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Abstract: Studies on the impact of human agricultural activities on the soil microbiome and soil
quality are extremely important, but such studies on floodplains in river valleys are lacking. The
aim of this preliminary study was to determine the impact of blackcurrant cultivation on Fluvisols
located in the Vistula River valley (Poland). The dehydrogenases (DHa) and phosphatases (acid-AcP,
and alkaline-AlP) activities, carbon (MBC) and nitrogen (MBN) contents of the microbial biomass,
the metabolic potential of the microbial community (EcoPlate™ Biolog) and taxonomic diversity of
the soil microbiome were determined (next-generation sequencing (NGS) of the 165 rRNA gene).
Enzymatic activity and metabolic potential and diversity (EcoPlate™) were higher in the soils
from meadows, but MBC and MBN and biodiversity indices derived from NGS were higher in the
cultivated soils. It can be confirmed that human activities affect the physicochemical, biological and
microbiological parameters of Fluvisols. This may indicate that microorganisms are numerically
more abundant and taxonomically more diverse in the cultivated soils, but are more active in the

soils from meadows.
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1. Introduction

The soil environment has many diverse functions, of which, from the point of view of
human activity, the most important are those related to agriculture—crop production [1,2].
Soil fertility, its organic matter abundance, water storage capacity, but also the diversity and
activity of microorganisms directly and indirectly affect crop production [3-5]. Microor-
ganisms and their activity can also be used as indicators of soil environmental quality [6,7].
Human activities, on the other hand, also affect soil quality through modifications in the soil
microbiome. Numerous studies have shown that agricultural activities alter the microbial
activity of soils by directly affecting their habitat conditions: including changes in the
microclimate, nutrient content and access, introduction of toxins, changes in soil spaces,
and changes in water content and availability [1-3].

Due to their high fertility and proximity to water, river valleys have been used for
centuries as agricultural land all over the world [8]. The attractiveness of these areas for
humans is confirmed by the historic development of settlements in the river valleys of the
Nile, Euphrates and Tigris [9-11]. Although these areas are characterised by the risk of
flooding, the riverside areas are also used for agricultural and horticultural purposes [4].
Fluvisols are soils characterised by high fertility due to their location, formation and
development near rivers [12]. Their type depends on the changes in the surroundings and
the nature of the river next to which they were formed [4]. They are characterised by the
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presence in their profile of alternating layers of different granulometric composition. The
dominant formation types determine the species of the muds, which can be divided into
light, medium and heavy [12]. The World reference base for soil resources 2014 updates the
2015 International soil classification system for naming soils and creating legends for soil
maps [13]. In Poland, the most extensive area of Fluvisols occurs along the Vistula River [14].
The Vistula is the longest river in Poland and the ninth longest river in Europe [15]. It flows
entirely through Poland and its catchment area is 193,866 km?2. The soils in its basin are
actively used as grassland and arable land [16].

The flat, low-lying riparian areas are affected by flooding at more or less regular
intervals, which affects their fertility and use [17,18]. At the same time, riverine areas are
used for human activities: agriculture, mining, industry, services (including tourism), and
for development [18]. Human interference with riverine ecosystems affects their services,
functioning and quality [19,20]. Agricultural use in these areas involves tillage (mainly
orchards, fruit bushes, vineyards) and associated treatments (ploughing, fertilisation,
etc.), the mowing of meadows and grazing of animals, etc. Such activities affect the soil
environment of Fluvisols, among other things by changing the content and properties of
organic matter [14,16]. However, there is a lack of research in the literature on the influence
of riparian land use on the microbiological and biological parameters of Fluvisols. In recent
years, several papers have been published on the impact of floods and flood surges on the
microbiology of riverine soils, but they did not deal with a comparison of the use of these
lands [21-25]. Meanwhile, a study by [26] found that the type of land use of riparian zones
can have a much greater impact on soil microorganism communities than just flooding,
particularly bacteria involved in the nitrogen cycle.

The aim of this preliminary study was to determine the impact of blackcurrant cultiva-
tion on three different Fluvisols located in the Vistula River valley, behind the embankment
in Lubelskie voivodship. The reference was the nearest neighbouring meadow. Based on
previous studies using Fluvisols, we made the following hypotheses: (1) the three different
Fluvisols will differ in biological activity and microbiome; (2) soils from under blackcurrant
cultivation will have lower biological activity and bacterial diversity compared to meadow
soils. In order to verify the hypotheses, analyses of enzymatic activity, carbon and nitrogen
content of the microbial biomass and the metabolic potential of microorganisms were
determined using the Biolog® EcoPlate™ method and the structure of the soil bacterial
community using next-generation sequencing (NGS).

2. Materials and Methods
2.1. Soil Location and Sampling

The research was conducted in eastern Poland, in the Lubelskie Voivodeship. Soils
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. Three different Fluvisols were taken from the Vistula floodplains of the
Vistula River Gorge, Lesser Poland in Opatkowice.

