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Abstract: The Sasso Fratino Integral Nature Reserve (Italy) aims to protect nature and territory. Since
no anthropic activities are allowed, it represents a good model to study the bacterial community of
a wild environment. The aim of this work was to characterise the cultivable and the total bacterial
community of soil samples from the reserve in terms of taxonomy, composition, and structure. Seven
soil samples were collected at different altitudes, and the chemical composition, the total and the cul-
tivable microbiota, and the antibiotic resistance profiles of isolates were investigated. Total bacterial
communities, studied through Next Generation Sequences analysis, included 390 genera. Samples
differed in terms of microbial composition basing on the different altitude/vegetation of collection
points. Random Amplified Polymorphic DNA Analysis (RAPD) allowed to identify 82 haplotypes
out of 158 bacterial isolates. The taxonomic identification through 16S rDNA sequencing revealed that
the strains were affiliated to 21 genera. Antibiotic resistance profiles of bacteria were also investigated,
highlighting a high resistance against streptomycin and kanamycin. This work represents the first
description of the soil bacterial community from the Natural Reserve of Sasso Fratino, and it is the
first study considering the soil microbiota of an Italian integral nature reserve.
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1. Introduction

The Sasso Fratino Integral Nature Reserve, located within the Parco Nazionale Foreste
Casentinesi, Falterona e Campigna National Park, is an important conservation area har-
bouring one of the few remnants of old-growth forests in Italy. According to the classifi-
cation of the International Union for Conservation of Nature (IUCN), Sasso Fratino is a
“Strict Nature Reserve”, a “protected area that is strictly set aside to protect biodiversity
and also possibly geological/geomorphological features, where human visitation, use and
impacts are strictly controlled and limited to ensure the protection of the conservation
values” [1]. It was the first of this kind to be established in Italy [2]. The term “integral”
means that no anthropic activities are allowed (except for the scientific research); therefore,
any intervention on the reserve is forbidden, leaving it in its natural state. The Sasso Fratino
Reserve was established in 1959, aiming to protect a forest, although not a virgin one, low-
intensively disturbed in the past by comparison with other neighbouring stands, thanks
to the highly limited accessibility of the area due to the very steep slopes characterising
the site morphology, as well as historical features [3,4]. From 2017, Sasso Fratino Reserve
is part of the UNESCO World Heritage List, as part of the Ancient and Primeval Beech
Forests of the Carpathians and Other Regions of Europe [5].
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Forests provide important ecosystem services [6], and the soil is an essential, although
often overlooked, component of these ecosystems, since it mediates fundamental nutrient
and energy flow patterns that ensure forest productivity, sustain biodiversity, and regulate
climate stability [7]. Within the soil, many of the most important services are provided by
the microbiome [8], which contributes to nutrient cycling, maintenance of soil fertility, soil
carbon sequestration [9], and modulation of resistance and resilience to perturbations [10].
Bacteria represent the most abundant group of soil microorganisms, and soil is considered
to harbour the most diverse populations of bacteria of any other environment on Earth [11].
Here, bacteria play important roles such as biogeochemical cycling of carbon, nitrogen,
sulfur, phosphorus, and metals, and biodegradation or stabilisation of environmental
contaminants [12]. Moreover, many soil microorganisms led to the discovery of novel an-
tibiotics and unique microbial metabolic pathways [9]. In forest soils, the physicochemical
properties of soil can influence bacterial diversity and richness [13] and, on the other hand,
changes in microbial communities may directly affect ecosystem processes [14].

Following the establishment of Sasso Fratino Integral Nature Reserve, 34 more integral
reserves were instituted in Italy, along the whole peninsula (according to the official list of
protected areas, last updated in 2010 and published on the Official Gazette n. 125 of 31 May
2010). However, very few studies have been undertaken in these areas, and among these no
research on the soil bacterial communities has been conducted. Moreover, even considering
the nature reserves spread around the planet, studies on soil microbiome are extremely
scarce [15–17]. Since Sasso Fratino Reserve is almost not contaminated by human activities,
and given the scarcity of scientific research on these areas, it represents a good model to
study the bacterial community of a wild environment. Thus, the aim of this work was to
characterise the cultivable and the total bacterial community of soil samples from Sasso
Fratino Reserve from different viewpoints, in terms of taxonomy, composition, structure
of bacterial communities, and antibiotic resistance profile. To the best of our knowledge,
this study is among the first taking into consideration the soil bacterial communities of an
integral nature reserve, and could be a springboard for further research in this field.

