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Abstract: The aim of the study was to determine the Actinobacteria structure in cultivated (C)
versus non-cultivated (NC) soils divided into three groups (autogenic, hydrogenic, lithogenic) with
consideration its formation process in order to assess the Actinobacteria sensitivity to agricultural soil
use and soil genesis and to identify factors affecting their abundance. Sixteen C soil samples and
sixteen NC samples serving as controls were taken for the study. Next generation sequencing (NGS)
of the 165 rRNA metagenomic amplicons (Ion Torrent™ technology) and Denaturing Gradient Gel
Electrophoresis (DGGE) were applied for precise determination of biodiversity. Generally, greater
abundance of Actinobacteria in the NC soils relative to the C soils was found. Moreover, it was
indicated that the actinobacterial diversity depended on both the soil genesis and the land use;
however, this effect directly depended on the particular family and genera. Two factors: redox
potential (Eh) and total carbon (TC) seemed to had a significant effect on the diversity of Actinobacteria.
More precisely, Actinobacteria from the NC soils displayed a greater affinity for each other and were
clearly influenced by Eh, whilst those from the C soils were mostly influenced by TC.

Keywords: Actinobacteria; cultivated soils; wastelands; DGGE; NGS; biodiversity indices

1. Introduction

The Actinobacteria phylum contains six classes, 59 families, and over 200 bacterial genera
(www.bacterio.net) commonly widespread in all environments except for some extreme ones [1-3]. This
phylum is mostly represented by relatively numerous taxonomic units among cultivable bacteria [4-8];
however, also culture-independent techniques have recently been applied for identification of
Actinobacteria [9-11]. Actinobacteria are highly metabolically and physiologically diverse. They are
represented by either Gram-positive or Gram-variable aerobes, facultative aerobes or anaerobes, and
chemo-organotrophs [1] with high guanine and cytosine content in their DNA [12]. The presence
of Actinobacteria in soils is important from the ecological point of view, as they are able to
metabolize organic matter and possess an ability to remove pesticides, heavy metals, and other soil
contaminants [1,13]. Moreover, they can produce bioactive metabolites, vitamins, siderophores, enzyme
inhibitors, pigments, biosurfactants, phytotoxins, and enzymes important for degradation of complex
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polymers [1-3,14]. However, in some cases, harmful effects known as actinobacterial plant, animal, and
human diseases can also be caused by Actinobacteria [12]. The majority of phytopathogenic features
were found in Corynebacterium, whereas Actinomyces, Mycobacterium, Dermatophilis, Renibacterium, and
Rhodococcus are responsible for human and animal diseases [12]. Thus, comprehensive knowledge of
the structure and distribution of Actinobacteria in the soil environment is extremely desirable, as it
can help to recognize positive or dangerous effects of the presence of Actinobacteria and, secondly, it
can provide understanding of the impact of global environmental changes on the world’s microbial
communities [2]. Until recently, Actinobacteria have been mainly studied with conventional (culturing)
methods [4-6]; however, Next Generation Sequencing - NGS techniques are currently applied for better
recognition of the soil microbiota diversity [2,15-20].

It is known that soil chemical properties are relevant to soil microbial structure [17]. The most
important factors affecting soil microbial communities include temperature, moisture, and carbon and
nitrogen content [2,21]. All of them are regarded as regulators of microbial activities in soil environments.
Liu et al. [2] presented an effect of temperature on Actinobacteria abundance. It was assumed that
temperature regulated most of the microbial metabolic activities. At lower temperature, the respiration
level and enzymatic activity decrease; furthermore, the nutrient availability for microorganisms is
affected by temperature as well [2,16,21]. Another factor with significance for microorganisms is
soil moisture, which has an impact on their internal regulation mechanism [22]. More importantly,
moisture is responsible for proper soil aeration status. In this context, aerobic Actinobacteria are
particularly sensitive to the concentration of dissolved oxygen [23]. Moreover, soil moisture (like
temperature) has an impact on the availability of soil nutrients [2,24]. Here, it should be strongly
emphasized that nutrient (carbon, nitrogen) availability is the major limitation for microbial growth,
abundance, and activity [2,25]. Liu et al. [2] proved that the Actinobacteria structure was positively
correlated with carbon and nitrogen concentrations in the soil. In contrast, Sul et al. [26] noted higher
Actinobacteria abundance (especially in relation to the subclass Rubrobacteridae) in soils with low
carbon content. The inconsistency of these findings probably arises from the heterogeneity of the
soil environment [27], as is difficult to unify the carbon content in different soil types and climatic
zones. Analogically, the influence of nitrogen onthe soil microbial composition was studied [26,28]
and a positive relationship between Actinobacteria and nitrogen concentrations was reported by
Ramirez et al. [29] and Liu et al. [2]. This may result from the fact that nitrogen alters soil acidity and
mediates microbial enzymatic and physiological metabolism [30]. Considering this knowledge, it
should be emphasized that studies related to the impact of environmental parameters on microbial
communities, including Actinobacteria, are worth continuing, as each additional result provides new
data on the still unrecognized world of microorganisms and their environmental interdependencies.

To our knowledge, the structure of Actinobacteria in arable and non-cultivated soils is still poorly
recognized. Usually, Streptomyces is demonstrated as the dominant genus in the soil environment in
the description of this phylum [12] carried out with culture-dependent techniques, which is not always
clear, as shown by our metagenomic (culture-independent) research.

We hypothesized that Actinobacteria structure could be dependent on the mode of land use, and
the soil formation processes (soil genesis). Thus, the novelty of this study consists in the recognition and
connection of theActinobacteria structure with the genesis of auto-, hydro-, and lithogenic soils, as well
as the indication on genera sensitive and/or resistance to the agricultural land use. Thus, the main goals
of this study performed with metagenomic and denaturing gradient gel electrophoresis techniques
were to determine: (1) the community structure of Actinobacteria in cultivated and non-cultivated
soils, representing three origin types, with identification of genera that are sensitive and resistant
to agricultural activity and (2) the major environmental parameters influencing the distribution
of Actinobacteria.
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2. Materials and Methods

2.1. Soil Sampling

Soil materials were collected at the beginning of the spring season (before vegetation started)
in the south-east part of Poland, Lubelskie voivodeship (51°13’N, 22°54’E), which has a borderline
humid continental climate with cold and dump winters and warm summers [20]. The collected soil
materials (Table 1) were grouped based on the soil formation process into 3 units: (1) autogenic—formed
from loess material (including Luwvisols, Arenosols, and Phaeozems) (2) hydrogenic—formed under an
effect of stagnant water (including Gleysols and Luvisols), and (3) lithogenic—formed from limestone
(including Leptosols).

Table 1. Localization of the soil sampling sites (South-East—SE Poland) with Food and Agriculture
Organization of the United Nations—FAOQ classification.

