comprehensive assessment of the chemical, physical, and biological properties of soils
is important for explaining the relationship between basic soil processes and in monitoring changes in
the soil environment [10]. The Vistula River Gorge of Lesser Poland, which covers about 80 km from
Zawichost to Putawy, is one of the most exquisite fragments of the Vistula valley [11]. It is protected
by two Natura 2000 areas: PLB 140006 (from J6zeféw to Kazimierz Dolny) and PLH 060045 (from
the mouth of the Sanny River, near Annopol, to Putawy). This area is characterised by considerable
biodiversity. Indeed, there are numerous species of water and mud birds, fish, and plants of European
rank. The valley of the central Vistula River is a rich grouping of flora and fauna [12,13]. Understanding
the biodiversity of this area, including on a micro scale, may expose other untypical species present in
the area and their specific properties. The river valleys are characterised by the occurrence of fertile soils,
or Fluvisols. These soils are rich in organic matter and plant nutrients [14]. The most extensive area of
Fluvisols in Poland occurs along the Vistula River [15]. These Fluvisols play an important agricultural
role and are actively used by farmers [16]. The agricultural area covers approximately 34% of the area
of Fluvisols in the Vistula River Gorge of Lesser Poland.

We have therefore decided to investigate what is influencing the fertility of Fluvisols. The aim
of this research was to determine the interaction between the physico—chemical parameters of soil
which is considered fertile with the activity and composition of its microbiome. For this purpose, we
determined the characteristic soil properties and structural biodiversity of soil bacteria, as well as
metabolic activity, in three different Fluvisols of the floodplain area from the Vistula River Gorge of
Lesser Poland. We assumed that the differences between the soils located in the same floodplain area
of the Vistula River, undergoing the same treatments and weather conditions, would not be significant.
Additionally, we assumed that selected soils, formed from river sediments and located in an area of
high natural importance, would be characterised by high activity and microbiological diversity, as well
as other parameters of soil quality being high, which would indicate their fertility.

2. Materials and Methods

2.1. Site Information

The study was conducted in eastern Poland, in the Lubelskie Voivodeship (Figure 1). Three
different Fluvisols were taken from the Vistula floodplains of the Vistula River Gorge, Lesser Poland.
Soil sampling abbreviations and locations are shown in Table 1.

The selected locations were grassland, not used for agricultural purposes, and located between
the Vistula riverbed and the flood embankment, which are natural floodplains of the Vistula River.
The climate in the area is classified as a warm-summer humid continental climate (Dfb, according to
the Koppen climate classification). The mean annual temperature is 7.7 °C in Wojszyn and 7.9 °C in
Janowiec. The mean annual precipitation is 537 mm in Wojszyn and 527 mm in Janowiec [17].

Fluvisols were selected on the basis of a soil and agricultural map on the scale of 1:25,000. The soil
and agricultural map provided us with preliminary information on the particle size distribution of
these soils, which allowed us to select suitable locations for the collection of soil samples. We chose
soils that are widely recognised as fertile, located in close proximity, under the same climatic conditions,
and without human activity.
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Figure 1. Location of the Vistula River Gorge of Lesser Poland on the map of Poland (photo on the
right) and the area of soil sampling for research (photo on the left).

Table 1. Soil samples used in the experiment.

Abbreviation Location GPS Coordinates Distance from the Riverbed
. 51°20°03.4” N
F1 Wojszyn, Putawy County 21°56/43.2” E 525 m
. 51°1929.9” N
F2 Janowiec (1), Putawy County 21°55'19.0” E 80 m
. 51°19'14.4” N
F3 Janowiec (2), Putawy County 21°54742 9" F 225m

2.2. Sample Collection

Soil samples were collected in August 2018 from 0-20 cm depth from 15 representative spots
(from an area of approximately 0.04 ha) per Fluvisol. Soil samples were pooled (~1 kg), sieved through
a 2 mm sieve, and quickly stored at 4 °C until analysis of the soil biological properties and metabolic
potential of the microbial community, and in —20 °C until DNA extraction.

2.3. Analysis of Soil Physico-Chemical Properties

The soil particle size distribution (PSD, %) was measured via the laser diffraction method, using a
Mastersizer 2000 analyser [18]. The soil pH in KCl was measured potentiometrically (1:2.5 mV) in
a suspension of soil within a 1 mol dm~ KClI solution. The soil stability was measured in terms of
readily dispersible clay (RDC, g 100 g~! of soil) using a Hach 2100 AN ratio turbidimeter [19]. The total
carbon (TC) and nitrogen (TN) contents (%) in the soil were determined using a Vario Macro Cube
CN analyser [20]. The organic carbon (OC) and organic matter (OM) concentrations (%) in the soil
were measured using the Tiurin modified method [21]. The content of selected heavy metals (g kg_1 of
soil) in the soil were assessed using microwave digestion (CEM MARS Xpress) with a mixture (1:3 v
v~1) of ultrapure HCl and HNO3. Next, the contents of metals were determined using the inductively
coupled plasma mass spectrometer (ICP-MS) Agilent 7500ce.

2.4. Analysis of Soil Biological Properties

Enzymatic activities were determined spectrophotometrically in triplicate. The activity of soil
dehydrogenases (DHa, pg TPF g_1 d.m. of soil 24 h™!) was determined using Casida et al.’s [22]
method, with TTC (2,3,5—triphenyl-tetrazolium chloride) as a substrate. The measurement of alkaline
(AIP) and acid (AcP) phosphatase activities (g PNP g~! d.m. of soil 1 h™!) was performed with
p-nitrophenyl phosphate (p-NPP) as a substrate, according to Tabatabai [23]. Microbial biomass carbon
(MBC) and microbial biomass nitrogen (MBN) contents (ngC/N g_1 d.m. of soil) in the soil were
measured via the chloroform fumigation—extraction method [24].