2. Materials and Methods
2.1. Study Area

The Integral Nature Reserve of Sasso Fratino (National Park of Casentine Forests,
Mount Falterona and Campigna, northern Apennines, FC, Italy) is located in Central Italy
in the northern portion of the Tuscany and Romagna Apennines (43◦50′ N; 11◦47′ E). The
reserve covers an area of 764 ha. The altitude ranges between 650 and 1520 m a.s.l, with
a prevailing north-east exposure. Morphology is irregular, with an average slope higher
than 65% (and often 100%) and frequent rock crags and overhanging. It presents an oceanic
temperate bioclimate, with an average annual temperature of 9 ◦C and an average annual
rainfall of 1750 mm, 255 mm of which falls during summer. Atmospheric moisture is
high throughout the year and foggy days are quite frequent. Snow cover lasts about three
months, from December to February. The prevailing winds blow from SW and NE and can
be blustery along the ridges. The forest is a pure beech stand from 1250 m a.s.l. upwards,
while below this altitude is a mixed beech and silver fir forest [2,3].

2.2. Biological Samples Collection

In October 2018, sampling of soil from Sasso Fratino Integral Nature Reserve was
performed. Seven soil samples were collected with 50 mL sterile falcon tubes, far from the
usual path of the Forest Rangers. Samples were taken proceeding from the highest point of
the reserve (Poggio Scali, 1520 m a.s.l.) to La Lama (699 m a.s.l.), to cover all the different
microhabitats in the reserve. The list of samples is reported in Table 1, and the geographic
localisation of the collection points is represented in Figure S1.
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Table 1. List of samples collected in Sasso Fratino Reserve. For the soil samples, coordinates and
altitude of the sampling points are reported. Samples IDs are organised as follows: SF are the initials
of Sasso Fratino, followed by the number of the site on the basis of the collection order, while the last
letter stands for soil.

Sample ID Site Coordinates Altitude (m a.s.l.)

SF1S 1 43◦50′38.96′′ N
11◦47′22.86′′ E 1495

SF2S 2 43◦50′41.69′′ N
11◦47′22.42′′ E 1491

SF3S 3 43◦50′49.27′′ N
11◦47′24.73′′ E 1414

SF4S 4 43◦50′44.18′′ N
11◦47′33.31′′ E 1334

SF5S 5 43◦50′38.35′′ N
11◦47′37.46′′ E 1315

SF6S 6 43◦50′36.42′′ N
11◦47′56.62′′ E 1034

SF7S 7 43◦50′30.00′′ N
11◦48′14.70′′ E 969

2.3. Chemical Characterisation of the Soil Samples

After sampling, the seven soil samples were brought to the laboratory for chemical
analyses, performed by an external service (Idro-Consult Laboratori Riuniti s.r.l., Calenzano,
Italy). Several parameters were measured, according to the methods reported in Table S1;
concentrations of nitrates, sulphates, fluorides, nitrous nitrogen, chemical oxygen demand
(COD), total organic carbon (TOC), total iron content, metal(loid)s, and non-metals (i.e.,
nickel, chrome, zinc, cadmium, arsenic, manganese, selenium, boron, aluminium, copper,
lead) were evaluated.

2.4. Genomic DNA Extraction and Next Generation Sequencing

Genomic DNA was extracted from each sample using PowerLyzer® PowerSoil® DNA
Isolation Kit (MO BIO Laboratories, Inc., Carlsbad, CA, USA) following the manufacturer
instructions. The V3-V4 hypervariable regions of bacterial 16S rRNA gene were sequenced
using the primers 341F and 805R [18] according to the protocol reported in the 16S Metage-
nomic Sequencing Library Preparation protocol from Illumina [19]. Library preparation
and demultiplexing were performed following Illumina standard pipeline [20]. Libraries
were sequenced in a single run using Illumina MiSeq technology with pair-end sequencing
strategy (2× 300 bp) with MiSeq Reagent Kit v3. PCR amplification, library construction,
and sequencing were performed by an external company (IGA Technology Services, Udine,
Italy). Raw sequence files were deposited in the NCBI Sequence Read Archive (SRA) under
the accession PRJNA672352.