Soil No. Field Code (Soil Group) FAO Classification Geographic
Coordinates
1 Albic Luvisol 22°1017,7''51°26’24,6”
2 Albic Luvisol 22°27'10,3''51°24’3,8”
3 Albic Luvisol 22°36’51,8'’51°21’27,0”
4 Haplic Luvisol 22°06’54,2’'51°21’52,2”
5 Autogenic (1-10) Brunz:cArenosol 22°1519,0’’51°23’0,9”
6 BrunicArenosol 22°15’55,5'’51°23’1,9”
7 Haplic Luvisol 24°04’0,3’"50°51’15,81
8 Haplic Luvisol 23°22’52,4’’50°51’14,8”
9 Haplic Luvisol 22°07'29,9’’51°25’5,5”
10 Haplic Chernozem 50°44’48,3723°42'56,6""
11 GleyicPhaeozem 22°06’18,8’'51°2248,0”
12 : MollicGleysol 22°01'25,5"51°29'15,3”
Hyd 11-14 / 4
13 ydrogenic (11-14) FluvicGleyicPhaeozem 21°59'10,1/"51°33/47,7"
14 GleyicUmbrisol 22°16’38,9’'51°2527,3”
15 . . CalcaricCambisol 23°10’58,3/'51°1222,3”
16 Lithogenic (15-16) CalcaricPhaeozem 23°11/43,9/51°1210,8"

The soils were sampled according to Polish Norm Rules [31], dedicated to soil sampling from
cultivated sites for biological analyses. 10 x 10 m squares were selected for each of the sample sites
(Table 1), and minimum 50 random samples were taken with use of Egner’s bow (Figure 1a) from the
surface layer (0-20 cm) from each site [20]. The random samples were combined and homogenized
into one representative sample for each of the sixteen sites (Figure 1b).

(@) (b)

Figure 1. Soil sampling with Egner’s bow by Dr. Artur Banach from The John Paul II Catholic
University of Lublin (a), and homogenization of single random samples into one representative sample
(b) in each site separately.
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The same pattern was applied while taking the controls (non-cultivated and non-forested areas)
located in close proximity (max. to 50 m) to the cultivated soils and belonging to the same soil types as
the agricultural soils [20]. Consequently, 16 samples for arable soils (coded C—as cultivated) and for
non-cultivated sites (coded NC—as non-cultivated) were obtained. The scheme of soil sampling was
presented in our previous study [18]. In laboratory conditions, each sample was air-dried and sieved
through a 2-mm mesh.

2.2. Soil Chemical Characteristics

All chemical parameters included in the current study were described and discussed in our
previous studies [18,19,28]. The methods for determination of the moisture content, acidity (pH),
and the concentrations of nitrogen biogenic forms (NHs—N, NO3-N, and NO,-N) were presented in
Woliriska et al. [18]. The measurements of total carbon (TC) were described in Woliriska et al. [28],
while the determination of PO4—P was presented in Woliriska et al. [19].

2.3. DNA extraction and Next Generation Sequencing

DNA from the soils was extracted within 24 h after sampling, according to a modified method
described by Tomczyk-Zak et al. [32]. The modification step was described in Woliriska et al. [19].

Next Generation Sequencing (NGS) of the 165 rRNA gene metagenomic amplicons was realized
with the Ion TorrentTM technology (Ion PGM™, Life Technologies, Guilford, CT, USA). PCR
amplifications were performed using Ion 165™ Metagenomics Kit following the manufacturer’s
recommendations, except that the number of cycles was reduced to 18. Sequencing (Ion 318™ Chip
Kit v2) was performed in the Laboratory of Microarrays Analyses in Warsaw (IBB PAS) according to
manufacturer’s protocols.

2.4. Bioinformatic Analysis

MOTHUR v.1.34.4. software (University of Michigan, MI, USA), was used for analysis of the
DNA sequencing data obtained [33]. All reads were dereplicated and aligned to the mothur-formatted
version of the Silva reference-database (silva.nr_v119) according to Quast et al. [34]. Afterwards,
chimeras were removed using UCHIME [35]. Finally, the sequences were clustered into Operational
Taxonomic Units (OTUs) based on a 97% similarity threshold [18]. Diversity indices and rarefaction
curves were calculated using algorithms implemented in the Mothur software v.1.34.4 (University of
Michigan, MI, USA).

2.5. Denaturing Gradient Gel Electrophoresis

The dominant Actinobacteria communities were distinguished by DGGE analysis performed
with a D-Code Universal Mutation Detection System (BioRad Laboratories, Hercules, CA, USA). 16S
rRNA gene fragments of Actinobacteriawere amplified from purified DNA using Actinobacteria specific
primers [5]: 243F (5’-GGATGAGCCCGCGGCCTA-3’) and general eubacterial reverse primer 1378R
(5’-CGGTGTGTACAAGGCCCGGGAACG-3). A1 uL volume (roughly 2-10 ng in an undiluted form)
of each DNA was amplified by a PCR mixture containing 5 uL of 10x-buffer (Sigma Aldrich Co. Saint
Luis, MO, USA), 6.0 pL of 25mM MgCl, (Sigma Aldrich Co.), 2.5 puL of 10% (wt/vol) bovine serum
albumin (Sigma Aldrich Co.), 1 uL of 10 mM dNTP (Sigma Aldrich Co.), 5 pmol of each primer, 0.4 uL
(2U) TagDNA polymerase (Sigma Aldrich Co.), and PCR-grade water up to the final volume of 50 pL.

The PCR products were checked in 1% agarose gels and used for nested PCR-amplification with
GC-clamped eubacterial forward primer [4] 968F (5'-CGCCCGCCGCGCGCGGCGGGCGGGGCG
GGGGCACGGGGGGAACGCGAAGAACCTTAC-3’) and reverse primer 1378R (5'-CGGTGTGTACA
AGGCCCGGGAACG-3’). The template DNA from the actinobacteria-specific amplification was 10
fold diluted for nested PCR-amplification. The PCR reaction consisted of a 0.5-1 pL volume of the
template DNA from the actinobacteria-specific amplification, 10 pmol of each primer, 1 uL of 10 mM
dNTP solution, 5 pL of 10x-buffer (Sigma Aldrich Co.), 6.0 puL of 25 mM MgCl, (Sigma Aldrich Co.),
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0.4 uL (2U) TagDNA polymerase (Sigma Aldrich Co.), and PCR-grade water up to the final volume of
50 uL. The PCR products were checked as previously described and further analysed in DGGE gels.

Next, the samples were loaded in 6% acrylamide gels with a denaturing gradient of 40-55%
(where 100% denaturant is 7M urea and 40% formamide). Each well was loaded with 20 pL of the PCR
product and the gels were run at 150 V for 5 h at 60 °C. The electrophoretic products were stained with
gentle agitation of the gel for 30 min in 100mLof 1XTAE containing 5 uL of 1:10.000 commercial stock
dilution of SYBR Gold nucleic acid stain (Invitrogen, Life Technologies) in dimethyl sulfoxide—DMSO.
DGGE banding patterns were visualized in Appendix A (Figure Al) with UV transillumination
and photographed using the Gel Doc 2000 gel documentation system (BioRad Laboratories). Three
independent electrophoretic runs were made for each set of samples. DGGE gel images were analysed
by Quantity One software in the GelDoc gel documentation system (BioRad Laboratories). The gel
bands were identified using GelCompar software to create the presence-absence matrix described by
Crump and Hobbie [36].

2.6. Statistical Analysis and Biodiversity Indices Calculation

Canonical correspondence analysis (CCA) was conducted to determine the Actinobacteria—
environment relationships. Microbiological data for each sample were analysed in relation to all
environmental parameters measured. The similarity was assessed with the Dice coefficient, and
clustering analysis was performed using the unweighted pair-group method and arithmetic averages
(UPGMA) for construction of the dendrogram. Species richness was determined by the number of
bands resolved by PCR-DGGE in one sample line.

Two-way ANOVA test was used to study the effects of soil genesis and the mode of land use on
the actinobacterial abundance. The analysis was performed for the most abundant families and genera.
Tukey’s testpost hoc was used for assessment of differences between the groups. Significance was
assumed at p-value < 0.05. All data were analysed statistically using Statistica version 10 (StatSoft Inc.,
Tulsa, OK, USA) and Canoco ver. 4.5 for Windows [37] for the correspondence analysis.