Sustainability 2019, 11, 3929 4 0of 20

2.5. Physiological Profiling of Microbial Communities—Biolog EcoPlate™

The metabolic potential of the soil microbial community was determined using the Biolog
EcoPlate™ (Biolog Inc., Hayward, CA, USA). One gram of fresh soil sample was suspended in 99 mL of
sterile water, shaken for 20 minutes, and incubated at 4 °C for 30 minutes [25]. Next, the soil suspension
was applied to each well of the microplates in a volume of 120 ul and incubated at 25 °C for 120 h.
The intensity of colour development was determined spectrophotometrically at A = 590 nm [26] for a
period of 120 h at 24 h intervals, using a MicroStation ID system (Biolog Inc., Hayward, CA, USA).
The most intensive metabolic activity was observed after 120 h of incubation, and the results obtained
at this time are presented here. The classification of substrates into five biochemical groups was made
according to Weber and Legge [25].

2.6. Soil DNA Extraction and Next Generation Sequencing (Miseq, Illumina)

Total DNA was extracted from each soil sample with the FastDNA™ SPIN Kit for Soil (MP
Biomedical), according to the manufacturer’s instructions. The concentration of DNA was measured
by a NanoDrop 1000 Spectrophotometer (Thermo Scientific) and diluted in sterile water to 10 ng pl=!.

Next generation sequencing was performed in Genomed S.A. (Warsaw, Poland). The hypervariable
V3-V4 region of the 16S rRNA gene was sequenced using 341F and 785R primers [27]. Library
preparation was made with Q5 Hotstart HF DNA Polymerase (NebNext), according to the
manufacturer’s instructions. Sequences shorter than 250 bp and containing more than 50 degenerated
bases were filtered out. Subsequently, the reads were demultiplexed.

Amplicon sequence variants (ASVs) were resolved using the DADA2 version 1.8 package [28] in
R version 3.5.1 [29]. Based on the sequences’ quality plots, forward and reverse reads were trimmed to
250 bp and primer sequences were removed from all reads. The filtering parameters were as follows:
maxN = 0, maxEE = 2, truncQ = 2. Other parameters were set to default. The error rates were estimated
by learnErrors using one million reads. Sequences were dereplicated using derepFastq with default
parameters, and exact sequence variants were resolved using dada. Next, removeBimeraDenovo was
used to remove chimeric sequences.

Taxonomy was assigned against the latest version of the RDP database (11 version) using the Naive
Bayesian Classifier [30] with the minboot parameter set to 80. The resulting taxonomy and reads-count
tables constructed in DADA?2 were appropriately converted and imported into the phyloseq (1.22.3)
package [31]. Sequences belonging to the chloroplast or mitochondrial DNA were removed.

2.7. Statistical Analysis

Statistical analyses were performed using Statistica ver. 10.0 (StatSoft. Inc., Tulsa, OK, USA).
Significant differences were calculated according to post hoc Tukey’s HSD (Tukey’s honest significant
difference) test with a significance level of p < 0.05. Heat maps were developed using data from
the average absorbance values after 120 h incubation of Biolog EcoPlate™. On the basis of the data
obtained at 120 h, the average well colour development (AWCD), richness, Shannon diversity (H’),
and evenness (E) indexes were calculated, as given in Table 2. The results were submitted to principal
component analysis (PCA) in order to determine the common relationships between parameters.

Table 2. Formulae used to calculate indices based on Biolog microplates data.

Index Formula and Description References
AWCD =) (C-R)/n

A D
(avera ‘eNvf/:ell color C—reading of the well OD590; [32]
dev%lopment) R—reading of the control well OD590;

n—number of substrates on an EcoPlate™ (n = 31).
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Table 2. Cont.
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Index Formula and Description References
, N
Shannon diversity H = - ; E‘lp i(Inpi) [33]
(H) pi—proportional color development of the well over the total o
colour development of all wells (96) of a plate;
n—number of substrates on an EcoPlate™ (n = 31).
Shannon evenness E =H’/InR [34]
(E) R—substrate utilization richness (the number of wells with
colour development)
Richness The number of wells with color development—number of [35]
(R) utilised substrates with OD590 > 0.25

3. Results

3.1. Soil Physico-Chemical Properties

The examined soils were classified on the granulometric composition basis as sandy loam—F1 and
F2, and sand—F3 (Table 3). The content of total and organic carbon, total nitrogen, and organic matter
was highest in F1 and lowest in F3. The soil pH of the three Fluvisols was neutral. The content of RDC
was not determined in F3 because the content (%) of colloidal clay (soil texture < 0.002 mm) in the
sample was 0.00 (Table 3). Nevertheless, according to the classification proposed by Czyz et. al. [19]
the following susceptibility class for soil destruction was found in the other Fluvisols: F1—very poorly
susceptible, and F2—susceptible soil. It can be noted that the TC, OC, TN, and OM contents in the soils
examined were arranged in the following sequence: F1 > F2 > F3.

Table 3. Selected physical and chemical properties of the examined soil (0-20 cm depth).