2.5. Amplicon Sequence Variant (ASV) Inference

PCR primers were removed from all the sequences with Cutadapt [21] (version 2.9)
with a maximum error rate of 0.2. Sequences were discarded if the software did not detect
one or both primers (‘–discard-untrimmed’ option) and, to ensure that sequences were
paired after the trimming process, the ‘–pair-filter=any’ option was used. Then, sequences
were clustered into ASVs following the DADA2 pipeline (version 1.16) described at
https://benjjneb.github.io/dada2/tutorial.html (accessed on 14 January 2021) [22], using
the R software version 3.6.3 [23]. Quality of the reads was checked, then sequences were
filtered with the ‘filterAndTrim’ function of DADA2, with a maximum error rate of 2 and
a fixed length of 280 and 210 bp for forward and reverse reads, respectively. Trimmed
sequences were used for error rate estimation (‘learnErrors’ function) (Figure S2). Finally,

https://benjjneb.github.io/dada2/tutorial.html
https://benjjneb.github.io/dada2/tutorial.html
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sequences were denoised, forward and reverse reads were merged, and an ASV table was
obtained [22]; then, chimeras were removed, and taxonomic annotation was performed us-
ing the Silva database version 138 [24]. Tables produced by the DADA2 pipeline were then
analysed through the phyloseq R package (version 1.30.0) [25]. Representative sequences
that were not assigned to domain Bacteria were removed from the dataset (Table S2).

2.6. Count and Isolation of Cultivable Bacteria

Soil samples (1 g) were treated separately at room temperature for 1 h with 20 mL
of 10 mM Mg2SO4 in a 50 mL sterile tube under horizontal shaking at 150 rpm, to allow
the detachment of bacteria from soil particles. Soil suspensions were diluted (10−1, 10−3,
10−5, 10−7) and 100 µL of each dilution were plated on tryptic soy agar (TSA) medium
(Biolife) in triplicate. Plates were incubated at 30 ◦C, and the CFU (colony forming units)
were counted after 48 h. For each compartment about 25 different colonies were randomly
chosen, then they were streaked on TSA medium and grown at 30 ◦C for 48 h. Thus, a
panel of 158 isolates from different soil samples (25, 24, 23, 25, 21, 17, 23 from sites 1–7,
respectively) was obtained.

2.7. Bacterial Strains and Growth Conditions

The 158 isolates are referred to as “SF” followed by the number of the site and “S”
indicating soil samples, followed by the number of the isolate. Bacterial isolates were
grown on TSA medium for 48 h at 30 ◦C.

2.8. Random Amplified Polymorphic DNA (RAPD) Analysis

Cell lysates were prepared by processing a single colony resuspended in 20 µL of sterile
dH2O, by thermal lysis (95 ◦C for 10 min), followed by cooling on ice for 5 min. RAPD
profiles of the bacterial isolates were obtained using the primer 1253 (5′-GTTTCCGCCC-
3′) [26]. The reaction mix was performed in a 25 µL volume with 1X DreamTaq Buffer,
200 mM dNTPs, 500 ng of primer 1253, 1 U of DreamTaq DNA Polymerase (Thermo Fisher
Scientific, Waltham, MA, USA), and 2 µL of thermal lysate used as template. The PCR
cycling adopted was set up in a Bio-Rad T100 thermal cycler as follows: 90 ◦C for 1 min,
95 ◦C for 95 s followed by 45 cycles of 95 ◦C for 30 s, 36 ◦C for 1 min, 75 ◦C for 2 min,
then 75 ◦C for 10 min, and finally 60 ◦C for 10 min. Amplicons were visualised through
a 2% w/v agarose gel electrophoresis. The assignment of different isolates to the same
haplotype group was determined on the basis of the fingerprint pattern of each RAPD
product, comparing them for the presence/absence of bands. For haplotypes represented
by more than one isolate derived from the same site, a single bacterial isolate was randomly
chosen as representative strain for that RAPD haplotype.

2.9. S rRNA Gene Sequences

For each established RAPD haplotype, the 16S rRNA coding gene sequence was
used for the taxonomic affiliation of the bacterial isolates. Amplification of 16S rRNA
gene was performed in a total volume of 20 µL, containing 1X DreamTaq Buffer, 250 µM
dNTPs, 0.6 µM of primers P0 and P6 (5′-GAGAGTTTGATCCTGGCTCAG-3′ and 5′-
CTACGGCTACCTTGTTACGA-3′, respectively) [27], 2 U of Dream Taq DNA Polymerase
(Thermo Scientific), and 1 µL of thermal lysate used as template. Samples were incubated
for 3 min in a thermal cycler (Bio-Rad T100) at 95 ◦C, then amplification was achieved
with 30 cycles of 30 s at 95 ◦C, 30 s at 50 ◦C, and 1 min at 72 ◦C, with a final extension at
72 ◦C for 10 min. Amplicons were analysed through a 0.8% w/v agarose gel electrophoresis.
Sequencing of the 16S rDNA amplicons was performed by the Microsynth Seqlab (Ger-
many). Each sequence was submitted to GenBank, and the accession numbers are from No.
MW181140 to No. MW181225 (Table S3).
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2.10. Phylogenetic Tree Analysis

Taxonomic affiliation of the strains was determined through the analysis of 16S rRNA
gene sequences obtained, as previously described [28]. Briefly, they were aligned to those
of type strains retrieved from the Ribosomal Database Project (RDP) [29] using BioEdit [30].
The obtained alignments were then used to build a phylogenetic tree through MEGA
X [31] for each genus, applying the Neighbour-Joining algorithm with a 1000-bootstrap
resampling.