The Shannon-Weaver diversity index and Simpson index of dominance were calculated according
to Vivas et al. [38]. H'- the Shannon-Weaver index of general diversity is an indicator of general species
diversity and is known as a measure of diversity that combines species richness (the number of species
in a sample) and their relative abundance. Lower values of H” indicate more diversity while higher
values indicate less diversity. Simpson’s Diversity Index - D’is a measure of diversity that takes into
account the number of present species, as well as the relative abundance of each species. The D" index
has a value between 0 and 1. As species richness and evenness increase, the diversity increases. In this
index, 1 represents infinite diversity and 0 denotes no diversity. I/D—Simpson index of dominance (as
the index increases, the diversity increases). S—the number of OTUs for DGGE profiles. At the same
time, these indicators were also calculated for all samples from the two designated groups (cultivated
soils and non-cultivated soils) as well as the Sorenson similarity index.

3. Results

3.1. Chemical Characteristics of Autogenic, Hydrogenic and Lithogenic Soils

Detailed chemical features of each of the 16 studied soil units + standard deviation—SD are
presented in Table 2, whereas averaged values of chemical factors in the C and NC samples representing
auto-, hydro-, and litho-genic soils are summarized in Appendix A (Table Al).
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Table 2. Selected chemical features of the studied soils + SD (C—cultivated, agricultural, bolded; NC-control, non-cultivated soils).

Soil No. Moisture 2 pH Eh P TC? N-NH; ¢ N-NO; ¢ N-NO; ¢ P-PO, €
1C 8.20 + 0.20 5.23 + 0.06 477.4 + 0.40 0.98 + 0.002 0.01 £ 0.006 9.34 £ 0.8 0.11 £ 0.003 2.56 + 0.04
INC 9.76 £ 0.11 6.27 £ 0.005 435.2 +0.20 1.76 £ 0.12 0.09 £ 0.006 1.68 + 0.014 0.17 £ 0.001 1.77 £ 0.03
2C 9.30 + 0.10 4.66 + 0.02 546.73 + 0.21 1.23 £+ 0.04 0.02 £ 0.001 7.37 £ 0.05 0.08 + 0.001 1.51 £+ 0.01
2NC 11.16 £ 0.11 5.02 +£0.02 528.40 + 0.36 1.40 £ 0.05 0.04 + 0.014 5.84 +0.03 0.10 + 0.001 1.01 £ 0.01
3C 10.22 + 0.03 4.78 + 0.02 535.7 + 0.30 1.24 £+ 0.04 0.01 £ 0.001 53.32 + 0.52 0.05 + 0.005 19.6 + 0.98
3NC 9.13 £ 0.05 6.22 £ 0.09 452.86 £ 0.11 1.79 £ 0.14 0.06 + 0.006 3.58 £ 0.09 0.42 + 0.005 1.16 + 0.05
4C 12.56 + 0.06 6.98 + 0.02 450.03 + 0.32 1.96 £ 0.05 0.43 + 0.006 18.25 + 0.06 0.10 + 0.004 12.9 + 0.04
4ANC 13.50 + 0.10 7.08 + 0.06 41920 £ 1.11 2.52+0.14 0.48 + 0.008 7.57 £0.32 0.53 + 0.003 59+0.03
5C 6.60 £+ 0.10 5.45 + 0.04 470.20 + 17.75 1.01 £ 0.04 0.07 £ 0.006 25.53 £ 0.18 0.12 + 0.001 6.88 £+ 0.01
5NC 8.63 +0.15 5.58 + 0.04 396.13 £ 0.23 2.06 +0.19 0.69 + 0.009 10.18 +0.14 0.21 + 0.002 3.52 +£0.09
6C 9.23 + 0.06 4.78 + 0.006 480.60 + 0.18 0.83 £+ 0.09 0.01 £ 0.007 20.26 + 0.07 0.09 £ 0.004 4.01 £ 0.01
6NC 8.63 £0.15 5.58 £ 0.04 396.13 £ 0.23 2.06 £ 0.19 0.69 + 0.009 10.18 £ 0.14 0.21 £+ 0.002 3.52 +0.09
7C 12.13 £ 0.15 6.93 £ 0.006 403.10 + 3.64 0.97 £ 0.06 0.05 £ 0.001 14.48 + 0.04 0.04 + 0.005 4.61 + 0.01
7NC 12.76 + 0.11 6.99 £+ 0.03 400.66 + 0.15 349 £0.11 0.41 + 0.008 541 +0.14 0.87 £ 0.003 3.85+0.03
8C 19.00 £+ 0.17 5.96 £+ 0.12 461.10 + 0.17 0.96 + 0.11 0.36 £ 0.02 17.35 £+ 0.03 0.12 + 0.002 6.81 £ 0.02
8NC 20.26 + 0.63 6.06 + 0.009 409.23 + 0.25 2.68 + 0.07 2.61 +0.04 11.07 £ 0.05 0.24 +0.02 2.94 +0.03
9C 5.66 + 0.11 5.13 + 0.006 480.73 + 0.93 0.88 + 0.06 0.19 + 0.009 4.96 + 0.06 0.14 + 0.001 13.9 + 0.24
INC 710 £0.17 5.40 + 0.006 487.23 £0.25 142 +0.11 0.18 + 0.001 1.76 + 0.06 0.80 + 0.002 7.52 £ 0.02
10C 24.66 + 0.28 6.61 £ 0.05 561.30 + 0.36 1.64 £ 0.03 0.02 £ 0.001 27.43 £+ 0.08 0.09 £ 0.003 1.36 £+ 0.05
10NC 31.03 £0.23 7.22 +0.02 529.26 £ 0.23 543 +£0.14 0.02 + 0.002 8.23 +£0.02 0.44 + 0.006 1.35 + 0.02
11C 12.96 + 0.28 6.73 £ 0.006 556.10 + 0.30 1.18 £ 0.02 0.41 + 0.04 10.11 £ 0.07 0.13 + 0.004 5.77 £ 0.13
1INC 14.33 + 0.57 6.76 £ 0.01 537.96 + 0.25 3.15+0.29 0.78 + 0.01 10.06 + 0.09 0.15 + 0.001 1.09 £ 0.02
12C 5.80 £ 0.17 4.74 + 0.02 559.36 £ 0.32 0.91 £ 0.05 0.03 £ 0.004 21.90 £ 0.02 0.09 £ 0.001 2.04 £ 0.03
12NC 10.40 + 0.17 6.25 £ 0.03 542.90 £2.95 1.80 +0.13 4.94 +0.08 6.75 £ 0.05 0.10 £ 0.001 1.68 + 0.008
13C 5.20 +£0.17 4.18 + 0.05 551.30 + 0.30 0.98 £+ 0.07 0.14 £ 0.04 2.99 +0.03 0.09 £ 0.001 2.64 + 0.09
13NC 8.86 £ 0.11 5.64 £ 0.06 545.20 £ 0.40 1.23 +0.08 0.27 £ 0.03 2.20 £ 0.05 0.13 + 0.002 1.33 + 0.008
14C 6.50 + 0.10 4.85 + 0.03 523.43 + 0.23 2.69 +0.19 0.01 + 0.001 10.22 + 0.12 0.08 + 0.002 3.09 £0.10
14NC 9.30 £ 0.20 527 +0.01 519.96 + 0.25 3.63 +0.14 0.02 + 0.002 9.05 +0.03 0.09 + 0.001 1.74 + 0.38
15C 10.86 £+ 0.11 5.58 + 0.06 503.90 £ 0.20 0.97 £ 0.06 0.05 £ 0.01 77.17 £ 0.14 0.08 £ 0.007 6.83 £ 0.19
15NC 12.50 + 0.17 5.76 £ 0.01 493.80 £ 0.20 1.59 +0.12 3.39 £ 0.06 10.12 + 0.07 0.09 £ 0.004 0.60 + 0.007
16C 12.80 £ 0.10 5.58 + 0.11 488.20 + 0.20 1.25 + 0.05 0.22 +0.01 32.98 +0.27 0.09 £ 0.001 1.04 £ 0.02
16NC 19.30 + 0.17 7.39 +0.02 446.16 £ 0.47 5.80 +£0.43 0.28 £ 0.02 13.82+ 0.5 0.13 + 0.004 1.01 + 0.02