Soil Soil Texture, mm (%) Textural Classes RDC (g TC ocC TN oM
Sample 50005 0050002 <0002 USDA! PIGZ & < 100gTsel) (%) 0 (6 (%)

355+ 278+ 028+ 479+

a
F1 58 38 4 SL gp 6.96 0.16 oo2s 004 005%  006s
207+ 172+ 017+ 296+

a
2 67 30 3 SL gp 6.94 0.32 Golb 0025 001> 003b
0.61+ 0.57+ 0.06+ 0.98+

.
= 92 8 0 s pl 6.75 .d. 001¢  002¢ 001¢ 0.04¢

1 according to USDA classification: SL—sandy loam, S—sand; 2 according to the Polish System of Soil Classification
2008 [36]: gp—glina piaszczysta (sandy loam), pl—piasek luzny (sand); RDC—readily dispersible clay; TC—total
carbon content; OC—organic carbon content; TN—total nitrogen content; OM—organic matter content; means +
standard deviation (SD); different letters (a—c) in the columns indicate values with significant difference at p < 0.01
(n = 3) by Tukey’s honest significant difference (HSD) test.

The total content of some metals in the soil samples was determined. A high content of aluminium
and iron was recorded in F1 and F2 (Table 4).

Table 4. Trace elements contents (g kg~! soil) in the examined Fluvisols.

Soil Metal Content (g kg1 soil)

Sample  4j Ba Ca Co Cu Cr Fe K Li Mg Mn  Pb Zn

g 728 021+ 1525 002+ 005+ 009+ 3277 883+ 004+ 855+ 135+ 006+ 048+
+049 000 £010 000 000 000 =+001 006 000 001 000 000 000

g P17 015+ 747+ 001 003+ 006+ 2042 7.17% 002% 537+ 079+ 003+ 02
+007 000 001 000 000 000 +042 007 000 007 002 000 000

py 875% 005+ 136 000 001+ 002% 658+ 257+ 001x 143+ 023 001+ 004
019 000 002 000 000 000 006 002 000 001 000 000 000

Values are the average of three replicates (n = 3); means + standard deviation (SD).
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The content of metals in individual soils followed the same trend as in the case of carbon and
nitrogen content—in F1, the highest values of individual metals were recorded in comparison with
other soils, and the lowest values in F3.

3.2. Soil Biological Properties

Enzymatic activity is a sensitive parameter influenced by a number of natural and anthropogenic
factors [8,37]. The enzymatic activity of the Fluvisols examined is presented in Figure 2. The activity
of dehydrogenases (DHa) was significantly (p < 0.05) higher in F1 (by 11.6%) than in F2, and 63.2%
higher than in F3 (Figure 2A). The DHa obtained in our studies differed significantly between the
soils studied.

A
1200 T a HAcP TAIP B

~ a 400.0 T i

= T il 1

3 1 b =

= 100.0 + = 3500 T

] P

z 23000 T

— 800 T <

Py & 2500 +

e £ a

2 600 + 2 2000 +

z s b

2 z t5

Z 00l ¢ 3 1500 T

a f E:
8 C
E 1000 + H
Z b

200 + 2 c
L‘ 500 | . .
0.0 . f y 0.0 t
F1 F2 F3 F1 F2 F3

Figure 2. Enzymatic activity in three Fluvisols: (A) dehydrogenases (DHa); (B) Activity of phosphatases:
AcP—acid phosphatase (green columns), AlIP—alkaline phosphatase (blue columns); different letters
(a—c) indicate values with a significant difference at p < 0.05 (n = 3) by Tukey’s HSD test; vertical bars
represent the standard error (SE).

The activity of acid phosphatase (AcP) was higher in F1 than F2 and F3, by 67.4% and 72.9%,
respectively (Figure 2B). Similar differences were noted in alkaline phosphatase (AIP) activity, which
was 56.4% and 74.9% higher in F1 than in F2 and F3, respectively. These results were significantly
statistically different.

The levels of MBC and MBN were higher in F1 than in other soils (Table 5). The smallest MBC and
MBN contents were observed in F3. The obtained values differed statistically significantly between
the Fluvisols.

Table 5. Microbial biomass carbon (MBC) and nitrogen (MBN) contents (ugN/C g_1 d.m. of soil) in
three Fluvisols.

Soil Sample MBC MBN
(ugc g1 d.m. of soil)  (ugn g1 d.m. of soil)
F1 574.67 +13.32 105.09 +4.5°
F2 19111+ 6.7° 32.95+22P
F3 84.36 £9.7 ¢ 1142 +1.2°¢

The values are the average of three replicates (1 = 3); means + standard deviation (SD); treatment means marked
with different letters (a—c) in the columns are significantly different at p < 0.05 (n = 3) by Tukey’s HSD test.

3.3. Microbial Metabolic Potential

The Biolog®EcoPlate™, with three replications of 31 different substrates, represents a useful
approach for environmental community analysis [38] and has proven to be an effective technique for
observing differences in the functional diversity of microbial communities in Fluvisols. Differences in
the metabolic activity of the soil microbial community are presented in Figures 3 and 4.
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Substrate

Tween 80
Tween 40
Putrescine
N-Acetyl-D-Glucosamine

Methyl

Pyruvate

m-Erythritol

L-Ti

hreonine

L-Serine

L-Phenylalanine
paragine < |

L-As|

L-Arginine
Itaconic Acid

Glycyl-LGlutamic Acid

Glycogen

g-Hydroxy-Butyric Acid
D,L-a-Glycerol-Phosphate

D-Xylose
D-Mannitol
D-Malic Acid

D-C

a-D

a-D-Glucose-1-Phosphate

D-Glucosaminic Acid
D-Galacturonic Acid
D-Galactonic Acid-g-Lactone

ellobiose

b-Phenylethylamine
b-Methyl-D-Glucoside
a-Keto-Butyric Acid

-Lactose

a-Cyclodextrin

4-Hydroxy-Benzoic Acid
2-Hydroxy-Benzoic Acid

Incubation time (h)

7 of 20

Figure 3. EcoPlate™ substrate utilisation during 120 h of incubation (average from n = 3); lack of or low
utilisation is represented by a dark blue colour; the gradient from light blue to red represents positive
utilisation; the colour key scale (from —2 to 2) for each substrate is based on dye reduction, quantified

by Omnilog units.