The selected sites are located behind flood barriers, which are natural floodplains
(terraces) of the Vistula River and are subject to flooding in summer when the water level
rises in the riverbed (after heavy rainfall). Each sample of mud was taken in two variants:
from under the blackcurrant crop (C) and from the nearest neighbouring meadow (M),
which was the reference object. Samples were taken after the fruit harvest. Soil sampling
abbreviations and locations are shown in Table 1. The Supplementary Materials contains a
detailed characterisation of the sites (fertilisation, vegetation) (Table S1).

The climate in the area is classified as a temperate climate (Cfb, according to the
Koppen climate classification). The mean annual temperature is 9.3 °C (from an average of
—2.1 °C in January; to an average of 20.3 °C in July) and the mean annual precipitation is
711 mm (from an average of 43 mm in February; to an average of 90 mm in July) [27].
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Table 1. Soil samples used in the experiment.

Abbreviation Soil GPS Coordinates Variants
ill—_l\cd Light Fluvisols 51°27'35.9" N 21°52'07.8" E Cﬁf;‘ii’ivovn
11:322__1\C/Z[ Medium Fluvisols 51°27'44.9" N 21°52'14.1" E cmfiiifc)ivc\)’n
s Heavy Fluvisols  51°27/37.0" N 21°52/08.6" E meadow

Soil samples were collected in July 2022 from a 0-20 cm depth from 15 representative
spots (from an area of approximately 0.04 ha; 20 m x 20 m) per variant. 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.

2.2. Soil Physicochemical Parameters

The soil particle size distribution (PSD; %) was measured by a laser diffraction method
on a Mastersizer 2000 analyser (Malvern Panalytical, Malvern, UK) [28].

The soil pH in H,O was measured potentiometrically. From each sample, 10 g was
suspended in 10 mL of sterile water and incubation at room temperature for 24 h. After
24 h, the pH was determined using a pH-meter (edge® Multiparameter pH meter, HANNA
Instrument, Woonsocket, RI, USA).

The organic carbon (OC) and organic matter (OM) concentrations (%) in the soil were
measured using the Tiurin modified method [29].

The total nitrogen (TN) contents (%) in the soil were determined on a Vario Macro
Cube analyser from Elementar (Germany) using the dry combustion method [30].

The contents (mg kg ™! of soil) of ammonium (N-NHy), nitrite (N-NO,) and nitrate
(N-NO3) nitrogen were determined by continuous flow analysis with segmented flux
and spectrophotometric detection on a flow analyser QuAAtro39 (Seal Analytical GmbH,
Norderstedt, Germany) after extraction with 1 M K;SOy4 solution in a weight/volume ratio
of 1:10 [31].

The contents (mg 100 g ! of soil) of available forms of phosphorus (P) and potassium (K) were
established with Egner-Riehm’s method and magnesium (Mg) with Schachtschabel’s method [28].

The content of selected trace elements, i.e., Cr, Mn, Fe, Co, Ni, Cu, Zn, Mo, Cd, Pb, Na,
Mg, K and Ca (g kg ! of soil), in the soil were assessed using microwave digestion (CEM
MARS Xpress) with a mixture (1:3 v:v) of ultrapure HCI and HNOj3. Next, the contents
of elements were determined using the inductively coupled plasma mass spectrometer
(ICP-MS) Agilent 7500ce (Agilent Technologies Inc., Santa Clara, CA, USA).

2.3. Soil Biological Parameters

The activity of soil dehydrogenases (DHa) was determined using 2,3,5-triphenyl-
tetrazolium chloride (TTC) as a substrate [32]. The activities of DHa are reported as pug of
triphenyl formazan (TPF) per g dry mass (d.m.) soil per incubation time of 24 h.

The measurement of alkaline (AlIP) and acid (AcP) phosphatases activities (ug PNP g’l
d.m. of soil 1 h~!) was performed with p-nitrophenyl phosphate (p-NPP) as a substrate [33].

Analyses of enzymatic activity were performed spectrophotometrically using a Nico-
let spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) in quintuplicate
(n = five for each soil sample).

Microbial biomass carbon (MBC) and microbial biomass nitrogen (MBN) contents
(ng C/N g’1 d.m. of soil) in the soil were measured via the chloroform fumigation-
extraction method [34].
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2.4. Soil Microbiome Analysis

The diversity of the metabolic potential of the soil bacterial community was deter-
mined using a Biolog EcoPlate™ (Biolog Inc., Hayward, CA, USA) method with 31 different
carbon sources. Analysis was conducted as described in a previous paper [21]. Briefly,
1 g of a fresh soil sample was suspended in 99 mL of sterile water, shaken for 20 min and
incubated at 4 °C for 30 min [35]. Next, each of the 96 wells of the microplate was inoculated
with 120 pL of soil inoculums. Plates were incubated at 25 °C for 120 h. The intensity of
the wells” colour development was determined spectrophotometrically at A = 590 nm [36]
for a period of 120 h at 24-intervals using a MicroStation ID (Biolog Inc., Hayward, CA,
USA) plate reader at ODs599. The most intensive metabolic activity was observed after
120 h of incubation and the results obtained at this time are presented. The classification of
substrates into five biochemical groups was made according to [35].