a_o,.b_my; ‘—mg/kg.
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The differences between soil genesis and soil use were the cause of the differences in their
chemical properties. Generally, at the time of sampling (early spring), soil moisture oscillated between
7.61-11.83% and 10.72-15.90% for the C and NC soils, respectively. In terms of soils genesis, the lowest
moisture was determined for the hydrogenic soils, whilst the highest moisture was exhibited by the
lithogenic soil types. Soil acidity (pH) was substantially lower in the C soils (5.12-5.65) than in the
control samples (5.98-6.14). Regardless of the land use and formation process, each soil was well
oxygenated and no oxygen deficits were noted in any case. Redox potential (Eh) was at the level of
486.7-547.55 mV in the C soils and reached slightly lower values in the NC soils (445.43-536.5 mV).

Among the biogenic forms of nitrogen, nitrate nitrogen (N-NO3) dominated in both the C and
NC soil samples, but their concentration was much higher in the C sites (19.83-55.07 mg/kg) than in
the NC soils (6.55-11.97 mg/kg). The share of the other two forms of nitrogen was less significant and
amounted to 0.11-0.14 mg/kg and 0.09 mg/kg for ammonium nitrogen (N-NHj) and nitrite nitrogen
(N-NOy), respectively, in the C soils. In turn, in the NC soils, N-NH, oscillated between 0.53 and
1.83 mg/kg, and N-NO, ranged from0.11 and 0.39 mg/kg. The concentration of phosphates was higher
in the C soils (3.38-7.41 mg/kg) in comparison to the control samples (0.80-3.25 mg/kg).

3.2. Biodiversity in Cultivated and Non-Cultivated Soils at the Phylum Level

Rarefaction curves were generated for all samples (Figure A2). Although the estimate of Good'’s
coverage of biodiversity in all of the soil samples was high (between 0.88 and 0.96), the rarefaction
analyses evidenced that the communities were rather moderately sampled. As shown in Figure A2,
the rarefaction curves did not reach a plateau for any sample, even for the sample with the highest
number ofsequence reads (over 48,000; 3NC), indicating that many more reads would be required to
capture the entire diversity.

The total number of 5 9804 OTUs was metagenomically detected in the studied soils. The bacterial
structure in the C and NC soils with their classification according to the soil genesis are shown in
Figure 2.

1000
200
800
700
600
500
400
300
200
100

0

® Proteobacteria ® Bacteroidetes ® Actinobacteria ® Acidobacteria ® Firmicutes

OTUs

NC C NC C NC C

Autogenic soils Hydrogenic soils Lithogenic soils

Figure 2. Relative abundance of bacteria at the phylum level across all soil samples (NC—non-cultivated soil;
C—cultivated soil) classified according to its formation processes (autogenic, hydrogenic, and lithogenic).

Proteobacteria turned out to be the unquestionable dominants in the studied soils, as their
abundance was in the range of 720-885 OTUs (58.94% of the total relative abundance) in the NC soils
and 398-695 OTUs (57.44%) in the C soils. Bacteroidetes were subdominant (160-234 and 116-211
OTUs for NC and C, respectively, constituting 15.37% and 11.5% of the total relative abundance),
whereas Actinobacteria were in the third place in the bacterial structure of the analysed soils with
68-72 OTUs in the NC soils (5.19% of the total relative abundance) and 55-65 OTUs (4.75% of the total
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relative abundance) in C (controls soils). Acidobacteria ranked fourth in the structure of soil bacteria in
the Lublin region with 38—44 OTUs in NC (2.87% of the total relative abundance) and 35-46 OTUs in C
(3.25% of the total relative abundance). The abundance of Firmicutes OTUs was much lower than that
of the dominants and amounted to 14-21 (1.25% of the total relative abundance) and 12-34 (1.51% of
the total relative abundance) for C and NC, respectively.

3.3. Structure of Actinobacteria in Arable and Non-Cultivated Soils at the Family Level

Figure 3 shows the structure of Actinobacteria determined by NGS at the family level in the three
genetic soil types, with indication of families that are sensitive to agricultural soil use, i.e., displaying a
decrease in OTUs in the C soils, and families that are resistant to agricultural practices, exhibiting an
increase in OTUs in the C soils compared to the NC sites.
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Figure 3. Relative abundance of six dominant families of Actinobacteriaacross all soil samples (NC—
non-cultivated soil; C—cultivated soil) classified according to soil formation processes (autogenic,
hydrogenic, and lithogenic).

The family Nocardioidaceae seemed to be a clear dominant in both the NC and C soils of the
Lublin region. This trend was maintained regardless of the soil type or origin, but the hydrogenic
and lithogenic NC soils seemed to be a more preferable niche for Nocardioidaceae colonization than
autogenic soils. The number of Nocardioidaceae representatives was at a similar level in the NC and C
variants of the autogenic soils (13 OTUs), 17 OTUs were detected in the NC hydro- and lithogenic soils
and 10-14 OTUs in the C lithogenic and hydrogenic soils, respectively.

The family Microbacteriaceae appeared to be a sub-dominant of Actinobacteria in the Polish C
and NC soils. It was sensitive to agricultural treatment and, irrespective of the soil genesis, showed
reduced abundance in the C soils compared to the control soils (NC). The decrease in the number of
OTUs was estimated at 60, 37.5, and 22% in the C litho-, hydro-, and autogenic soils, respectively.

Acidimicrobiaceae having the third place in the Actinobacteria structure in terms of numbers was
also sensitive to the agricultural land use. The number of Acidimicrobiaceae OTUs ranged from 3 to
4 OTUs in the C variant of the hydrogenic, autogenic, and lithogenic soils and from 4 to 5 OTUs in
the NC soils, respectively. In the case of this family, the NC lithogenic soils seemed to be the most
preferred niche for colonization. Another family of Actinobacteria reacting by a decrease in the number
of OTUs in the C soils, compared to NC, was Micromonosporaceae with their 30-50% reduction of
abundance in all the genetic soil types studied. In contrast, resistance to cultivation was demonstrated
by the family Micrococcaceae, where the number of OTUs was higher in the NC soils (2—4 OTUs)
compared to the C soils (1 OTU); however, their presence in the lithogenic soils was detected. The least
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numerous in the Actinobacteria structure was the family Gaiellaceae with 1 OTUs in the C and NC
autogenic and hydrogenic soils and 1-2 OTUs in the NC and C lithogenic soils.

