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The microbial diversity is, among soil key factors, responsible for soil fertility and nutrient
biogeochemical cycles, and can be modiﬁed upon changes in main soil physicochemical
properties and soil pollution. Over the years, many restoration techniques have been
applied to restore degraded soils. However, the effect of these approaches on soil
microbial diversity is less understood and thus requires more investigation. In this
study, we analyzed the impact, on soil microbial diversity of a patented novel
technology, used to restore degraded soils. Soil samples were collected from three
nearby sites located in Borgotrebbia, Piacenza, Italy, and categorized as reconstituted,
degraded, and agricultural soils. After total soil DNA extraction, 16S rDNA multi-amplicon
sequencing was carried out using an Ion GeneStudio S5 System to compare soils’
bacterial community proﬁles. Sequenced reads were processed to assign taxonomy and
then key microbial community differences were identiﬁed across the sampling sites.
Species diversity featured signiﬁcant abatement at all rank levels in the degraded soil
when compared to the agricultural control. The 5 year restoration technique showed full
recovery of this index at the genus level but not at the phylum level, displaying a rankdependent gradient of restored richness. In parallel, the abundance of genes involved in
the nitrogen (N) biogeochemical cycle was assessed using quantitative Real-Time PCR
(qPCR). Total DNA content was signiﬁcantly higher (p < 0.05) in degraded (μ  12.69 ±
2.58 μg g−1) and reconstituted (μ  11.73 ± 1.65 μg g−1) soil samples when compared to
the agricultural soil samples (μ  2.39 ± 0.50 μg g−1). The taxonomic diversity of each soil
site was signiﬁcantly different, with some instances unique of the agricultural soil even at
the phylum level. The analysis of N functional genes showed that the relative abundance of
bacterial amoA (p < 0.05) and nosZ (p < 0.01) genes were signiﬁcantly lower in the
agricultural than in the reconstituted and degraded soils. We concluded that the
application of the soil reconstitution technique appears to enhance the active microbial
community, with distinct diversity and functionality towards genes involved in N
biogeochemical cycle, as compared to both the degraded and the agricultural soil.
Keywords: microbial diversity, next-generation sequencing, soil microbial activity, soil remediation, qPCR, soil
microbial proﬁle, 16S rdna multi-amplicon
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INTRODUCTION

biomass loss. While microbial activity can be signiﬁcantly
increased by soil restoration, a steady increase of diversity of
mirobial communities in restored soils is more difﬁcult to achieve,
thus such techniques require a deeper investigation.
The study of soil microbiome has been constrained for a long time
because only a minority of microorganisms can be cultivated using
standard techniques (Robe et al., 2003; Vester et al., 2015). Amann
et al. (1995) observed that the culturability of bacteria from
environmental samples ranged between 0.001 and 0.3% depending
on the characteristics of the matrix. High-throughput cultureunrelated techniques, like Next Generation Sequencing (NGS),
have been established over time to bypass the underestimation of
soil microbial diversity problem (Chiodi et al., 2020). 16S rDNA
multi-amplicon metabarcoding, sequencing at the same time several
hypervariable regions, can generate a substantial amount of
sequences, providing crucial information for a deep
characterization of the microbiome even of extremely complex
natural matrices such as soils (Young et al., 2017).
In this study, combining 16S rDNA metabarcoding and qPCR
analyses, we investigated soil microbiome and individual genes
coding for the enzymes involved in the N biogeochemical cycle,
on soils treated with a novel technology, termed soil
reconstruction and patented by MCM Ecosistemi S. r. l, which
aims at creating a de novo soil structure from the original soil
solid phase.
Such in a way we aimed at ﬁlling what we perceived as a gap of
knowledge. The degree of novelty of the present report being the
combination of the patented novel technique and the multiamplicon sequencing assessment of its effects on soil microbial
communities.