Taxonomic diversity of microbiome in the soil was analysed by the next-generation se-
quencing (NGS) method. Total DNA was extracted from each soil sample with a FastDNA™
SPIN Kit for Soil (MPBiomedical, Santa Ana, CA, USA) according to the manufacturer’s
instructions. The V3-V4 region of the 165 rRNA gene was sequenced using 341F and 785R
primers [37] at Eurofins Genomics (Ebersberg, Germany), in 2 bp x 250 bp paired-end
technology using an Illumina MiSeq system.

2.5. Data Analysis and Visualisation

Statistical analyses were performed using a packet Statistica.PL ver. 13.0 (StatSoft. Inc.,
Tulsa, OK, USA). Significant differences were calculated according to One-Way ANOVA
with a post hoc Tukey’s HSD (honest significant difference) test at the a = 0.05 significance
level. Selected results were also submitted to principal component analysis (PCA) in order
to determine the common relations between parameters (StatSoft. Inc., Tulsa, OK, USA).

On the basis of the data obtained at 120 h of incubation of the Biolog EcoPlate™ from
MicroStation ID, the average well colour development (AWCD), richness (R), Shannon
diversity (H) and evenness (E) indices were calculated following [38,39]. The data were
standardised by the AWCD in each microplate to remove inoculum density effects [40].
Heat maps were developed using data from the average absorbance values after 120 h
of incubation of the Biolog EcoPlate™ using Statistica.PL ver. 13.0 (StatSoft. Inc., Tulsa,
OK, USA).

For the processing of demultiplexed fastq files, a DADAZ2 (1.14) package [41] in R soft-
ware (3.6.0) [42] was used. Forward and reverse sequences were trimmed off based on the
quality plots. The next steps of the analysis were LearnErrors, dada, removeBimeraDenovo.
For the taxonomy assignment, the latest version of the modified RDP (Ribosomal Database
Project) v18 database [43] was used using IDTAXA [44]. The results were achieved with
a phyloseq (1.22.3) package [45]. Statistical and graphical analysis were prepared using
a microeco package [46]. All sequences are available in the NCBI database under the
bioproject accession number: PRINA1055027 (details in Table S2).

3. Results and Discussion
3.1. Soil Physicochemical Properties

As can be seen in Table 2, the selected Fluvisols varied in texture, confirming the
information gleaned from the maps. The soils were classified as loamy sand (F1) and sandy
loam (F2 and F3). An important observation is the existence of differences between soils
with different management practices. These differences were shown for each of the three
Fluvisols in terms of pH values, OC, OM, TN, nitrogen forms and P, K and Mg content
(Table 2). For OM, OC, TN, N-NHy, Mg values were higher in all soils from the meadow
(UM, not cultivated) compared to samples from under blackcurrant (_C). The contents of
N-NO,, N-NOs, P and K in F1 and F2 were higher in samples from the meadow compared
to soil from under cultivation, but lower in F3.



Agronomy 2024, 14, 480 50f17
Table 2. Selected soil characteristics parameters for examined Fluvisols (depth 0-20 cm).
Soil Texture, mm (%) Textural OC OM TN N-NH; N-NO, N-NO; P K Mg
Sample Classes  pHmzo S 1 - -1 i
2.0-0.05 0.05-0.002 <0.002 (jgpA+ (%) (mg kg1 of Soil) (mg 100 g~ of Soil)
F1_.M 77 21 2 LS 511 142 244 013 0.99 0.43 473 5.0 15.8 8.6
F1_C 81 17 2 LS 5.74 1.02 176 0.10 0.76 0.18 8.75 74 18.4 3.1
F2_M 38 52 10 SL 6.13 146 251 0.19 0.81 0.38 411 3.8 124 170
F2_C 36 53 11 SL 5.94 062 1.08 0.08 0.13 0.10 15.54 7.0 153 10.0
F3_M 29 58 13 SL 491 447 770  0.52 23.71 0.06 1.48 34 342 300
F3_C 27 60 13 SL 5.50 181 312 0.23 0.34 0.17 4.95 2.3 158 179

* According to the USDA classification: LS—loamy sand; SL—sandy loam. OC—organic carbon content;
OM—organic matter content; TN—total nitrogen content; OM—organic matter content; N-NHs;—ammonium
content; N-NO,—mnitrite nitrogen content; N-NOs;—nitrate nitrogen content; P—available forms of phosphorus
content; K—available forms of potassium content; Mg—available forms of magnesium content. Explanations of
the samples’ abbreviation can be found in Table 1.