3.4. Structure of Actinobacteria in Arable and Non-Cultivated Soils at the Genus Level

Figure 4 shows the structure of Actinobacteria determined by NGS at the genus level in the three
genetic soil types, with indication of genera that are sensitive to agricultural soil use, i.e., displaying a
decrease in OTUs in the C soils and genera that are resistant to agricultural practices, exhibiting an
increase in OTUs in the C soils compared to the NC sites.

20 m Nocardioides = Marmoricola Aeromicrobium m Microbacterium
18 = Agromyces = [lumatobacter Gailella
16
14
12
e
= 10
(=]
8
6
4
2 I
0
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Autogenic soils Hydrogenic soils Lithogenic soils

Figure 4. Relative abundance of seven dominant genera of Actinobacteria across all soil samples
(NC-non-cultivated soil; C—cultivated soil) classified according to soil formation processes (autogenic,
hydrogenic, and lithogenic).

As in the dominant family Nocardioidaceae, the actinobacterial genera Nocardioides, Marmoricola,
and Aeromicrobium dominated in the studied NC and C soils, irrespective of their formation process.
Nevertheless, their abundance was higher in the NC soils (Figure A3) than in C.

Relatively large numbers in the Actinobacteria structure were represented by two genera
Microbacterium and Agromyces from the family Microbacteriaceae. Interestingly, their number was
determined by the soil genesis and land use, and the highest abundance was found in the NC lithogenic
soils (10 OTUs), followed by the NC hydrogenic and autogenic soils (9 and 8 OTUs, respectively),
Figure 4, Figure A3.

At the same time, the number of OTUs in the C variant was 7, 5, and 4 for the auto-, hydro-, and
lithogenic soils, respectively. The trend observed in the OTU reduction in the C soils in comparison to
the NC sites in each analysed soil groups may suggest that each of the genera is sensitive to agricultural
practices (Figure 4).

Ilumatobacter, belonging to Acidimicrobiaceae, also demonstrated sensitivity to the agricultural
use of the soils, but only in hydrogenic and lithogenic soils, where a 25-40% decrease in the OTU
number was noted in the C soils, respectively, in relation to the NC variant. In the autogenic soils, the
same level of llumatobacter (4 OTUs) was noted, regardless of the C/NC combination.

Gaiella was the least numerous genus in the studied soils with 1-2 OTU in the C and NC autogenic
and hydrogenic soils (Figure 4). In contrast to the aforementioned types, the number of Gailella
was slightly higher in the C soils than in NC (Figure A3). Interestingly, the largest known genus
of Actinobacteria usually described as most abundantly represented in soils is not included in the
presented graphs, as the number of Streptomyces representatives in our study was negligible, likewise
that of the family Streptomycetaceae.

Specific and common actinobacterial taxons in the NC and C samples are visualized in Venn's
diagram (Figure 5).
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Figure 5. Beta-biodiversity of common and specific ActinobacteriaOTUs in NC and C soils from
Lublin Region.

It was found that 12 actinobacterial genera seemed to be common for both sites (NC and C):
Actinospica, Amnibacterium, Cetelliglobosispora, Citricoccus, Frondihabitans, Flexivirga, Nocardia, Krasilnikovia,
Planosporangium, Rhodoglobus, Subtercola, and Williamsia.

Actinobacterial genera specific for the C sites only were limited to Actinocorallia, Jonesia, Mycobacterium,
and Patulibacter, whereas those characteristic for the NC soils were represented by Euzebya and Terrabacter
(Figure 5).

3.5. Biodiversity Indices Calculated Based on NGS Analysis

The biodiversity indicators obtained from the NGS analyses were calculated in accordance with
the result presentation scheme (division into three soil genetic groups) and shown in Table 3.

Table 3. Analyses of the diversity of Actinobacterial 165 rRNA amplicons in Lublin Region soils
( SD value).

Shannon-Weaver Simpson’s Simpson’s Diversity
Soil Type Mode of Land Use Diversity Index Dominance Index Index
(H') (1/D) (D)
Autogenic NC 2.87 +0.004 10.28 + 0.005 0.14 + 0.004
C 2.86 + 0.006 9.90 + 0.004 0.11 + 0.005
Hydrogenic NC 2.99 +0.002 11.22 + 0.004 0.09 + 0.006
C 2.94 +0.001 10.19 + 0.002 0.10 + 0.004
Lithogenic NC 3.13 + 0.003 14.00 + 0.001 0.08 + 0.003
C 3.08 + 0.004 11.74 + 0.003 0.07 + 0.004

H’—Shannon-Weaver index of general diversity, I/D—Simpson’s index of dominance; D—Simpson’s index
of diversity.

The Shannon diversity (H’) index ranged from 2.86 in the C autogenic soil samples to 3.08 in
the C lithogenic soil samples. In the NC variant, H” was slightly higher, i.e., between 2.87 and 3.13.
The Simpson’s biodiversity index (D) in all of the samples was very low, ranging between 0.07 in the
C lithogenic soils to 0.14 in the NC autogenic soil samples. Also, the 1/D index had higher values in
the NC variant (10.28-14.00) of each soil types in comparison to the C soils (9.90-11.74). Each of the
diversity estimators (Table 3) indicated highly heterogeneous ecosystems and higher actinobacterial
biodiversity in the NC rather than C soils.

3.6. DGGE analysis of Actinobacteria in Arable and Control Soils with Biodiversity Indices

The analysis of DGGE profiles evidenced differences in the structure of the dominant Actinobacteria
phylotypes (Table 4, Figure A4).
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Table 4. Comparative biodiversity of Actinobacteria along a gradient of cultivated soils.

Non g;‘illt;“ted H 1/D D 5 C“g;‘i’lzted Soil Type H 1/D D 5
TINC 3.63 6.07 0.165 16 11C MollicGleysol 2.44 7.37 0.136 6
15NC 2.88 7.64 0.131 8 15C Rendzina Leptosol 244 7.37 0.136 6
14NC 3.64 6.05 0.165 22 14C EutricHistosol 2.65 6.80 0.147 7
4ANC 3.29 6.70 0.149 11 4C Haplic Luvisols 2.83 6.36 0.157 8
16NC 3.63 6.07 0.165 16 16C Rendzina Leptosol 2.83 6.36 0.157 8
10NC 3.59 6.13 0.163 15 10C Haplic Phaezoem 2.99 6.03 0.166 9
12NC 3.17 6.94 0.144 10 12C MollicGleysol 2.99 6.03 0.166 9
8NC 3.59 6.13 0.163 15 8C Haplic Luvisols 3.12 5.76 0.173 10
2NC 3.17 6.94 0.144 10 2C Albic Luvisols 3.34 5.39 0.186 12
13NC 2.70 8.15 0.123 7 13C EutricFluvisol 3.34 5.39 0.186 12
INC 3.29 6.70 0.149 11 1C Albic Luvisols 343 5.25 0.190 13
3NC 3.63 6.07 0.165 16 3C Albic Luvisols 343 5.25 0.190 13
INC 3.63 6.07 0.165 16 9C Haplic Luvisols 3.50 5.14 0.194 14
7NC 3.04 7.25 0.138 9 7C Haplic Luvisols 3.56 5.06 0.198 15
5NC 3.29 6.70 0.149 11 5C BrunicArenosols 3.66 4.92 0.203 18
6NC 2.25 9.77 0.102 5 6C BrunicArenosols 3.66 4.92 0.203 18

H’—Shannon-Weaver index of general diversity, 1/D—Simpson index of dominance; D—Simpson index of diversity,
and S—number of OTU’s for DGGE profiles.