PCSG utilization (%)

100%

80%

60%

40%

20%

0%

OAA OAMAD

OCH OCXA OPL

F1

F2

F3

Figure 4. Percentage of utilisation of particular carbon substrate groups (PCSG) by microbial
communities after 120 h of incubation (average from n = 3); five groups of substrates: AA—amino
acids (n = 6), AMAD—amines and amides (n = 2), CH—carbohydrates (n = 10), CXA—carboxylic acids

(n =9), PL—polymers (n = 4).

It can be noticed that in all soil samples the substrate utilisation increased during EcoPlate™
incubation, with the highest being recorded after 120 h (Figure 3). It can also be observed that the
microbial community inhabiting F3 was more metabolically active in comparison to other samples.
Two substrates (D, L-«-Glycerol Phosphate and 2-Hydroxy-Benzoic Acid) were the substrates least
utilised by microbial communities from all examined samples.
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When analysing the distribution of individual substrate groups, it can be observed that those
from the carbohydrates group were utilised most intensively, at a level of 28.7-29.6% in all soil samples
(Figure 4). The least utilised group of substrates comprised amines and amides (4.9-6.5%).

The calculated AWCD index ranged from 1.13 to 1.83 in all soil samples (Table 6). The highest
AWCD was observed for microbial communities from F3 and the lowest from F1. The AWCD values
for samples F2 and F3 were statistically similar, whereas the AWCD value obtained for sample F1 was
statistically different.

Table 6. Indexes of microbial metabolic potential calculated for data obtained from the EcoPlate™ after

120 h of incubating.
Soil Sample AWCD H E R
F1 1.13+0.08° 3.35+0.022 094 +£0.012 29.33 +0.582
F2 1.66 +0.112 3.38+0.022 0.86 +0.01P 30.33 £0.58 2
F3 1.83+£0.062 3.35+0.022 0.83 = 0.00 € 29.67 £0.58 2

Means + standard deviation (SD); treatment means in the columns marked with different letters (a—c) are significantly
different at p < 0.05 (n = 3) by Tukey’s HSD test; AWCD—average well colour development, H'—Shannon diversity
index, E—Shannon evenness index, R—substrate richness index.

The Shannon diversity index (H’) showed similar values (3.35-3.38) for all soil microbial
communities, and these differences between soils were not statistically significant (Table 6). The Shannon
evenness index (E) was highest for the microbial community from sample F1 and lowest from F3.
These results differed significantly (Table 6). The substrate richness index ranged from 29.33 to 30.33 in
all samples and values were not statistically different between soil samples (Table 6).

3.4. Bacterial Community Abundance and Composition

16S rRNA gene sequencing has become very popular as a means of identifying bacteria in
environmental samples [39]. Indeed, this method allowed us to identify differences and similarities in
the composition of the microbiomes of the soils examined.

Out of all 13 phyla obtained, only seven were present in all Fluvisols in amounts above 1%:
Verrucomicrobia, Proteobacteria, Planctomycetes, Nitrospirae, Gemmatimonadetes, Firmicutes, Chloroflexi,
Bacteroidetes, and Actinobacteria. Actinobacteria was the most common phylum in all samples (Figure 5A)
at levels of 57.33-63.42%. The second most abundant phylum was Proteobacteria, occurring at
19.58-24.06%. For F1, Bacterioidetes (6.77%) was the third most numerous phyla. However, for F2 and
F3, Firmicutes (4.27%—F2, 5.295%—F3) was more significant. Only in F3 were all 13 phyla identified.
An absence of Armatimonadetes, Chlamydiae, Cyanobacteria, and Thaumarcheota phyla was recorded in
F1. Moreover, in F2, the presence of Thaumarcheota was not detected. Thaumarcheota was the only
representative of Archea identified in the Fluvisols, and only in F3, with a rather low level of 0.07%.

A total of 29 classes of bacteria were identified in all Fluvisols studied. Ten accounted for more
than 96% of all identified classes in each of the Fluvisols studied. (Figure 5B). Among the dominant
classes of bacteria were Actinobacteria, Alphaproteobacteria, Deltaproteobacteria, Gammaproteobacteria,
Sphingobacteriia, Plancomycetia, Bacilli, Gemmatimonadetes, Cytophagia, and Betaproteobacteria. The most
abundant was Actinobacteria, in the range of 57.3-63.4%. In analysing another 19 classes of bacteria,
one can note considerable variation between soils (Figure 5C). In F1, only 11 out of 19 classes were
identified. In F1 and F2, 0.7-0.6% of Caldilineae was recorded, while in F3 there were half as many
representatives of this class (0.37%). Moreover, Nitrospira occurred at 0.89% in F3, yet in F1 and F2, this
class occurred to half the extent (0.44% and 0.49%, respectively. The lowest rate of Chloroflexia was
0.06% in F1; in F2 and F3, their abundance was 0.33-0.38%.