Research by [47] on Fluvisols from the Nitra River catchment showed that the differ-
ences in the physicochemical properties of the studied soils were mainly influenced by
their use and soil management practices. The results presented in Table 2 allow similar
conclusions to be drawn, as despite a similar texture, cultivated and uncultivated soils
differ in both pH and N, C, P, K and Mg content. In a study by [16], it was shown that
arable soils (fluvisols, Fordonska Valley, Poland) had significantly lower organic carbon,
total nitrogen, dissolved organic nitrogen and dissolved organic carbon values compared
to grassland. The authors emphasise that the type of soil use significantly influenced the
properties of organic matter, and thus of humic acids. The lower values of OC, TN and
OM in soils from the blackcurrant crop obtained in this study are consistent with these
results. The pH values found are lower than those obtained by [48] on samples which were
taken from grasslands in floodplain areas in the Lower Vistula River and by us in Fluvisols
located about 22 km from the discussed location [39].

The heavy metal content (Table S3) showed that the medium (F2) and heavy (F3)
Fluvisols have the ability to bind higher amounts of Ni and Cr than the light Fluvisols
(F1). The metal levels found in the soils tested did not exceed the metal contamination
levels specified in the Ministry of the Environment ruling of 9 September 2002 on Soil
Quality Standards (Group B) [49]. The results obtained are similar to the values obtained
for Fluvisols in the Vistula River valley in earlier studies [39]. Pb, Cu and Cr values were
similar to those obtained by [50] in soils from the Lyna River valley (NE Poland). The
manganese content of the examined Fluvisols ranged from 0.24 to 0.85 g kg~! of soil,
which corresponds to the values obtained by [48] in Fluvisols from the Chetmiriski and
Nadwislariski Complex of Landscape Parks (Vistula River valley, Poland). There was no
correlation between soil use and metal content; e.g., Fe content was higher in meadow soil
from F1 and F2, compared to soil from under blackcurrant, but for F3 significantly more
Fe was detected in the soil from under crops. In contrast, for Zn, higher amounts were
detected in the F2 and F3 cultivated soil, compared to the grassland soil. Cd and Mb were
not detected in the Fluvisols tested.

3.2. Biological Activity in Fluvisols

Enzymatic activity (Figure 1) differed between both Fluvisols types and variants. DHa
(Figure 1A) showed statistically significantly higher values in M at F2 and F3 compared
to C (by 36.75% and 30.07%, respectively). At the same time, the results obtained for the
M variant samples were statistically significantly different from each other depending on
the soil and were arranged as follows: F1_M > F2_M > F3_M. The same relationship was
recorded for blackcurrant soils (F1_C > F2_C > F3_C). DHa in F1_C was 65.06% higher than
in F2_C and 72.02% higher than in F3_C.



Agronomy 2024, 14, 480 60f 17

160.0 + Asa XTa

—
S
]
=]
l
T
—_—
[—

120.0 +
100.0 + B:a

80.0 +
C:a

60.0 + Y;b I

L T
40.0 - 1

DHa [ug TPF g!' d.m. of soil 24 h'']

20.0 +

00 4 1 I I

Fl1 F2 F3

(A)

Samples

mAcP mAIP

375.0
350.0
3250
300.0
275.0 +
250.0
225.0
200.0
175.0
150.0 +
125.0
100.0

AcP/AIP [pg PNP g d.m. of soil 1 h'!]

75.0
50.0
250 +

0.0

(B)

Figure 1. Enzymatic activity of examined Fluvisols: (A) DHa; (B) AcP and AIP. The values are the
average of n = 5. Different lowercase letters a-b indicate statistically different values between M

and C for each Fluvisol. Capital letters A—C denote statistically different values between M variants
for different soils. Capital letters X—Z denote statistically different values between C variants for
different soils. Horizontal lines indicate the standard deviation. ANOVA analysis, Tukey HSD test,
p <0.05 (n = 5). Explanations of the sample’s abbreviation can be found in Table 1.

AcP activity was significantly higher than AIP, which is due to the acidic nature of
the soils analysed (Figure 1B and Table 2). AcP activity was significantly higher in F3,
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compared to F1 and F2 (Figure 1B). The differences in variant M between F3 and F1 were as
high as 68.75% and between F3 and F2 66.69%, and were statistically significant. For variant
C, the differences were 64.05 and 54.16%, respectively. There were no statistically significant
differences between F2 and F1 for variant M. AcP activities obtained for variant C soils were
statistically significantly different between the Fluvisols, with the highest recorded at F3.
AIP activity was also highest at F3, and the differences between Fluvisols were statistically
significant. Between F3_C and F1_C and F2_C, the differences were 66.44% and 47.08%,
respectively; and between F3_M and F1_M and F2_M, 73.79% and 50.79%, respectively.