Soil originates from the weathering of parent materials under the
combined action of climate, living organisms, and in function of
the watershed relief and time (Jenny, 1946; Hartemink, 2016).
During pedogenesis soils form complex assemblages of clay
minerals (hydr-)oxides and organic matter, that result in their
ultimate structure. Soil structure is responsible for soil’s physical
and chemical functions in the environment such as water
movement and retention, and mobility and bioavailability of
nutrients and pollutants (Jastrow and Miller, 1991; Gregorich
et al., 1997; Robinson et al., 2009; Bünemann et al., 2018). The
biotic compartment of soil, composed of interrelated
communities of fungi, bacteria, archaea, viruses, protists, and
other microbial eukaryotes, is also deﬁned as the soil microbiome
(Jansson and Hofmockel, 2020).
It is estimated that soil microbiome controls up to 90% of soil
processes, thus it plays a fundamental role in ecosystem
functioning (Gregorich et al., 1997; Nannipieri et al., 2003;
Young and Crawford, 2004). Moreover, the soil microbiome
inﬂuences the biogeochemical cycles of nutrients, for example,
acting as source or sink of gases, it contributes to nitrogen (N) and
carbon (C) rates of ﬁxation and oxidation, and it can degrade
organic pollutants (Fierer, 2017). Therefore, though only a minor
portion of the available soil space is colonized by the microbial
communities (Young and Crawford, 2004), the stability and the
resilience of the soil system are determined by the combination of
soil physical structure, nutrient availability, microbial diversity
and activity (Meuer et al., 2020). The soil microbiome is impacted
by human activities like agriculture, soil sealing and industrial
emissions that cause environmental pollution (Roose-Amsaleg
et al., 2001; Maron et al., 2011) due to the changes that these
activities induce in the soil structure. Since anthropogenic
activities have decreased biodiversity in soils, the assessment of
the soil microbiome can be a crucial indicator of soil quality
(Lehmann et al., 2020; Vieira et al., 2022).
Soil is a non-renewable natural resource, and owing to the
recent increased attention to its conservation, restoration of soil
quality has become a key topic in science (Qilu et al., 2017; Yan
et al., 2018; Xu et al., 2019). Several techniques have been used to
form a porous structure in massive non-structured soils, and
those based on the amendment with organic matter, revegetation
or landfarming are among the most used (Sims and Sims, 2003).
However, these techniques are primarily based on the mixing of
soil with organic matter that improves their texture, mineralogy,
pH value and cation exchange capacity, whereas the formation of
a complex structure is slow and mainly due to the action of plant
roots and soil microbes over relatively longer time periods.
Techniques involving physical, chemical, and biological
approaches have been also used to remove or transform
harmful pollutants. Among these techniques, remediation
using microbial consortia is well-established and widely used
due to the lack of secondary pollution, potentially rapid
degradation rates, and low cost (Agamuthu et al., 2013;
Hesnawi and Mogdami, 2013). However, little is known about
the effect of these restoration techniques on soil microbial
diversity in degraded soils that have undergone microbial
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MATERIALS AND METHODS
Site Location and Soil Sampling
Soil samples were collected from three sites located in
Borgotrebbia, Piacenza, Italy (4503′58″ N 0939′06″ E,
Figure 1). Vegetation types were mainly annual terophytes,
dominated by Scotch thistle (Onopordum acanthium L.)
(Giupponi et al., 2013, Giupponi et al., 2015).
The degraded sampling site was a closed landﬁll made of
municipal solid wastes. The landﬁll, which was active from 1972
to 1985 and that was covered with a 50 cm thick layer of backﬁll soil,
covers a 20 ha area. The reconstituted sampling site corresponded to
half of the landﬁll that underwent a reconstruction process, becoming
a technosol, operated by MCM Ecosistemi S. r. l. with a patented
novel technology (Manfredi et al., 2019). The agricultural sampling
site was an adjacent agricultural ﬁeld under conventional maize
cultivation. Sampling was carried out with the linear transect
technique (Brown, 1993). From each sampling site, 12 subsamples were collected at a 20 cm depth using a manual auger.
Sub-samples triplets were mixed to obtain four main samples for each
site, referred to as: Reconstituted Soil (RS) (RS1, RS2, RS3, RS4),
Degraded Soil (DS) (DS1, DS2, DS3, DS4), Agricultural Soil (AS)
(AS1, AS2, AS3, AS4). Composite soil samples were air-dried at room
temperature for 48 h, crushed, and sieved (Ø 0.5 mm) before the
analysis.
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FIGURE 1 | Aerial photograph of the studied area located along the hydrographic right bank of the Trebbia river. Geographical coordinates: 45°03′58″ N 09°39′06″
E. (i) Degraded sampling site, (ii) Reconstituted sampling site, (iii) Agricultural sampling site.