In the tested soil samples (NC and C), a total of 54 dominant OTUs were found and the DGGE
profiles indicated that the actinobacterial diversity in the studied soils depended both on soil genesis
and on the land use. A similar number of OTUs was noted in the NC soil samples in comparison to the
C soil samples, which generally supported the NGS findings. In other words, there were no significant
changes in the number of dominant Actinobacteria OTUs in soil samples subjected to agrotechnical
treatment compared to the non-cultivated (control) soils.

Analysis of variance for the effect of two factors (soil genesis, mode of land use) on the number of
actinobacterial families and genera is presented in Tables A2 and A3, respectively. It has been shown
that the influence of these factors is not unambiguous and directly depends on the families and genera
of Actinobacteria. The number of representatives of the Nocardioidaceae, Microbacteriaceae, and
Micrococcaceae families were significantly influenced by both the soil genesis and the land use mode,
while the numbers of other families (Acidimicrobiaceae, Micromonosporaceae, Gaiellaceae) were not
significantly affected by any of these factors (Table A2). In the case of the tested actinobacterial genera
(Table A3), a significant impact of soil use (6 genera) rather than soil genesis (4 genera) was observed.
However, neither of the two factors influenced the abundance of the Gailella genus (Table A3).

The total biodiversity analysis (Table 5) of the dominant phylotypes for individual DGGE pathways
assessed with the Shannon-Weaver index showed greater biodiversity of Actinobacteria phylotypes in
the non-cultivated soils (H'NC = 9.34) relative to the cultivated soils (H'C = 8.77).

Table 5. General diversity of studied soil samples based on DGGE banding patterns.

Shannon-Weaver Simpson’s Dominance Simpson’s Diversity
Mode of Land Use Diversity Index Index Index
(H" (1/D) (D)
Non-cultivated (NC) 9.34 £ 0.06 * 2.90 + 0.004 0.34 + 0.007
Cultivated (C) 8.77 + 0.06 3.35 + 0.006 0.27 + 0.006

*- standard deviation, p < 0.05, n = 54.

Nevertheless, the Simpson diversity index (D) in C soils calculated for all DGGE profiles amounted
to 0.27 and was slightly higher in the NC variant (0.34); this may have been caused by the fact that,
with the similar number of OTUs in the NC soils, the scattering of Actinobacteria species in relation to
the C soils was smaller.

The Simpson index of dominance (1/D) calculated for all DGGE patterns describing the ‘abundance-
weighted true diversity’ of Actinobacteria species in the C soils amounted to 3.35 and reached a level of
2.90 in NC. Consequently, there were greater numbers of clearly dominant Actinobacteria communities
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in the C soils, compared to the control soils, which exhibited lower numbers of abundant phylotypes.
According to the Sorenson coefficient (0.133) calculated based on the DGGE profiles for the tested C
and NC samples, these communities do not overlap considerably or exhibit similarity.

In general, these biodiversity indices values differ from those calculated from NGS (Table 3),
probably due to the so-called sequencing depth, which shows much more detailed biodiversity than
DGGE showing the main and dominant taxons. Nevertheless, the general trend was similar in both
methods, and higher diversity indices were noted in the NC samples and lower values were recorded
in the C soils.

3.7. Canonical Correspondence Analysis for the POSITIONs and Chemical Factors

The canonical correspondence analysis (CCA) demonstrated that Eh and TC were the main
statistically significant factors (p < 0.05) influencing the diversity of Actinobacteria in the analysed soils
(Figure 6). The first axis explains 26.1% of the sample variability and the second axis explains 17.0%.
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Figure 6. Biplots (CCA) along the two main axes of variation for the significant environmental variables
(p < 0.05) and sampled soils of DGGE banding patterns (NC—non-cultivated, C—cultivated). The
number before C and NC indicates the number of the soil sample.

It is possible to assume that Actinobacteria in the NC soils displayed a greater affinity for each
other and were clearly influenced by Eh, whereas the diversity of Actinobacteria in the C soils was
mostly influenced by the carbon content. Additionally, in most of the NC soils, the pH and nitrogen
content, in particular its two forms: N-NH; and N-NO,, had an impact on the diversification of
Actinobacteria. In turn, N-NOj3 seemed not to exert a significant effect on the Actinobacteria population
in the studied soils. Similarly, soil moisture did not influence clearly the differentiation of the dominant
Actinobacteria phylotypes in both C and NC soils.

4. Discussion

The fact that soils under systematic and long-term cultivation have different chemical properties
than uncultivated ones treated as wastelands (without any human intervention) has been known and
documented for a long time [20,28,32—41]. Usually, a decrease in pH to acidic conditions and a drop
of TC in C soils in relation to NC sites have been confirmed [21,28,40,42]. Changes in the chemical
parameters in the soils of the Lublin region analysed in the current study have already been discussed
before [18,19,21]. Here, we assumed that not only the land use but also the soil formation process
(soil genesis, Table A1) had an influence on chemical soil differentiation. Besides pH and TC changes,
also variations in the biogenic forms of nitrogen and phosphorus were revealed in the autogenic,
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hydrogenic, and lithogenic soils (Table A1, Table 2). Nitrate nitrogen dominated in the C lithogenic
soils, followed by the autogenic soils. In turn, the highest concentrations of phosphates were detected in
the C autogenic soils whilst their content in the hydrogenic and lithogenic soils was similar. Differences
in the concentrations of biogenic elements and other chemical features have a significant impact on
the biodiversity of bacteria, including Actinobacteria populations. It should be emphasised that no
similar analyses of an Actinobacteria community in C soils of Poland and any other countries have
been performed so far. Therefore, the present results provide the first insight into the Actinobacteria
community structure in C soils versus NC. Besides the land use, soil origin and soil chemistry appeared
to be statistically significant determinants of the Actinobacteria community structure. Several studies
performed earlier revealed a close interaction between soil properties and microbial biodiversity [20,43],
nevertheless, the driving forces that have an indirect effect on microbial community structures are far
from being clear [43], possibly due to the heterogeneity of the soil environment.