The activity of dehydrogenases obtained for F1 and F2_M corresponds to the activity of
these enzymes obtained in soils of good quality in Poland (e.g., Cambic Leptosol); whereas
the values obtained for F2_C and F3 correspond to the activity of soils of poor quality (e.g.,
Haplic Luvisol) [51]. Fluvisols collected from the vicinity of Atamanskoe Lake (Russia)
obtained a DHa activity of 70.73 ug TPF h~1[52]. Phosphatases activity is related to soil
pH, so it mainly depends on the pH and soil type [53]. The AcP and AIP values obtained
are higher than in Eutric Fluvisol (Poland) tested by [54]. At the same time, the authors
observed that both enzymes showed higher activity in soil with reduced tillage compared
to conventional tillage, which is consistent with our results, as higher phosphatases values
were observed in meadow soils.

The content of MBC and MBN differed between Fluvisols and between variants
(Table 3). The highest value for both parameters was recorded in F3_M and the lowest
in F1_C. In F1 and F3, the content of MBC and MBN was higher in the M, uncultivated
variant, and in F2, in the soil under cultivation. The difference between the MBC content
in F3_M and F1_M was as high as 69.22%, and for the C variant 63.85%. For MBN, the
differences were 63.12% and 59.88% for variants M and C, respectively.

Table 3. MBC and MBN contents (ug c/n g*1 d.m. soil) in examined Fluvisols.

Sample MBC MBN
F1.M 247.79 + 6.95 a,C 29.89 £+ 1.07 a;,C
F1.C 205.71 + 3.88 b;Z 26.34 + 0.69 b;Z
F2_M 281.33 +£10.14 a;B 38.82 £1.91b;B
F2_C 299.47 + 22.68 a;Y 4298 +1.86 a;Y
F3_M 805.12 +24.16 a;A 81.15 +1.59 a;A
F3_C 569.07 £ 10.50 b;X 65.65 £ 3.17 b;X

The values are the average of n = 5. Different lowercase letters a,b indicate statistically different values between M
and C for each Fluvisol. Capital letters A-C denote statistically different values between M variants for different
soils. Capital letters X-Z denote statistically different values between C variants for different soils. & indicate the
standard deviation. ANOVA analysis, Tukey HSD test, p < 0.05 (n = 5). Explanations of the samples’” abbreviation
can be found in Table 1.

The MBC and MBN contents obtained are not different from those obtained by other
Fluvisols researchers. In China, MBC was found to be 19.93-435.21 mg kg ! and MBN
4.62-86.13 mg kg ! [55]. Ref. [54] found MBC and MBN higher in soil with reduced tillage
compared to conventional tillage but the values obtained (for both measurements) were
significantly lower than those achieved in the present study. Previous studies of soils
from the Vistula River valley in the Fluvisols medium, such as our F2, obtained MBC of
575 ug C g~ ! d.m. soil and MBN of 106 pg N g~ ! d.m. soil, which is about 50% and 60%
(MBC and MBN, respectively) lower [39].

3.3. Microbiome Diversity of Fluvisols

The EcoPlate™ analysis showed statistically significant differences in the AWCD
index between variants M and C, indicating a higher metabolic activity of microorganisms
in the soil from the meadow in F2 and F3, and in F1 in the soil under the blackcurrant
crop (Table 4). The calculated Shannon (H’) diversity and richness (R) indices were at a
similar level in all samples; only for F2_C was a value statistically significantly lower than
the others.
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Table 4. Indices obtained from EcoPlate™ analysis at 120 h of plate incubation.
Index F1_M F1_C F2_M F2_C F3_M F3_C
AWCD 1.51 £ 0.07 abc 1.83+£0.11d 1.68 £ 0.09 ad 1.39 £ 0.05 bc 1.62 £0.12 bd 128 £0.05¢
H’ 3.40+0.02a 341+001a 3.39+001a 3.344+0.01b 340+001a 3.39+0.02a
E 0.88 + 0.00 ab 0.84 +£0.01 ¢ 0.86 + 0.01 ac 0.89+0.01b 0.87 £ 0.02 bc 0.924+0.01d
R 30.67 £ 0.58 a 30.67 £ 0.58 a 30.67 £ 0.58 a 29.00+0.00 b 31.00+0.00 a 30.67 £ 0.58 a

The values are the average of n = 3. Values denoted by different letters are statistically significantly different
at p <0.05 (n = 3; ANOVA analysis, Tukey HSD test). Explanations of the samples’ abbreviation can be found
in Table 1.

The results obtained from the EcoPlate™ analysis do not indicate statistically signifi-
cant metabolic differences (H’, R) between the tested communities, but only differences in
growth itself (AWCD index). The microorganisms from soil F1_C show the highest growth
on the EcoPlate™, whereas the microorganisms from the uplifted variant from soil F2 and
F3 show significantly lower growth. This confirms the results obtained for dehydrogenase
activity, which indicate the presence of live microorganisms [53].