Amplicon Sequence Variants (ASVs) by a “classify-consensusblast” plugin using SILVA SSU v138.1 (Quast et al., 2012) as
reference database. To check the quality of the achieved
sequencing depth, alpha diversity rarefaction analysis was
done using the “qiime alpha-diversity” plugin. The taxonomy
abundance table at different taxonomic levels was further
processed using the Calypso online suite (Zakrzewski et al.,
2016) to Total Sum Scaling (TSS) normalized for library size
differences. The resultant normalized table was ﬁltered out by
omitting taxa with less than the average of 10 reads across
samples, and used for further diversity analysis and group
comparison at different taxonomic levels. Principal component
analysis was performed in Calypso using Bray-Curtis distances
and the Shannon diversity index and Taxonomic Richness and
community evenness were used for diversity comparisons.
The abundance of amoA (eubacterial, AOB), nifH, nirK, and
nosZ bacterial genes was analyzed by quantitative Real-Time PCR
(qPCR) using a QuantStudio 12K-Flex apparatus (Thermo Fisher
Scientiﬁc). The 5 μL reaction mix was composed of 2.5 µL
PowerUp SYBR Green Master Mix (Thermo Fisher Scientiﬁc),
0.15 µL each of forward and reverse primer (Table 1), 1.2 µL
PCR-grade water, and 1 µL template DNA. A standard curve
using known amounts of the target genes cloned in plasmids of
known length (Chiodi et al., 2020) was obtained and data were
used to calculate the copy number of the gene targets based on the
Ct value.
Data analysis of gene abundance was performed using SPSS
Statistics v28.0.0.0 (190) (IBM, Armonk, NY). Signiﬁcant
differences among the mean values were evaluated with a oneway ANOVA followed by Duncan’s post hoc test. Data were
expressed as mean ± standard error of the mean. A Principal
Component Analysis (PCA) based on Bray-Curtis distances was
performed to display the core microbiome of the three soils.
Overall data analysis, including soil chemistry, was performed
using SPSS Statistics v28.0.0.0 (190) (IBM, Armonk, NY).

Soil Chemical Analyses
Soil pH was measured potentiometrically in ultra-pure water
(ratio soil/water 1:2.5 w/v) for each of the analyzed samples. Total
carbon (C) and total nitrogen (N) content was determined by dry
combustion using a CNS Vario Macro elemental analyzer
(Elementar, Hanau, Germany), based on the Dumas
combustion method (Dumas, 1831). The calibration curve was
created using a certiﬁed sulphanilamide standard. The organic
carbon content of each sample was tested using the WalkleyBlack method (Walkley and Black 1934), while the extractable
phosphorus (P) was evaluated using the Olsen method (Olsen
et al., 1954).

Total Soil DNA Extraction, Multi-Amplicon
16S rDNA Sequencing, Analysis of Functional
Genes of the N Biogeochemical Cycle
Total soil DNA was extracted from 250 mg of air-dried soil using
the DNeasy PowerSoil Pro Kit (Qiagen, Germany), according to
the manufacturer’s instructions. Nucleic acid quantiﬁcation was
performed using the Qubit 3.0 ﬂuorometer (Thermo Fisher
Scientiﬁc, Carlsbad, CA) with Qubit DNA High Sensitivity
Assay Kit (Thermo Fisher Scientiﬁc).
Library preparation was carried out using the 16S Ion
Metagenomics Kit (Thermo Fisher Scientiﬁc) that contains
two pools of primers targeting seven different hypervariable
regions (V2-V4-V8 primer pool and V3-V6-V7-V9 primer
pool). 16S rRNA multi-amplicon sequencing was performed
using an Ion GeneStudio S5 System (Thermo Fisher Scientiﬁc).
Raw reads were trimmed for 20 nucleotides on both ends to
remove primers using the cutadapt utility and analyzed using
Quantitative Insights Into Microbial Ecology 2 (QIIME2)
v2020.08 (Bolyen et al., 2019) microbiome pipeline. Imported
reads were ﬁrst denoised and dereplicated using the “qiime
dada2” plugin followed by taxonomic classiﬁcation of
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TABLE 1 | Primer sequences and amplicon length.
Primer

Sequence

Amplicon length

References

amoA F
amoA R
nifH F
nifH R
nosZ F
nosZ R
nirK F
nirK R

GGGGTTTCTACTGGTGGT
CCCCTCKGSAAAGCCTTCTTC
AAAGGYGGWATCGGYAARTCCACCAC
TTGTTSGCSGCRTACATSGCCATCAT
CGYTGTTCMTCGACAGCCAG
CATGTGCAGNGCRTGGCAGAA
ATYGGCGGVCAYGGCGA
RGCCTCGATCAGRTTRTGGTT

500

Rotthauwe et al. (1997)