Differentiation between the abundance of bacteria of particular genera in the Fluvisols examined
can be acknowledged (Figure 5D,E). The 17 dominant bacterial genera accounted for 53.55-60.70%
of all identified genera in Fluvisols. The number of Gaiella in F2 was 22.3%, in F3 about 47.1% less,
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and 11.8% in F1 (Figure 5D). However, in the case of Streptomyces, the opposite relationship could be
observed—in the sample of F3, bacteria from this genus occurred in amounts of 47.8% higher than in
F2 and 65.2% than in F1. The number of bacteria of the genus Nocardioides ranged from 4.75% to 7.27%
(F1 < F2 < F3). The Rubrobacter bacteria were identified in F2 and F3 in amounts of 1.69% and 2.01%,
respectively, but in F1, Rubrobacter was absent (Figure 5D). A further 22 genera of bacteria accounted for
between 9.92% and 10.50% (Figure 5E). Within these genera there were differences between Fluvisols.
The highest differences were observed in the number of Desulfuromonas and Anaeromyxobacter bacteria.
The abundance of both genera in the soils was arranged (successively) as follows: F1 (1.19-1.11%) >
F2 (0.35-0.40%) > F3 (0.14-0.13%). Moreover, in the case of Conexibacter bacteria there was a marked
difference between soils—in F3 they were the most abundant (0.84%) and in F1 the least (0.06%).

Genera

Pscudonocardia

Il
i
|

@ Anthrobacter
B Streptonmyces
@ Bradyrhizobium

Relative abundance (%)

mGeobacter

il

@ Solinubrobacter

10.0

‘ Agromyces

Iumatobacter

¥i = = B Gaiclla

120 Genera E
Povalibacter
3 Methylogeanibacter
o Kofleria
aLitorilines

| Zavarzinella
® Nakamurella

I Ramlibacter

=
&

I
@ Mesorhizobium
b | . Kribbella
| @ Rhiroo cola
@ Amseromyxolbacter
20 [ E— @ Aquibabitans
Pircllula
Desulfuromonas
Nilrospira
an @ Pedomicrobium

F1 F2 F3

Figure 5. Bacterial community structure in the different Fluvisols based on next generation sequencing:
(A) relative abundance of phyla; classifications with less than 1.0% abundance are summarised under
the artificial category “other”; (B) 10 classes of greatest relative abundance; (C) relative abundance of
other 19 classes; (D) most abundant genera in samples (17); (E) relative abundance of next 22 genera.

Of all 163 the genera of bacteria identified, 78 were common to all three Fluvisols, or about 48%
(Figure 6). Gaiella, Nocardioides, and Ilumatobacter (Figure 5D) can be distinguished. Furthermore,
in each Fluvisol, some genera of bacteria did not inhibit the other two. Indeed, in F1 and F2 there
were 12 such genera, while in F3 the number of “unique” genera was 22 (Figure 6). As the “core
microbiome” of the Fluvisols studied, 78 genera of bacteria belonging to nine phyla can be identified:
Verrucomicrobia, Proteobacteria, Planctomycetes, Nitrospirae, Gemmatimonadetes, Firmicutes, Chloroflexi,
Bacteroidetes, and Actinobacteria.
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Phaselicystis (0.18%) Rhodopseudomonas (0.09%)
Caulobacter (0.10%) Chelativorans (0.08%)
Mucilaginibacter (0.08%; Aggregicoccus (0.07%)

1
|

Blaxtocac’cus (0.32%)

Tumebacillus (0.25%)

Phycicoccus (0.15%)

Actinoallomurus (0.09%)

Bdellovibrio (0.07%)

Figure 6. Venn diagram of the overlapping bacteria genera from different Fluvisols.
3.5. Correlation of Soil Properties and the Bacterial Community

A strong positive and statistically significant correlation was observed between the biological
parameters of the soil investigated, including AIP activity, MBC, MBN, TC, OC, TN, and OM contents
(Figure 7). Astonishingly high Pearson’s correlation coefficients were detected for dehydrogenase
activity and soil pH values (=0.996), but these were not statistically significant (at p < 0.05).

AMAD
AWCD

Phyla number

CH

DHa ~0.004|

pHKCI 0.423 -0.091/-0.

ocC . . . 0.317 0.

oM . X 3 0.318 | 0.

TC

TN

AcP

MBC

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 06 0.8 1

Figure 7. Pearson’s correlation coefficients among biological properties of the Fluvisols examined; the
values indicated in red are a negative correlation, and those in blue are a positive correlation; the values
marked in bold and ¥ are statistically significant at p < 0.05 (1 = 3), the number of degrees of freedom
(df) = 1, statistically significant values must be greater than 0.9969; E—evenness index; AlP—alkaline
phosphatase; MBN—microbial biomass nitrogen; MBC—microbial biomass carbon; AcP—acid
phosphatase; TC—total carbon; TN—total nitrogen; OC—organic carbon; DHa—dehydrogenase
activity; PL—polymers; AA—amino acids; CH—carbohydrates; H'—Shannon diversity index;
CXA—carboxylic acid; R—richness index; OTUs number—number of all identified bacterial operational
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taxonomic units in Fluvisols; AMAD—amines and amides; AWCD—average well colour development;
Phyla number—number of identified bacterial phyla in Fluvisols; data obtained from the EcoPlate™
after 120 h of incubation.

Physico—chemical parameters (such as pH, OC, OM, TC, TN) did not positively correlate with
the microbiological activity expressed by AWCD, H, R indexes, nor with bacterial diversity (OTUs
number—number of all identified bacterial operational taxonomic units, phyla number). It can also
be noted that the distance of the sampling site from the river bed had no statistical influence on the
analysed soil parameters. However, a strong positive correlation was noted between the AWCD index
and bacterial phyla number.

To understand the correlation between the bacterial community structure and its metabolic
potential, as well as the biological parameters of different soils, principal component analysis (PCA)
was undertaken (Figure 8 A-D).

A B

1 =
.