2.11. Antibiotics Resistance Profile of Cultivable Bacteria

According to Mengoni et al. [32], evaluation of antibiotic resistance of the strains was
performed by streaking each of them on TSA medium containing a different concentration
of selected antibiotics. The chosen antibiotics were ciprofloxacin, rifampicin, streptomycin,
kanamycin, and tetracycline (Table 2). After growth on TSA medium for 48 h at 30 ◦C, a
colony of each strain was suspended in 100 µL of saline solution (0.9% w/v NaCl), streaked
on TSA medium supplemented with each antibiotic and then incubated at 30 ◦C for 48 h.
The tested antibiotic concentrations (expressed in µg/mL) were as follows: chlorampheni-
col (1–2.5–5–10–25–50); ciprofloxacin, streptomycin, and kanamycin (0.5–1–2.5–5–10–50);
rifampicin (5–10–25–50–100); tetracycline (0.5–1.25–2.5–5–12.5–25). The different growth
levels were ranked as follows: complete (++), strong (+), weak (+−), very weak (+−−),
and absence of growth (−); furthermore, MIC (Minimal Inhibitory Concentration) values
were determined.

Table 2. Class and target of the antibiotics used in this work.

Antibiotic Class Target

Chloramphenicol Phenicols Ribosome
Ciprofloxacin Fluoroquinolones Topoisomerases
Kanamycin Aminoglycosides Ribosome
Rifampicin Ansamycins RNA polymerase

Streptomycin Aminoglycosides Ribosome
Tetracycline Tetracyclines Ribosome

2.12. Statistical Analysis

Rarefaction curves of the detected ASVs across samples were visualised. Good’s
coverage estimator was calculated using the formula: 1 − n/N × 100, where n is the
number of sequences found only one time in a specimen (singletons) and N is the total
number of sequences assigned to an ASV in that specimen [33]. Bacterial diversity was
estimated using the Shannon index (H), and species evenness (J) was estimated as a
function of the Shannon diversity and the number of ASVs detected in the sample (S),
according to the Pielou’s formula: J = H/log(S) [34]. The correlation between soil samples
bacterial diversity, and the altitude of the sampling points was estimated using the Pearson
coefficient. Correspondence analysis [35] was performed using the ASVs abundance matrix
as input, highlighting the different samples on the basis of the vegetation of the sampling
points. Different community structures in function of the vegetation were tested using
permutational multivariate analysis of variance with 1000 permutations and Bray–Curtis
method to calculate pairwise distances [36]. The chemical composition of soil samples was
then fitted onto the previously produced ordination analysis. All statistical analyses were
performed in the R environment, version 3.6.3 [23], using the vegan package 2.5.6 [37]. Plots
were obtained using the ggplot2 package 3.3.0 [38] and the pheatmap package 1.0.12 [39].

3. Results
3.1. Chemical Features of Soil Samples

The complete data set is reported in Table S4: in general, soil samples showed a
similar chemical composition. However, the sample SF5S showed reduced concentrations
of iron and aluminium, in comparison with the other samples, and the highest TOC; the
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clustering of the soil samples on the basis of the chemical features showed SF5S as the
most divergent in terms of chemical composition (Figure 1). SF7T was the only sample
presenting a detectable selenium concentration, and SF6S showed a reduced concentration
of nitrates ranging from about 100 to 200-fold in comparison to the others.

Figure 1. Heatmap showing the scaled measures of detected soil chemical compounds. Samples are
clustered on the basis of their chemical composition similarity. T.O.C.: total organic carbon. C.O.D.:
chemical oxygen demand.

3.2. Characterisation of Total Bacterial Communities

The total bacterial communities of soil samples were studied through NGS analysis.
Sequencing yielded a total of 576,241 reads. More than 70% of the initial pairs were
correctly merged (423,935 sequences); quality filtering steps produced 417,565 high-quality
sequences that were correctly mapped into 10,499 ASVs, with an average of 59,652 reads per
sample (Figure 2). All the rarefaction curves for the samples reached the plateau (Figure S3),
suggesting a good representation of each microbial community. Samples reported a Good’s
coverage estimator higher than 99.9%, indicating that singletons accounted only for the
0.1% of reads.