Autogenic soils formed on loess material are the most-widely represented soils in Poland covering
ca. 85% of Poland’s territory, hence the highest representativeness of these soil types in our soil
collection (9 units of the 16 investigated ones, Table 1). Hydrogenic soils formed under the influence of
stagnant water are sub-dominants and cover c.a. 13% of the territory of Poland. The smallest group
of Polish soils comprises lithogenic soils formed from limestone and occupying about 2% of Poland’s
area. Our previous studies demonstrated that the autogenic group of soils were characterized by the
highest microbial biodiversity expressed as the number of OTUs in the case of Potential Nitrogen-Fixing
bacteria [18], Bacteroidetes and Flavobacterium as the dominant genus [19], and Proteobacteria with
dominance of the Betaproteobacteria class [20]. Metagenomic analyses performed on the NC and C soils
of the Lublin region evidenced that Proteobacteria, Bacteroidetes, Actinobacteria, Acidobacteria, and
Firmicutes were dominant phyla in the general bacterial structure [18-20], followed by Elusimicrobia,
Chlorobi, Chloroflexi, Gemmatimonadetes, Planctomycetes, Spirochaeta, and Verrucomicrobia [18].
The phylum Bacteroidetes had the second largest number of OTUs in the range from 101 to 316
OTUs for the microbiome of the NC soils and from 63 to 259 OTUs for the C soils [19].Furthermore,
irrespective of the soil classification system (genesis and orders), it was noted that the numbers of
Bacteroidetes were significantly reduced in C soils as a presumable effect of long-term soil cultivation [19].
Therefore, we recommended this phylum as a sensitive biological indicator of agricultural soil use [19].
A similar bacterial structure as that presented in the current study was found by Wang et al. [17]
in Chinese soils under tobacco cultivation. They also reported that Proteobacteria was the most
abundant phylum, whereas Actinobacteria were presented as sub-dominants. Generally, in the
studied soil sets (NC and C), the bioinformatic tests identified 118 families and 305 genera [20].
Among them, 10 families and eight genera were recommended as sensitive indicators of soil fatigue:
Sphingomonadaceae>Chitinophagaceae>Flavobacteriaceae>Oxalobacteraceae>Acetobacteraceae>
Myxococcaceae>Comamonadaceae>Pseudomonadaceae>Burkholderiaceae>Rhodanobacteraceae; and
Pelomonas>Ramlibacter>Flavobacterium>Rhizobacter>Steroidobacter>Cellvibrio>Halliangium>Pseudomonas [20].
Their sensitivity was confirmed by a decrease in the number of OTUs in the C soils, in comparison to the
NC sites. We also indicated that, besides agricultural land use, another factor—the soil genesis (origin) is
important in the aspect of preference for colonization of niches by soil bacteria [20]. As described above,
Actinobacteria most frequently inhabited autogenic soils followed by the hydrogenic and lithogenic
group (Figure 2). This is a beneficial trend, as autogenic soils predominate in Poland and their high
biodiversity is most desirable. As presented in the current study, also hydrogenic and lithogenic soils
could be considered as an optimal ecological niche for colonization by the Actinobacteria population,
because the fluctuations between the numbers of OTUs were generally negligible. Yet, an opposite trend
was found in respect to the Potential Nitrogen Fixing (PNF) group of bacteria inhabiting NC and C
soils of Lubelskie voivodeship [18], as their abundance was directly connected with the soil formation
process and most of them inhabited the autogenic group, whereas the lowest number of PNF bacteria was
evidenced in the lithogenic soils [18]. Moreover, our former results demonstrated that Polish C soils are
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decidedly dominated by PNF bacteria belonging to the (3- Proteobacteria class and the Burkholderia genus,
whereas bacteria of o-Proteobacteria class and Devosia genus were identified as subdominants [18].

As demonstrated earlier [21], land-use practices seemed to be important factors influencing
biodiversity, because the DGGE analysis determined the clustering into groups more than the soil type.
In the current study, we wanted to verify whether Actinobacteria are also dependent on the land-use
practice; hence, the DGGE technique was applied parallel to the NGS analysis. However, in contrast to
the total results of biodiversity in Lubelskie soils when the DGGE profiles based on the diversity of 165
rRNA bacterial gene clearly demonstrated two separate clusters for C and NC soils [21], the DGGE
results in the case of Actinobacteria were not as clear (Figure A4).

The NC soils were characterized by higher biodiversity of Actinobacteria than the C soils,
which was confirmed by the values of the Shannon-Wiener coefficient (H") and the Simpson index of
dominance (1/D). This is in agreement with our previous observations for the same soils in respect to
entire bacterial communities [21], where the calculated Simpson index of dominance suggested that
C soils contained more specifically dominant communities (18.9-21.7) compared to NC soils, where
the phylotype richness was lower (18.8-20.4).Carbonetto et al. [15] observed that Actinobacteria were
more abundant in NC than C soils.

The metagenomic analyses allowed recognition of the Actinobacteria structure in the C and NC
soils at the level of dominant families (Figure 3) and genera (Figure 4). The culture-independent
results have proved that Streptomyces is not always the dominant genus in the soil environment.
In the case of Lubelskie voivodeship soils, the actinobacterial genera Nocardioides, Marmoricola, and
Aeromicrobium as well as the family Nocardioidaceae, which were found as dominant in the alpine
grasslands ecosystem, clearly dominated [2]. Wang et al. [17] observed an increase in the abundance
of Nocardioides and Agromyces in healthy soils, which proves that they are beneficial microorganisms.
Consequently, the abundance of Nocardioides may suggest that the studied Lubelskie soils can be
classified as healthy. It should be emphasized that the ability to degrade toxic environmental pollutants
and chemicals as well as the involvement in the turnover of the organic matter cycle are important
features of Nocardioides species [44]. Some species are specialized in utilization of such dangerous
compounds as chloroaromatics, dibenzofurans [45], and herbicides, i.e., atrazine [46]. Members of
the family Nocardioidaceae inhabit varied environments: soils, polluted soils, waters, plants, deserts,
oligotrophic habitats, wastewater, etc. [47]. Representatives of Nocardioides are chemoorganotrophic,
catalase-positive, mesophilic bacteria with respiratory metabolism [44]. Another representative of
Nocardioidaceae in the Lubelskie soils was the genus Marmoricola. The presence of Marmoricola in soils is
preferable because most of the species utilize a sole source of carbon (i.e., glucose, D-mannitol) and they
are classified as catalase-positive and oxidase-negative organisms [44]. An optimal pH for Marmoricola
growth is neutrophilic or slightly alkaliphilic, oscillating between 5.1 and 12.1 [44]. In the current study,
despite the fact that pH was rather acidic and oscillated from 5.12 to 6.57, depending on the land use
(NC, C) and soil genesis (Table 1), it was in the range tolerated by this genus, which may explain its large
presence in soils. Besides soils, Marmoricola was detected in volcanic ash [48] and marine sediments [49].
Aeromicrobium, i.e., the third dominant genus of Nocardioidaceae identified in the Lubelskie soils, most
frequently colonized hydrogenic and lithogenic soils. Cui et al. [50] and Siddiqi et al. [51] isolated
Aeromicrobium from gingseng field soil in South Korea. The genus comprises Gram-positive, aerobic,
non-sporulating, non-myecelial, catalase-positive, and oxidase-negative Actinobacteria, which can
produce the macrolide antibiotic erythromycin [50-52]. Besides soils, strains of the genus were also
isolated from deserts [52], marine samples [53], air [54], and Pu’er tea [55].

Ilumatobacter belonging to the family Acidimicrobiaceae identified in our study displayed
sensitivity to soil genesis in respect to the hydrogenic and lithogenic soils. In the literature database,
Ilumatobacter is described as a mesophilic, neutrophilic, aerobic, Gram-positive bacterium having
enzymes required for biosynthesis of vitamins (K, Bg) [56]. Similarly, Agromyces display beneficial
properties as well, as they can improve soil nutrient availability, promote plant growth [57], play an
important role in xylan degradation by production of xylanase [58], and are applicable for production
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of agrochemicals and pharmaceuticals [59]. Moreover, Agromyces representatives showed positive
catalase and oxidase reactions as well as antiviral and antitumor activities [59]. In our study, Agromyces
and Microbacterium seemed to be sensitive to the agricultural land use (decrease in the OTU number in
the C soils and an increase in the NC variant) and strongly dependent on the soil genesis (preference for
colonization of the NC lithogenic and autogenic soils as an optimal niche). There are more beneficial
properties of Microbacteria, as they have recently been found to live as endosymbionts in marine
sponges [12] and to exhibit a fast phenol degradation rate in soils at pH 3.5-8.0, with optimum efficiency
at pH 7.0 [60]. Some microbacterial strains display important biochemical features that make them
suitable to be used in the chemical industry, i.e., they are able to synthesize several enzymes, produce
exopolysaccharides, and have tetracycline resistance genes [59]. In the Actinobacteria structure of the
Lublin soils, the Gaiella genus was detected as well (Figure 4). The ecological functions of Gailella are
not well recognized. It is known that Gaiella are Gram-negative, aerobic, catalase and oxidase positive
bacteria, sensitive to soil pH [61]. An optimal pH for Gaiella growth is in the range of 6.5-7.5, but they
do not grow at pH 5.0 and pH 9.0 [61]. Thus, given the pH range in our soils, it can be concluded that
they did not constitute an optimal environment for the growth and presence of the bacteria, which
explains such low abundance of Gaiella in the Actinobacteria structure.