Factor 2 619%

Factor2: 42.86%

Factor 1: 93.81%0 Tactor 1: 37,148,

Gemmatimonadtes ¢, Proteobactaria
e

nq;.;:

¥ &FFoo
R use

o 5

Factor2: 20.74%

L Faclor2i 2001%

Plancioneetes

* Chlorofiet

Factor 1:75.99% Factor 1: 79.26%

Figure 8. Principal component analysis (PCA): (A) metals contents, physical-chemical soil parameters,
enzymatic activity, and distance from the riverbed; (B) indexes and data obtained from EcoPlate™
and bacterial phyla; (C) bacterial phyla and biological and physical-chemical parameters of soil;
(D) bacterial phyla and metals contents. Explanations of abbreviations as in Figure 7.

The parameters selected were pHgcj, metals contents, phosphatase activity (AcP, AlP),
dehydrogenases activity (DHs), microbial biomass carbon, and nitrogen content (MBC, MBN), and
these explained 93.81% of the variability in the soils examined (Figure 8A). The analysed parameters
can be divided into two groups: (I) MBC, MBN, AIP, AcP, distance from the riverbed, and Li, Zn,
Pb, Ca contents; (II) pHkcr, DHa, OM, TC, OC, TN, and Cu, Co, Mg, Mn, Cr, Ba, Al, K, Fe contents.
In addition, group I contains soil F1. Parameters from group II are negatively correlated with Fluvisols
F3, whereas the soil F2 is opposite to F1 and parameters from the group L

In comparing the data from EcoPlate™ and NGS, we can see that the presence of Bacteroidetes
correlates with the utilisation of carbohydrates (CH) and the evenness (E) index, as well as soil F1
(Figure 8B). In contrast, the Shannon diversity (H’) and richness (R) indexes are correlated with soil
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F2 and the presence of Verrucomicrobia, Planctomycetes, Chloroflexi, and Actinobacteria, as well
as the utilisation of carboxylic acids (CXA). In opposition to F1 is soil F3, and correlated with it are
Cyanobacteria, Armatimonadetes, Firmicutes, Chlamydiae, Nitrospirae, Thaumarcheota, utilisation of
amines and amides (AMAD), and the AWCD index.

Based on the biplot (Figure 8C), the parameters and bacterial phyla can be clustered into two
groups: (2) DHa, pHkcr, TC, TN, OC, and OM contents, Verrucomicrobia and Planctomycetes
abundance; (2) MBC and MBC content, AIP and AcP activity, Bacteroidetes, Gemmatimonadetes,
and Proteobacteria abundance. The remaining eight phyla did not positively correlate with the
biological and physicochemical parameters determined. However, the presence of Firmicutes,
Nitrospirae, Chlamydiae, and Thaumarcheota was positively correlated with soil F3, and Chloroflexi,
Actinobacteria, Cyanobacteria, and Armatimonadetes abundance with soil F2. Moreover, F2 and F1
were negatively correlated.

In analysing the biplot (Figure 8D), we can notice that the phyla Gemmatimonadetes, Bacteroidetes,
and Proteobacteria werepositively correlated with the content of metals, such as Li, Pb, Zn, Ca,
Cu, Co, and Mn. At the same time, the presence of Chloroflexi, Actinobacteria, Cyanobacteria,
Armatimonadetes, and Firmicutes was negatively correlated with these metals. Another positive
correlation could be observed between Verrucomicrobia and Planctomycetes and the content of Fe, Mg,
Cr, Ba, Al, and K in the soil. In contrast, Thaumarcheota, Chlamydiae, and Nitrospirae were negatively
correlated with the content of these metals in the soil.

The biplots obtained (Figure 8A—C) indicate differentiation between the soils studied. Regardless
of the analysed parameters, the soils were not similar to each other and did not positively correlate.
On the contrary, F1 and F2 correlated negatively when comparing data from EcoPlate™ and soil quality
parameters and NGS (Figure 8A,C). In the same way, F3 correlated negatively with F2 in the analysis
of the content of metals and NGS, and with F1 in comparison with the results of EcoPlate™ and NGS.

4. Discussion

4.1. Soil Physicochemical Properties

The obtained results concerning the physico—chemical properties of the examined Fluvisols are
comparable to the data obtained by other researchers. Similar results for total nitrogen and organic
carbon content in Fluvisols from the river valley were also obtained by Banach-Szott et al. [15]. However,
these researchers obtained different pH values for soils depending on their distance from the riverbed.
Soils taken up to 200 m from the riverbed had a pH of 7.0-7.3, while at more than 200 m, the pH level
was 5.8-6.4. Our results (distance from the riverbed 80, 225, 525 m, for F1, F2, and F3, respectively) are
located between these values (6.9-6.7). Similar pH values were obtained by Kobierski [40] on samples
which were taken from grasslands in floodplain areas in the Lower Vistula River.

The metal contents obtained in the examined soils did not exceed the values of metal contamination
specified in the regulations of the Ministry of the Environment of 09 September 2002, concerning soil
quality standards and the quality standards of soil (group B) [41]. The content of metals in F2 was also
similar to those obtained by Kobierski [40] in a layer of 0-30 cm of Fluvisols from Grudziadz Basin (the
Lower Vistula River). However, the concentrations of metals such as cadmium, lead, nickel, and zinc
were much higher in F1 and significantly lower in F3. The content of manganese and iron in F1 was
similar to Kobierski’s [40] results. The iron content of F1 and F2 was similar to the iron content of soils
from the surroundings of Kerela Minerals and Metals Limited, a titanium dioxide manufacturer [42].
The content of lead and copper in F1 and F2 was much higher than in the Fluvisols of the Lyna River
Valley [43]. On the other hand, the contents of these metals in F3 were lower than those obtained by
Sowinski et al. [43].
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4.2. Soil Biological Properties

The activity of dehydrogenases activity (DHa) obtained for F1 corresponds to the activity of these
enzymes obtained in soils of good quality in Poland, e.g., Gleyic Chernozem and Cambic Leptosol.
In contrast, the DHa obtained in F3 corresponds to the activity of soils of poor quality, e.g., Haplic
Luvisol [6].