Samples showed similar Shannon diversity and evenness, with SF4S resulting less
diverse than the others (Figure 2). No correlation was detected between diversity and the
altitude of sampling sites (Pearson’s r = 0.32, p-value = 0.48) (Figure S4).

ASVs were classified into 390 genera belonging to 34 phyla, revealing that more than
80% of the ASVs were classified into seven phyla, i.e., Proteobacteria (25.53%), Patescibac-
teria (15.1%), Verrucomicrobiota (12.84%), Bacteroidota (10.7%), Acidobacteriota (7.26%),
Planctomycetota (5.45%), and Actinobacteriota (5.24%). Sample SF1S harboured a total of
32 phyla, SF2S 23, SF3S 29, SF4S 32, SF5S 25, SF6S 27, and SF7S 26 phyla, with 17 out of
the 34 phyla shared by all the seven samples. The relative abundances of phyla detected
appeared to be similar in all samples (Figure 3a). The ASVs, ordered based on their abun-
dance, were split in five groups, each having 2000 ASVs. From the most abundant 2000 (i.e.,
ASV1-ASV2000) to the least (i.e., ASV8001-ASV10499), the abundance trend in samples
changes (Figure 3b). In particular, there is a shift from an increase in abundance, moving
from the first collected soil sample (SF1S) to the last (SF7S), to a progressive decrease.
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Figure 2. Indices of the diversity of the soil bacterial community from the Sasso Fratino Integral
Nature Reserve. Number of ASVs, Shannon diversity indices, and evenness indices are reported.

Figure 3. (a) Bar plot showing the relative abundance of bacterial phyla in each sample. ASVs
representing <5% of the whole community have been reported as “Other”; (b) bar plots showing the
ASVs abundances in each sample, merged at phylum taxonomic rank, considering 2000 ASVs at a
time. From left to right, bar plots considering from ASV1 to ASV2000, from ASV2001 to ASV4000,
from ASV4001 to ASV6000, from ASV6001 to ASV8000, from ASV8001 to ASV10499.
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The Sasso Fratino forest is a pure beech stand from 1250 m a.s.l. upwards, while below
this altitude it is a mixed beech and silver fir forest. Samples SF6S and SF7S are the only
ones that were collected below 1250 m, specifically at 1034 and 969 m a.s.l. Correspondence
analysis (CA) showed a clear separation between samples collected at different altitudes;
samples from SF1S to SF5S, appeared to be very similar to each other and to form a distinct
cluster, while SF6S and SF7S resulted separated from the others, along the CA1 (Figure 4).
Moreover, SF6S and SF7S appeared to be well separated from each other on the CA2.
Different community structures, on the basis of the different vegetation, were tested using
permutational multivariate analysis of variance, resulting in a coefficient of determination
R2 = 0.26 and in a p-value = 0.048.

Figure 4. Correspondence analysis (CA) of soil samples based on bacterial community composition.
Sample names are coloured based on the vegetation present in the sampling points.

To assess the possibility that one (or more) chemical compound could affect the
taxonomic distribution, the fitting of the chemical composition into the ordination analysis
was performed, highlighting that none of the analysed chemical compounds seem to have a
statistically significant influence on the bacterial communities distribution among samples
(Table S5).

3.3. Isolation of Cultivable Bacteria

Soil samples collected from the different sites were treated and plated as described in
Section 2. Data obtained revealed that the highest bacterial titres were detected in samples
SF1S, SF2S, SF3S, and SF4S (Table 3), while the lowest ones were represented by the sites
SF6S and SF7S. It is possible to notice that there is a decrease of the bacterial titres found
in the different soil sites that parallels the order of sampling (i.e., the altitude at which
samples were collected).

Table 3. Titres detected in the different soil samples.

Sample CFU/g

SF1S 2.71 × 106

SF2S 1.47 × 106

SF3S 1.35 × 106

SF4S 2.34 × 106

SF5S 6.8 × 105

SF6S 9.0 × 104

SF7S 4.0 × 104
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3.4. Structure and Composition of Cultivable Bacterial Communities: RAPD and 16S rRNA
Gene Analysis

To investigate the structure of the culturable microbiota and to define the strains
(i.e., individual genotypes) present, a RAPD analysis was performed on 158 bacterial
isolates. Assuming that isolates sharing the same RAPD fingerprinting correspond to the
same strain [40], 82 different RAPD haplotypes were identified, corresponding to at least
82 different bacterial strains. The distribution of the RAPD haplotypes within the different
samples is shown in Table S6. The lowest number of haplotypes was detected in the SF1S
and SF2S sites (7 haplotypes out of 25 and 24 bacterial isolates, respectively), while the site
exhibiting the highest number of haplotypes was SF5S (20 haplotypes out of 21 isolates,
respectively), as shown in Table 4. Hence, the first four soil samples collected (i.e., SF1S,
SF2S, SF3S, and SF4S) presented high clonal communities, unlike the others. Notably, a
low number of strains was shared between the different sites: indeed, only 3 strains were
shared among different soil samples.