Although one would expect this soil to be characterised by the same dominant bacte-
rial taxa, the differences are clear. Even at the phylum level, differences in the structure
of the microbiome between the soils analysed are evident (Figure 2). The dominant bac-
teria found were the Proteobacteria (27.83%-31.50%), Acidobacteria (18.99%-33.74%), and
Actinobaceria (12.90%-25.16%), but their proportion varied between soils and variants
(Figure 3A). Based on relative abundance (%), the following pattern of the most abundant
phyla can be observed:

F1_M: Proteobacteria > Acidobateria > Actinobacteria > Verrucomicrobia;
F1_C: Proteobacteria > Actinobacteria > Acidobacteria > Verrucomicrobia;
F2_M: Acidobacteria > Proteobacteria > Actinobacteria > Bacteroidetes;
F2_C: Proteobacteria > Actinobacteria > Acidobacteria > Bacteroidetes;
F3_M: Proteobacteria > Acidobateria > Verrucomicrobia > Actinobacteria;
F3_C: Acidobacteria > Proteobacteria > Actinobacteria > Verrucomicrobia.

F1 F2 F3
1007 e _— S —

751 - Others

Chlamydiae
. Candidatus Saccharibacteria

. Planctomycetes
Nitrospirae
] Firmicutes
Bacteroidetes
Verrucomicrobia
Actinobacteria
1 . Acidobacteria
. Proteobacteria
F1L.C F1M

F2C F2M F3C F3 M

50

Relative abundance (%)

25

(A) °

Figure 2. Cont.
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Figure 2. Comparison of microbiome structure in examined soils (A) at phyla level between all
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Figure 3. Comparison of microbiome structure in examined soils (A) at phyla level between variant
C and M; (B) at genera level between variant C and M; (C) selected genera with the greatest variation
between variants. Explanations of the samples” abbreviation can be found in Table 1.
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Bacteria from the phyla Proteobacteria, Acidobacteria and Actinobacteria were also iden-
tified as dominant in a worldwide compilation of the soil microbiome [56] and in earlier
studies in the Vistula River valley in Poland [21,39], as well as in Fluvisols in Vietnam (Pu
Hoat Reserve) [57], or China (Beijing) [55]. A study by Praeg et al. (2020) on the microbiome
of alpine meadows showed again the dominance of the phylum Actinobacteria [58]. The
shift of Acidobacteria in F1_C and F2_C soils may be related to the significant N-NOs
content in these soils, as studies [59] have shown that an increase in soil nitrogen content
causes a decrease in the abundance of bacteria from this phylum. Also, higher P content in
soils causes a decrease in the abundance of Acidobacteria, with an increase in Actinobacteria,
which is consistent with our observations of [55].

Although these differences are not statistically significant, an interesting observation
is also the presence of the phyla Latescibacteria (0.11%) in F1, or Chloroflexi (0.16%) in
F3. The presence of Latesibacteria in F1 soil is surprising, as representatives of this taxon
prefer anaerobic- and nutrient-rich environments, particularly those with a high carbon
content [60], and F1 is not particularly rich in OC and OM. At the same time, Latesibacteria
have the ability to grow in environments contaminated with hydrocarbons and chlorinated
solvents, and to degrade various types of polymers [61]. Perhaps such capabilities of the
microbiome were needed in this particular soil. Again, bacteria of the Chloroflexi cluster are
considered to be oligotrophs occurring more abundantly in nutrient-poor soils [62], which
cannot be said for soil F3, which had up to three times more OC and OM compared to F1.

Analysis of bacterial diversity at the genus level (Figure 2B) showed that Mycobacterium
predominated among the identified taxa, although their distribution of occurrence differed
between soils. Based on relative abundance (%), the following pattern of the most abundant
identified genera can be observed:

e  F1_M: Mycobacterium > Bacillus > Streptomyces > Microlunastus;

o  F1_C: Mycobacterium > Sphingomonas > Pseudomonas > Nocardioides;
e  F2_M: Sphingomonas > Streptomyces > Mycobacterium > Nocardioides;
o  F2_C: Sphingomonas > Nocardioides > Flavobacterium > Mycobacterium;
o  F3_M: Geobacter > Sphingomonas > Flavobacterium > Mycobacterium;

o  F3_C: Sphingomonas > Reyranella > Mycobacterium > Flavobacterium.

An interesting observation is the abundance of Geobacter sp. in F3_M (1.56%), whereas
in the other soils it was present at a level of 0.13-0.50%, and was not detected at all in F2_C.
The relative abundance of bacteria of the genus Pseudomonas was high in F1_C (1.72%),
while it was much lower in the others (0.17-0.92%). The relative abundance of bacteria
of the genus Bacillus was highest in F1 (1.32% and 1.17% in M and C, respectively), and
the lowest in F3 (0.37% and 0.04% in M and C, respectively). Of the genera with relative
abundance above 1.00%, the presence of Microvirga at 1.24% in F2_C is noteworthy, when
in the other soils its occurrence was determined at 0.05-0.73%.