For alkaline phosphatase we observed lower values than those in soil from the riparian wetlands
in Songhua River (Fujin, China), with pH 6.86 [44]. We also obtained lower values of phosphatase
activity compared to fluvo-aquic soil with pH 7.98, i.e., higher than in our Fluvisols [45]. This indicates
that the pH has a very large effect on the enzymatic activity of soils [8,46].

The MBC and MBN obtained in our study were lower for F2 and F3 and higher in F1 than in soils
originating from meadows from the river oasis of Bulgan River (Western Mongolia) [47]. The same
trend in MBC and MBN values was obtained by comparing our results with those of semi-arid soils
from the pasture sites [48]. At the same time, the results were higher than those of soils cultivated for
agricultural purposes [49].

4.3. Microbial Metabolic Potential and Bacterial Community Composition

The EcoPlate™ often reveals high carbohydrate consumption by soil microorganisms, along with
the low utilisation of amines and amides [49,50], which is consistent with the present results (Figure 4).
However, studies by Woliriska et al. [51] have demonstrated a particularly high consumption of amino
acids and low consumption of carbohydrates. This difference may result from differences in soil pH
and particle size distribution.

The diversity of soil microbial communities has an impact on the range of biogeochemical
processes, the complexity of interactions, multifunctionality, and sustainability of the soil ecosystem,
and thus on the quality of the soil [52-54]. Our results for soil microbiome composition are congruent
with those of Delgado-Baquerizo et al., who presented in 2018 the Global Atlas of the Dominant Bacteria
Found in Soil [55]. The greatest diversity of bacterial communities was recorded for microorganisms
occurring in the amount of less than 1% in the soil at each level: phylum, class, and genus. However,
the composition of dominant bacteria was similar in all Fluvisols examined. Other researchers have
found that the most common soil bacterial phyla in the world are Proteobacteria and Actinobacteria.
Actinobacteria (average 60.56%) proved to be the dominant bacterial phylum in the three analysed
Fluvisols, followed by Proteobacteria (average 21.85%). In the study of meadows located on Gleysol, the
dominant phylum was Proteobacteria, while Actinobacteria occurred in a much lower amount (third
place among the dominant phyla; less than 10% abundance) [51]. Although the Fluvisols examined are
also classified as sand loam due to their textural composition, the soils differ in physical-chemical
parameters. The Gleysol analysed by Woliniska et al. [51] was more acidic (pH ~ 5.9) than that
analysed here. Literature reports indicate that soil microbiomes may be dependent on both soil
type and pH [6,56-58]. All organisms of the Thaumarcheota identified are chemolithoautotrophic
ammonia-oxidisers, may play important roles in biogeochemical cycles, and are among the most
abundant archaea on Earth [59,60]. It is therefore interesting that in the examined Fluvisols the
Thaumarcheota representatives were identified in just one (F3) and at the level of only 0.07%.

The Actinobacteria, Gemmatimonadetes, and Bacteroidetes classes have been depicted as common
inhabitants of soil [61,62]. Masse et al. [63] noted the absence of the class of Bacilli in grassland soils.
This is astonishing when compared to our results, as we recorded Bacilli at a level of 2.89-4.77% in
all samples. This discrepancy can be caused by factors such as a different soil type, pH, and carbon
content [61,63,64]. Masse et al. [63] identified Caldilineae, along with Anaerolineae and Chloroflexia,
as being the most common class of bacteria in grassland soils. In the Fluvisols examined here, the
Anaerolineae class bacteria were present at 0.37-0.29%, while the Caldilineae class in soils F1 and F2
were considerably less (0.6-0.7%) and in F3 was presented at 0.37%.

Gaiella was recorded as a dominant genus in the Antarctic soils (King George Island) [65]
and agricultural soils from China [62]. Discovering Rubrobacter bacteria in Fluvisols (F2, F3) is
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interesting because so far only five species have been classified as such, most of which were isolated
from thermophilic environments (e.g., hot springs, desert soils, volcanic soil) or biodeteriorated
monuments [66,67]. Uncultured Rubrobacter bacteria were also found in arid soil with sand contents of
65-85% [68], similar to that obtained in this research. Indeed, 67% sand (soil texture 2.0-0.05 mm) was
recorded in F2 and 92% in F3.

4.4. Relationships between Bacterial Community and Physicochemical and Biological Parameters of Fluvisols

Correlations between the amounts of isolated DNA from the soil, microorganisms” abundance, the
activity of dehydrogenase, and total organic carbon contents were also obtained by other researchers [69].
For the Fluvisols examined, no such positive relationships were observed. However, we noted a
negative statistically significant correlation (-1.000) between TC (total carbon) content and OTUs
number. This is a very remarkable result that we did not expect. Data from the literature indicate a
correlation between enzymatic activity, biomass content, and soil pH [46,49]. However, in our research,
the pH did not correlate significantly with any defined parameter.

Numerous studies have shown that in the presence of certain metals (e.g., Cu, Zn, Pb, Ni, Ca, and
Fe), the diversity and richness of bacteria can be reduced [70]. However, bacteria from Proteobacteria
are favoured in stress-causing environments and are capable of transforming certain metals [71].
Therefore, the obtained correlation of their presence with lead, zinc and copper is not surprising.
The negative correlation of Actinobacteria with some metals confirms that these are sensitive to
contamination and increased metal content in the soil [72].