Table 4. Distribution of bacterial strains, species, and genera detected in the seven soil samples.

SF1S SF2S SF3S SF4S SF5S SF6S SF7S Total %

No. of isolates 25 24 23 25 21 17 23 158 /

No. of strains 7 7 11 11 20 15 18 82 /

No. of species 4 5 10 9 9 12 14 37 /

No. of genera 3 5 8 6 7 10 11 21 /

No. of shared strains

SF1S - 1 1 1 1 0 1

3 3.65%

SF2S - - 1 1 1 0 1
SF3S - - - 2 1 0 1
SF4S - - - - 2 0 1
SF5S - - - - - 0 1
SF6S - - - - - - 0
SF7S - - - - - - -

No. of shared species

SF1S - 2 2 2 2 2 3

12 32.43%

SF2S - - 3 5 4 1 2
SF3S - - - 3 3 2 6
SF4S - - - - 4 1 2
SF5S - - - - - 2 3
SF6S - - - - - - 3
SF7S - - - - - - -

No. of shared genera

SF1S - 2 2 2 2 2 3

12 57.14%

SF2S - - 3 5 4 2 3
SF3S - - - 4 4 2 6
SF4S - - - - 4 2 4
SF5S - - - - - 3 4
SF6S - - - - - - 3
SF7S - - - - - - -

The taxonomic affiliation of representative strains belonging to each RAPD haplotype
was determined through 16S rDNA sequencing, as reported in Table S6 and summarised
in Figure 5. This analysis revealed that (i) strains were affiliated to 21 different bacterial
genera (52.6% Gram negative, 47.6% Gram positive); (ii) the main represented phyla were
Proteobacteria and Actinobacteria with 9 and 8 genera, respectively; (iii) the majority of
the 16S rDNA sequences was affiliated to the genus Bacillus (16 strains); (iv) Agromyces
and Micrococcus were the second most represented genera (11 strains each) followed by
Pseudomonas (8 strains); (v) 12 genera (57.14%) were shared among the different sites,
however, just the genus Bacillus was shared by all the seven samples; (vi) the number of
detected genera for each site seems to increase proceeding from the first collection point
to the last one; (vii) Shannon diversity index, calculated on the basis of the distribution of
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genera for each site, resulted higher for SF6S and SF7S samples in comparison to the others;
(viii) moreover, a total of 11 genera were represented exclusively in a single district, such
as Agrococcus, Arthrobacter, and Stenotrophomonas genera which were detected only in SF7S
(Figure 5).

Figure 5. Composition of cultivable bacterial communities of soil samples collected in Sasso Fratino.

For each genus a 16S rDNA-based phylogenetic tree was constructed as described
in Section 2. The analysis of the obtained phylogenetic trees (Figures S5–S23) allowed to
affiliate the strains to 37 (possible) different species. The 32.43% of species resulted to be
shared by at least two sites. The sample with the highest number of species identified was
SF7S, in which 14 different possible species were identified.

3.5. Antibiotics Resistance Profile of Cultivable Bacteria

All RAPD haplotype representatives for each sample (i.e., 89 isolates) were tested. The
Minimal Inhibitory Concentration (MIC) of each antibiotic was evaluated and the values
are reported in Table 5. The 71.96% of the tested isolates showed a very high MIC value
for the antibiotic streptomycin (≥50 µg/mL, i.e., isolates were able to grow even in the
presence of the highest antibiotic concentration used in the assay). Analogously, regarding
the antibiotic kanamycin, the 57.94% revealed a MIC value ≥50 µg/mL. A few strains
(14.01%) demonstrated to tolerate low concentrations (up to 25 µg/mL) of rifampicin,
and only 3 strains (2.80%) tolerated rifampicin at the highest concentration (50 µg/mL).
Moreover, 45.79% of strains were very sensitive to the antibiotic ciprofloxacin, having a MIC
value of 0.5 µg/mL or being completely unable to grow at this antibiotic concentration.
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Table 5. Antibiotic resistance assay of RAPD haplotype representatives. Digits indicate the number of strains having the
corresponding minimal inhibitory concentration (MIC) value. MIC values are reported in µg/mL.