Statistically significant differences in relative abundance are evident at the phylum
level when we analyse the differences between C and M (Figure 3A). Both variants were
dominated by Proteobacteria (M—29.25%; C—30.03%), Acidobacteria (M—26.17%; C—24.37%)
and Actinobacteria (M—16.58%; C—20.46%), but the differences between the abundance of
these bacteria in both soil utilisation variants were statistically significant. A study by [26]
showed that it is the type of land use that significantly influences the composition of the
soil microbial community at the cluster level, in floodplain soils. A high abundance of
Actinobacteria and Proteobacteria is characteristic of soils with high nutrient availability [63].

At the genus level, the dominant taxon in all soils was non-identified bacteria from
the class Acidobacteria at 11.59% and 12.69% in the meadow and cultivated soil, respectively.
Also showing high relative abundance were non-identified genus-level bacteria from the
order Rhizobiales (10.99% and 8.28% for M and C, respectively) and the class Spartobacteria
(9.78% and 6.10% for M and C, respectively). Among the identified genera, the predomi-
nant bacteria in cultivated soils were: Sphingomonas (1.77%), Mycobacterium (1.36%), and
Nocardioides (1.29%) (Figure 3B). In contrast, meadow soil was dominated by identified bac-
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teria from the genera: Mycobacterium (1.36%), Sphingomonas (1.07%), Streptomyces (1.05%).
The higher occurrence of bacteria of the genus Sphingomonas in cultivated soils is consistent
with the results of Wang et al. (2020) [64], which indicate a statistically higher abundance
of these bacteria in disturbed Fluvisols (grazing animals), compared to controls. Bacteria in
this genus are known to have diverse functions, some possessing plant growth-promoting
properties and increasing tolerance to environmental stresses [65].

Looking for clear differences between the variants, the distribution of bacteria at
genus level was carefully analysed (Figure 3C). Although both land use types in this study
had similar dominant phyla and types, they differed significantly in the abundance of
rare taxa. Although the differences obtained appear to be significant, e.g., Luteolibacter,
Ohtaekwangia, Luteiealea, Cellulomonas, Nitrospira, Flavisolibacter, which were more abundant
in C, or Geomonas, Matabacillus, Labrys, which predominated in M, these differences are not
statistically significant. Ref. [26] indicate that soil microorganisms presumably involved
in nitrogen cycling (e.g., Nitrosotaleales, Nitrososphaerales) in riparian zones were more
dependent on land-use type than on flooding, with Nitrosospira only on land-use type. In
the results discussed above, Nitrospira abundance was higher in F1 and F3_C compared
to their M variants (by 0.25% and 0.59%, respectively), but in F2 the bacteria were more
abundant in M (0.81%) than in C (0.74%). Bacteria of the genus Rhizobium, Nitrosospira were
more abundant in C compared to M in each of the three soils tested. The higher abundance
of Rhizobium bacteria under blackcurrant cultivation is surprising, as no legumes were
observed there. The higher abundance of Nitrospira in cultivated soils is also surprising,
as most studies indicate that in soils with high nitrogen content (especially N-NO3) their
abundance decreases [59].

When we analysed the Chao 1 and Shannon indices obtained for the variants, dif-
ferences were noted, but these were not statistically significant (Figure 4). The cultivated
soil had a higher diversity (Shannon and Chao 1 indices) compared to the meadow soil
(Figure 4A,B). Meadow and cultivated soils shared 240 bacterial taxa (Figure 4C).

4.4 ‘:n‘:a‘
=] 240
S a2 < M 40 240 76 c
g £ 210
ﬁ O S—
4.0
180
38 . .
(A) c M (B) c M (C)

Figure 4. Indices obtained from NGS at genera level for different soil management variants: (A) Chao
1; (B) Shannon indices; (C) Venn diagram. Explanations of the samples” abbreviation can be found
in Table 1.

Georgfuchsia sp., Dictyobacter sp., Polaromonas sp., Dokdonella sp. can be distinguished
among the 40 taxa that are the hallmark of soil from grasslands. Georgfuchsia sp. has the
ability to degrade aromatic compounds, can grow anaerobically with Fe(Ill) utilisation as
the final electron acceptor and has been identified as an endophyte of rice [66]; Dictyobacter
sp. has also been identified in soils from under rice cultivation, and representatives
of this species are commonly isolated from geothermal sites [67]; Polaromonas sp. is a
genus isolated from Arctic and PAH-contaminated environments known for its ability
to degrade aromatic compounds [68]; Dokdonella sp. is a genus of bacteria isolated from
soil, several species can perform aerobic nitrate reduction and are considered active root
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colonizing agents [69,70]. In contrast, Microbacterium sp., Daejeonella sp., Ohtackwangia sp.,
Oligoflexus sp., Altererythrobacter sp., Peredibacter sp. were identified as characteristic of
the soil under blackcurrant cultivation. Bacteria of the genus Microbacterium have been
isolated from a wide range of hosts and environments, including sites contaminated with
heavy metals [71]; Daejeonella sp. has been isolated from rice fields and composts [72];
Ohtaekwangia sp. is considered a plant growth-promoting bacterium and was isolated
in soil from an apple orchard [73]; Oligoflexus sp. has been identified as a bacterium of
the rhizosphere of maize, buckwheat or barley and has some plant growth-promoting
characteristics and may assist with salt stress [74,75]; Altererythrobacter sp has been isolated
from petroleum-contaminated soils and from the rhizosphere [76,77]; Peredibacter sp. is a
predatory bacterium—a bacterivore—found in soil and wastewater and isolated in river
sediments [78]. The occurrence of such diverse taxa in the same soil but one cultivated and
the other not cultivated is very intriguing. The presence of contaminant-degrading bacteria
(PAHs, metals, etc.) may indicate some historical availability of contaminants in these soils.
As the area is a floodplain of the River Vistula, PAH contamination may have occurred
there under the influence of flooding, but hydrocarbon analysis was not the focus of this
study. The occurrence of bacteria with plant growth-promoting properties is very beneficial
to the crops and orchards grown in the area. As can be seen, some of these bacteria (e.g.,
Dacjeonella, Peredibacter, Dictyobacter, Georgfuchsia) were isolated from rice fields or riverine
areas, which corresponds to the nature of the soils studied—Fluvisols in the floodplain.