Correlations between the structural diversity of the microbiome and its functional diversity have
also been noted by other researchers [6,73]. Also, in this research, we have shown the relationship
between the bacterial community structure and their metabolic potential. A strong positive correlation
(1.000) between the AWCD index and bacterial phyla number would indicate that if there were more
different bacterial phyla, the AWCD index would be higher. Thus, in the case of F3, we identified
13 different phyla and, at the same time, the highest AWCD (equal to 1.83) compared to other soils—the
phyla number was 12 for F2 and nine for F1, while AWCD was 1.66 and 1.13, respectively. The soil
properties specified in this research influenced the functionality of soil bacteria. Similar correlations
between soil quality parameters and EcoPlate™ analysis results were observed in other soils of
Poland [74,75].

4.5. What Can Be Responsible for Differences between Microbiomes in the Examined Fluvisoils?

It is commonly claimed that the greater species diversity of soil microorganisms determines the
higher soil fertility [76]. In analysing the quality of the soils examined as well as the diversity and
metabolic activity of the microorganisms inhabiting them, we did not obtain the expected positive
correlation. These results are very interesting and it is challenging to understand how microbial
ecosystems work.

Many natural and anthropogenic factors can influence soil fertility and microbial community.
They should be considered in the interpretation of the results concerning the soil microbiome. Some of
them, such as pH, soil texture, and metal content, are discussed above. Temperature, precipitation, and
other climatic events also may affect the community of soil microorganisms [77,78]. In this research,
soils F2 and F3 were collected from the same locality and therefore were exposed to similar weather
conditions. Moreover, all three locations were flooded with the same river water, from the Vistula River,
as a result of the flood that occurred in Lubelskie Voivodeship in 2010 [79]. Therefore, the differences
between the examined soils cannot be explained by the climatic conditions. Human activity, especially
agriculture, is a factor influencing the soil environment and its microbiome [5]. Also, this aspect does
not explain the high variability of the recorded results, because all investigated objects were grasslands,
not fertilised, and not under grazing.

Differences in the number and diversity of bacteria in the soil may be caused by the structure
of the soil microbiome itself. Researchers have shown that more than 80% of microbial cells in the
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soil are inactive and their activity is initiated under specific environmental conditions [80]. As a
consequence, the detection of a specific species genome in the soil sample does not necessarily
indicate its activity [80]. In this research, it was shown that in soil F3, which was characterised by
the lowest values of physicochemical parameters, the diversity and metabolic activity of bacteria
was the highest among the examined samples. This could indicate the presence of many inactive
bacterial forms—endospores, which consist of the bacterium’s DNA. In F3, the lowest activity of
dehydrogenases was also observed, which would be compliant with the above hypothesis because they
occur intracellularly in living microbial cells [69]. The high activity of microorganisms from soil F3
recorded on EcoPlatet™ can be related to the availability of specific carbon sources in which the soil is
deficient. It is also necessary to consider that the method using EcoPlatet™ determined the metabolic
potential of the microorganisms from the analysed sample and not the actual activity [81]. When the
environment becomes more favourable, the endospore can reactivate itself to the vegetative state. Thus,
it can be expected that the availability of substrates and optimal temperature provide for the reactivated
endospore its vegetative form. Soil F1 can be considered fertile based on physico-chemical parameters
(organic matter, and carbon and nitrogen contents) and enzymatic activity. At the same time, the
lowest diversity of bacteria in this soil and their low metabolic activity using EcoPlate™ were shown.
It has been suggested that the basic metabolic processes in the soil, such as respiration, carbon cycle,
organic matter mineralization, and nutrient cycle, are conducted by most, if not all, microorganisms
in the soil [82]. It can be supposed that the lower diversity of bacteria in soil F1 does not negatively
influence the basic processes occurring in it. However, after using specific carbon sources (EcoPlate™),
a lower metabolic activity was obtained in comparison to other soils, probably due to the absence of
microorganisms performing specialised functions.

The large microbial diversity in the soil enables the maintenance of ecosystem functions, even
under stressful conditions [83]. Conversely, in soils with poor microbial diversity, even a small loss
of species may expose the environment to functional changes [54]. In the discussed soils, differences
in the structure and activity of the microorganisms inhabiting them may be important during the
periodical floods. This is a subject deserving of further consideration.

The complexity of the soil ecosystem continues to be a challenge for researchers. Relationships
between individual elements of the soil environment, i.e., microorganisms, plants, enzymatic activity,
soil type, pH, nutrient content, and other physico-chemical parameters, are the current issue of
research [10].

5. Conclusions

The results demonstrate significant differences between the Fluvisols studied, both regarding
physico—chemical and biological parameters, as well as the structure and functionality of soil
microbiomes. Based on physico—chemical (total carbon and nitrogen content, organic matter content,
organic carbon content) and biological parameters (dehydrogenase activity, phosphatase activity,
glomalin content, and microbial biomass carbon and nitrogen contents), it can be concluded that F1
was the more fertile and biologically active soil. However, considering the metabolic potential, F3 had
the highest activity and F2 the highest metabolic diversity of the microbial community. Analysing the
results from NGS, we recorded the highest number of OTUs (operational taxonomic units) and unique
bacterial genera in F3.

It can be assumed that a greater diversity of microorganisms and their varied metabolic potential is
not directly related to soil fertility, defined as high enzymatic activity and nutrient content. In Fluvisols
with higher values of the biological and physical-chemical parameters determined, there may have
been more biomass than in other soils, however, this concerns a less diversified microcosm, based on
the dominant microorganisms. In Fluvisols with less fertility, greater microbiological diversity was
found, probably due to the fact that a larger group of microorganisms is required to maintain the
stability of the soil environment under less favourable conditions and that a significant part of the
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microorganisms is present in spore-form. However, this hypothesis is difficult to confirm based on the
current results.

The complexity of the interaction between microorganisms and the soil environment is still not
sufficiently understood.
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