Antibiotic MIC SF1S SF2S SF3S SF4S SF5S SF6S SF7S Total

Streptomycin

<0.5 - - - - 1 2 - 3
0.5 - - - - - - - 0
1 - - - - - - - 0

2.5 - 2 - - - - - 2
5 3 1 1 2 - 2 - 9
10 2 - - 2 - 2 1 7
50 - 1 4 1 10 9 9 34

>50 2 3 6 6 9 - 8 34

Tetracycline

<0.5 - 1 1 1 9 - 1 13
0.5 - - - - - - - 0

1.25 - 2 2 1 - 2 6 13
2.5 3 1 - 1 3 4 - 12
5 3 1 - 3 - 3 3 13

12.5 1 1 3 2 3 5 5 20
25 - - 4 2 3 1 1 11

>25 - 1 1 1 2 - 2 7

Ciprofloxacin

<0.5 1 3 5 7 4 10 7 37
0.5 4 - - - - - - 4
1 - - 4 - 2 1 1 8

2.5 - - 1 - 3 - 4 8
5 2 3 - 1 5 3 5 19
10 - - - 1 - 1 1 3
50 - 1 1 2 6 - - 10

>50 - - - - - - -

Kanamycin

<0.5 - - 1 1 3 3 - 8
0.5 - - - - - - - 0
1 - - - - - - - 0

2.5 - 1 1 1 1 - 2 6
5 - - 2 1 1 4 - 8
10 3 3 - 1 - 2 1 10
50 2 2 3 4 10 6 7 34

>50 2 1 4 3 5 - 8 23

Chloramphenicol

<1 3 3 - 3 12 8 6 35
1 - - - - - - - 0

2.5 2 1 3 - - - - 6
5 - - 1 - - 2 3 6
10 - - 1 2 - 2 - 5
25 - - - 2 - - - 2
50 - 2 4 4 8 1 4 23

>50 2 - 2 - - 2 5 11

Rifampicin

<5 5 5 8 8 18 9 10 63
5 - - - - - - - 0
10 2 1 1 3 1 1 2 12
25 - 1 1 - 1 5 4 12
50 - - 1 - - - 2 3

100 - - - - - - - 0
>100 - - - - - - - 0

4. Discussion

In this work, the cultivable and the total bacterial community from seven soil samples,
collected at different altitudes, from the Integral Nature Reserve of Sasso Fratino (Central
Italy) were characterised, in terms of taxonomy, composition, and structure of bacterial
communities, as well as the culturable bacteria antibiotic resistance profiles.
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The total bacterial communities were studied through Next Generation Sequencing
(NGS) analysis. Overall, samples showed a similar alpha-diversity and detected Amplicon
Sequence Variants (ASVs) were classified into 390 genera belonging to 34 phyla, with
more than 80% of the ASVs classified into the seven phyla Proteobacteria, Patescibacteria,
Verrucomicrobiota, Bacteroidota, Acidobacteriota, Planctomycetota, and Actinobacteriota.
Six out of these seven phyla are reported to be dominant phylum groups in all soils [15].
Otherwise, Patescibacteria is a newly defined superphylum, with unique features as
small genome size, ultra-small cell size, and lacking CRISPR, found to be prevalent in
aquifer environments [41] and frequently neglected in the soil microbial surveys [42]. The
presence of this phylum could be explained by the high air humidity of Sasso Fratino forest
throughout the year.