Cultivated soils tend to have less biodiversity, whereas natural ecosystems are more
complex [79]. Intensive cultivation is also reflected in the microbiome of the fruits them-
selves [80]. In the present study, we found a higher biological activity of meadow soils, but
at the same time a higher bacterial taxonomic biodiversity in the soils under blackcurrant
cultivation. This is a surprising observation. It may be due, in our opinion, to several
reasons: (1) fertilisation is applied to the currant rows, which provides an additional source
of nutrients for the microbes; (2) the blackcurrant itself secretes root secretions into the
rhizosphere, which influences the diversity of the microbiome; (3) the maintenance of an
ecological equilibrium in non-agricultural soil does not require the involvement of many
bacterial taxa. Soil nitrogen addition affects the soil microbiome; however, how changes
occur depends on the soil type, vegetation, etc. Research by [81] showed a non-linear
response of bacteria to N addition, but the loss of biodiversity was explained by a com-
bination of parameters such as increasing N content, decreasing pH, plant community.
Studies showed that cultivation of alfalfa and maize increased alpha bacterial diversity
in the soil compared to meadows cropping, and even increases in long-term, continu-
ous cultivation [63]. However, studies confirming currants” production of compounds
attractive to soil bacteria are not available. It is known that currant fruit juice has a rich
composition of carbohydrate, uronic acid, protein, anthocyanin and calcium [82], but no
work has been found on root secretions. Nevertheless, it can be assumed that several
years of currant cultivation modify the chemical properties of the soil and especially of
the rhizosphere. The secretion of flavonoids and plant hormones into the soil may affect
the diversity of microorganisms [63]. Soil redundancy and the preservation of eubiosis
may be more important than the addition of nutrients to the soil [83]. The high diversity of
the microbiome enables the ecosystem function to be maintained under stress [84]. Our
previous analyses in riparian areas showed that Fluvisols with lower fertility had a higher
microbial diversity [21,39]. It seems likely, therefore, that in the present study we observe a
similar relationship—the cultivated soil has higher NGS biodiversity indices, while the F1
soil with the lowest physico-chemical indices had the highest diversity (Figure S1).

4. Conclusions

The evaluation of the impact of blackcurrant cultivation on the biological activity of
Fluvisols clearly confirmed that human activity affects all soil quality parameters: physico-
chemical, biological and microbiological. However, the results obtained do not completely
support the hypothesis that grassland soils have higher biological activity and microbial
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diversity compared to soils under cultivation. Enzymatic activity and metabolic potential
and diversity (EcoPlate™) were higher in the grassland variants, but C and N contents
of microbial biomass and biodiversity indices obtained from NGS were higher in the
cultivated soils.

This may indicate that microorganisms are numerically more abundant and taxonomi-
cally more diverse in the cultivated soils, but are more active in the grassland soils. This
may be related to the availability of nutrients such as N, C and Mg, which were more
abundant in the grassland soils. We hypothesise that a smaller pool of microorganisms
is sufficient to perform all functions in the soil ecosystem in fertile soils unaffected by
agrotechnical activities, whereas the maintenance of eubiosis in mechanically and fertilised
agricultural soils requires the involvement of more microorganisms with a wider functional
spectrum. This is suggested by NGS results, including shifts in the ratio of microbiome
species composition and higher taxonomic diversity in cultivated soils. However, the
results presented are preliminary and these conclusions require further investigation. It
would be worth investigating the composition of blackcurrant root secretions and delving
into bacterial functionality to determine whether a smaller number of taxa is actually
sufficient for all soil functions (biogeochemical cycles).
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Detailed characterisation of the sampling sites; Table 52: Information on deposited sequences in NCBI
database (Bioproject PRINA1055027); Table S3: Trace elements contents (g kg*1 of soil) in examined
Fluvisols; Table S4: Relative abundance (%) of bacterial taxa in examined Fluvisols.
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