Euzebya and Terrabacter were noted to be specific taxons for the NC soils, whereas Actinocorallia,
Jonesia, Mycobacterium, and Patulibacter were detected in the C soils only (Figure 5). It is worth to
emphasize that the presence of Euzebya is associated with clean and healthy soils [62,63]; hence,
its presence was detected in the NC (considered as healthy, non-degraded) soils. Terrabacter is an
ecologically important actinobacterial genus in the soil environment with an ability to carbonate
minerals and bio-mineralize heavy metals [64,65].The presence of Jonesia was earlier reported in
agricultural soils [64], similar to Mycobacterium [66,67] and confirmed in our study as a characteristic
taxon for the C soils. Actinocorallia is known as a rare genus of Actinobacteria associated mainly with
endophytic environments [68,69]; thus, its presence in the C soils is a little surprising, in contrast to
Patulibacter, which was isolated from soils earlier [70].

In this study, we also attempted to determine the relationship between chemical parameters and
Actinobacteria abundance in C and NC soils, and found that two of them, i.e., Eh and TC, seemed to be
the most important factors. In turn, the influence of other factors was not as significant and depended
on the land use (Figure 6). In many papers, the effect exerted by pH on the Actinobacteria structure
was emphasized [12,71-73]. As suggested by Anadan et al. [12], Actinobacteria are widely distributed
in soil with high sensitivity to acid and low pH. Generally, soils with near neutral pH usually exhibit
higher bacterial diversity and number of bacteria than acidic ones [28,71,73]. Moreover, a decrease in
soil pH toward acidic conditions is responsible for a decrease in the available carbon content [74] and
is thus regarded as an environmental filter for selecting specific microbial groups and regulating soil
microbial composition [72]. Liu et al. [2] determined environmental factors influencing Actinobacteria
in alpine grasslands. They found significance (p < 0.05) of the following parameters: soil moisture, pH,
temperature, total and available nitrogen, and organic carbon. In our study, the slight effect exerted by
pH, N-NHy, and N-NO, was only noted for Actinobacteria inhabiting the NC soils, whilst the effect of
moisture was not statistically confirmed.

5. Conclusions

The culture-independent analysis presented in this study provides the first insight into the
Actinobacteria community structure in Polish C versus NC soils. Actinobacteria have been shown
to be represented in the soils abundantly, occupying the third place in the bacterial structure at the
phylum level.

Generally, there was greater abundance of Actinobacteria in the NC soils relative to the C soils.
Despite this fact, in respect to our hypothesis, it has been evidenced that the Actinobacteria structure is
dependent both on the soil genesis and on the mode of land use; however, the effect of these factors
directly depends on the particular family and genus.
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However, some actinobacterial families (Nocardioidaceae, Microbacteriaceae, Acidomicrobiaceae,
Micromonosporaceae) and genera (Agromyces, Microbacterium, Nocardioides, Marmoricola, Aeromicrobium,
and Ilumatobacter) seemed to be sensitive to agricultural treatment and displayed a decrease in
abundance in the C soils when compared to NC.

Resistance to cultivation was demonstrated by only one family: Micrococaceae as their number of
OTUs in the autogenic and hydrogenic soils was higher in the NC variant than in the C soils. Due
to the beneficial functions fulfilled by Actinobacteria in the soil environments, their abundance may
indicate soil health.

Nocardioides, Marmoricola, and Illumatobacter were the dominant taxons both in the NC and C soils,
whereas representatives of the two actinobacterial genera: Euzebya and Terrabacter were specific and
connected with the NC sites only. Furthermore, four genera were identified as specific for the C soils:
Actinocorollia, Mycobaterium, Patulibacter, and Jonesia.

Our results also highlight that Eh and TC were the main statistically significant factors affecting
Actinobacteria diversity, wherein Actinobacteria from the NC soils displayed a greater affinity for each
other and were clearly influenced by Eh, whilst TC mostly influenced the Actinobacteria population in
the C soils.

Is it possible to assume that we have demonstrated the existence of strong conservatism in the
Actinobacteria community, which does not allow large changes in their quantitative and qualitative
composition under the influence of chemical parameters, except for the effect exerted by Eh and TC
depending on the land use.
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Appendix A

Table Al. Averaged values of chemical parameters in the three genetic types of soils (C-cultivated, NC-
control, non-cultivated soils).

Factor Autogenic Hydrogenic Lithogenic

C NC C NC C NC

Moisture @ 11.76 13.20 7.61 10.72 11.83 15.90
pH 5.65 6.14 5.12 5.98 5.58 6.57

Ehb 486.70 445.43 547.55 536.50 496.05 469.98
TC? 1.17 2.46 1.44 2.45 1.11 3.69
N-NOj € 19.83 6.55 11.31 7.02 55.07 11.97
N-NO; € 0.09 0.39 0.09 0.11 0.09 0.11
N-NH; © 0.11 0.53 0.14 1.50 0.13 1.83
P-POy © 7.41 3.25 3.38 1.46 3.93 0.80

a_9%.b_mV; ¢—mg/kg.
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Table A2. Effect of soil genesis and mode of land use on the abundance of the most representative
families of Actinobacteria. The effects are represented as p-values of two-way ANOVA. Bolded values
indicate significant effects.

Factor Soil Genesis Land Use

Family

Nocardioidaceae 0.005 0.000
Microbacteriaceae 0.001 0.000
Acidimicrobiaceae 0.548 0.051
Micromonosporaceae 0.148 0.053
Micrococcaceae 0.000 0.024
Gaiellaceae 0.549 0.445

Table A3. Effect of soil genesis and mode of land use on the abundance of the most representative
genera of Actinobacteria. The effects are represented as p-values of two-way ANOVA. Bolded values
indicate significant effects.

Factor Soil Genesis Land Use

Genus

Nocardioides 0.005 0.000
Marmoricola 0.005 0.000
Aeromicrobium 0.005 0.000
Microbacterium 0.060 0.000
Agromyces 0.060 0.000
Ilumatobacter 0.004 0.005
Gaiella 0.548 0.445

\[@
9 10 11 12 13 14 15 16 10 1112 13141516

n"-** ™ ™ N x‘!““‘!\.

|

Figure Al. Denaturing gradient gel electrophoresis (DGGE) banding patterns of 16S rRNA gene
fragments generated from Actinobacterial DNA amplified by nested PCR isolated from the studied soil
samples. NC—non cultivated soils, C—cultivated soils.
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Figure A2. Rarefaction curves for the observed OTUs in the C and NC Lublin Region soils at a genetic
distance of 0.01.
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Figure A3. Differences in dominant actinobacterial taxons at the genus level between the NC and
C soils.
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Figure A4. Cluster analysis by UPGMA similarity of Actinobacteria DGGE banding patterns between
soil samples (NC—non-cultivated, C—cultivated). The number before C and NC indicates the soil
sample number.
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