Considering both the abundance and the distribution of ASVs, differences among
samples were highlighted in function of the altitude of the sampling points: more abundant
ASVs were more represented in the samples collected at the lowest altitudes than at the
higher ones. On the contrary, the less abundant ASVs were more represented at high than
low altitudes. This uneven distribution of ASVs may suggest that altitude, and thus also
vegetation, could have a role in selecting soil microorganisms. Indeed, ordination analysis
showed a clear separation between the bacterial communities of samples belonging to sites
characterised by different altitude and vegetation. Samples SF6S and SF7S are the only
ones that were collected at the altitude corresponding to the mixed beech and silver fir
forest; on the contrary, the other samples, collected at a higher altitude, belonged to a pure
beech forest. The testing of different community structures, on the basis of the different
vegetation, resulted in a statistically significant p-value. Nonetheless, the reliability of
this data is limited, due to the small number of samples and the uneven distribution
of them among the different altitude/vegetation ranges. Since altitude and vegetation
are closely related, the effect of the two factors is not easily distinguishable. However, a
change in vegetation/altitude could be responsible for the difference in terms of bacterial
communities between the samples; although soil characteristics have been frequently
reported as strong drivers of microbial diversity, tree species have been shown to exhibit
a stronger impact on community structure than the soil environment. Forest trees exert
a stronger influence on soil than other perennial vegetation due to their longevity and
the lack of soil management in forests [43], and plant litter is a critical nutrient input
source for forest soil and can shape different soil microbial communities [44]. Moreover,
also soil temperature and moisture, which are spatially variable in temperate regions [45],
are important in shaping microbial communities at both taxonomic and functional gene
levels [46]. The ordination analysis showed a clear separation also between samples SF6S
and SF7S, whilst the others appeared to be more similar to each other in terms of bacterial
composition. This aspect may suggest that besides the two considered macro-factors
(altitude and vegetation) other aspects should be taken into account. Thus, to assess the
possibility that soil chemical compounds could affect the bacterial taxonomic distribution,
the chemical composition was fitted into the ordination analysis. Results showed that
none of the analysed chemical compounds seemed to have an influence on the bacterial
community distribution; however, also in this case the reliability of this data is limited, due
to the small number of samples.

Regarding the titres of the culturable bacterial communities, it is possible to notice
that there is a progressive decrease of the titre values found in the different sites, starting
from the first sample collected to the last one. Moreover, Random Amplified Polymorphic
DNA (RAPD) analysis revealed that the first two sites (i.e., SF1S and SF2S) exhibited the
lowest number of haplotypes, thus having a higher degree of clonal diversity in respect
to the others. Notably, only three strains were shared between the different sites and 16S
rDNA sequencing revealed that the most represented genera were Bacillus, Agromyces,
Micrococcus, and Pseudomonas. The 57.14% of genera were shared between more than one
sample, although just the genus Bacillus was shared by all the seven sites. This is in line
with the fact that members of the Bacillus genus are generally found in soil [47,48]. Notably,
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the number of detected genera for each site seems to increase proceeding from the first
collection point to the last and Shannon diversity index resulted higher for SF6S and SF7S
samples in comparison to the others. Altogether, the trends regarding bacterial load and
alpha-diversity distribution outlined that sites collected at a lower altitude could have
more complex bacterial communities, even though a lower number of culturable bacteria
was isolated: this highlights a different bacterial composition in function of the altitude
also considering the culturable fraction of soil bacteria, and might be related to the medium
used for isolation that exerted a more relevant selective effect on these samples.

In addition, the antibiotic resistance profiles of bacterial isolates were investigated
highlighting that most strains showed high resistance against streptomycin and kanamycin,
while the most effective antibiotics were rifampicin and ciprofloxacin. Increasing antibiotic
resistance, due to an overuse of antibiotics, and emergence of multidrug-resistant pathogens
are aspects of great interest nowadays. However, the presence of resistant phenotypes in an
uncontaminated area such as Sasso Fratino Reserve is not necessarily a reason for concern;
it is known that antibiotic resistance is observed even in bacteria isolated from totally
uninhabited places, where they could not come in contact with antibiotics. Antibiotic
resistance is an outcome of evolution and resistant genes evolved in natural environments
much before these had been used in human therapy [49]. The obtained resistance profiles
are in line with previous results regarding bacteria isolated from soil and/or vegetal
matrices [28,50].

5. Conclusions

In conclusion, the major differences between samples might be due to the different
altitude/vegetation of the collection points, since SF6S and SF7S appear to be different
from the others in terms of bacterial composition, lower vital titre (Table 3), lower cul-
tivable clonal communities, and higher cultivable diversity. We are aware that these results
are influenced by the small number of analysed samples: this was due to the strict rules
regarding the natural reserve and its preservation. However, this work represents the first
description of the bacterial community present in soil samples of the Natural Reserve of
Sasso Fratino, and it is the first study taking into account the soil bacterial communities
of an Italian integral nature reserve. Although it is often difficult to identify specific links
between the taxa found in soil and the functional capabilities of the soil microbiome, future
works might have this aim and results could be used to compare properties of polluted
and anthropized soils with those of uncontaminated environments, and to evaluate the
effects of management practices or environmental pollution on the soil bacterial communi-
ties [51]. These kinds of studies might allow the prediction of the rates at which a given
biogeochemical process occurs, or how they might shift in response to perturbations such
as climate change or land-use change [9].
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netic tree for the genus Agrococcus, Figure S7: Phylogenetic tree for the genus Agromyces, Figure S8:
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