432

Rӧsch et al. (2002)

706

Roesch et al. (2003)

160

Henry et al. (2004)

TABLE 2 | Results of the chemical analyses on the soil samples at the beginning of the experiment. Means with the same letter in the vertical comparison among the sampling
sites are not signiﬁcantly different at S-N-K test. *Signiﬁcance level p < 0.05.
Sampling site

Agricultural
Degraded
Reconstituted

pH*

7.85 ± 0.02
8.15 ± 0.03
7.69 ± 0.04

Total C*
g·kg−1
b
a
c

29.98 ± 0.38
41.11 ± 3.46
66.94 ± 4.11

Organic C*
g·kg−1
c
b
a

9.37 ± 0.32
23.98 ± 4.55
42.30 ± 2.96

Total N*
g·kg−1
b
b
a

1.69 ± 0.25
3.07 ± 0.19
3.98 ± 0.19

Olsen P*
g·kg−1
c
b
a

5.21 ± 1.57
52.46 ± 10.67
101.67 ± 23.02

b
a
a

FIGURE 2 | α-diversity rarefaction plot.

The pH value of the RS was signiﬁcantly lower (p < 0.05) than
that of the DS and AS. The total C content of the AS was
signiﬁcantly lower (p < 0.05) than those of the RS and DS,
whereas the organic C content was signiﬁcantly higher (p <
0.05) in the RS when compared to DS and AS. Total N
content was signiﬁcantly higher (p < 0.05) in the following
ranking order: RS > DS > AS. Extractable Olsen P was
signiﬁcantly lower (p < 0.05) in AS but no differences between
DS and RS were observed.

Signiﬁcant differences among the mean values were evaluated
with a one-way analysis of variance (one-way ANOVA) followed
by post hoc analysis (S-N-K test). Data are expressed as mean ±
standard error of the mean.

RESULTS
Soil chemical analyses results are summarized in Table 2.
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FIGURE 3 | Boxplot comparisons of three ecological parameters (Taxa Richness, Shannon Index and Community Evenness) across ﬁve level of taxonomical ranks,
for the bacterial communities resulting from the 16rDNA sequencing. Signiﬁcance levels (ANOVA) are reported above each graph.

Quantiﬁcation of the total soil DNA showed a signiﬁcantly
(p < 0.05) higher amount of DNA in DS (μ  12.69 ± 2.58 μg g−1)
and RS (μ  11.73 ± 1.65 μg g−1) soils compared to the AS soil (μ 
2.39 ± 0.50 μg g−1).
Bacterial 16S rDNA metabarcoding on the 12 soil samples
provided a total number of 6,926,539 single-end reads, with an
average length of 234 nucleotides. A total amount of 9,348 ASVs
were identiﬁed and ﬁnally classiﬁed into 717 taxa. The alpha
diversity rarefaction plot, corresponding to the number of
observed features within samples, showed the highest number

Frontiers in Environmental Science | www.frontiersin.org

of detected sequences in AS samples compared to DS and RS
samples (Figure 2).
As regards the taxonomy depth achieved, 85.5% of the
annotated sequences were classiﬁed at genus rank level, 92.7%
at family level, 94.3% at order level, 95.9% at class level and 96.5%
at phylum level.
Upon splitting the output of the ampliﬁed sequence variants
taxonomy table in subsets relative to the ﬁve different ranks of
phylum, class, order, family, genus, and summing up the numbers
of each in pivot tables, the consequent diversity within each level
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FIGURE 4 | Clustered barchart dendrogram based on the Bray-Curtis distances of the ﬁrst most abundant 250 taxa for each community.

could be examined by calculating three ecological indexes
assessing community richness, diversity and evenness and the
results are shown in Figure 3.
It can be seen that for all the three parameters, and in
particular for those of diversity and richness, the agricultural
control sampling site presents in most cases signiﬁcantly higher
values than its compared degraded and reconstituted sampling
sites as far as the broader systematics divisions are concerned.
However, moving up to ﬁner clades, starting from the order, and
culminating in the most distinct level (genus), the rise of the
values for the reconstituted sampling site is very evident and
eventually yields means that become also higher than those of the
agricultural sampling site. On the contrary, the values of the
degraded sampling site tend to stay inferior to both other soils in
almost all cases, with exceptions mainly at class level for the
Shannon index and evenness values.
The relative difference of each community was further
analyzed by cluster analysis and the results are shown in Figure 4.
The communities coming from the three soil management
types are indeed partitioned accordingly in three clustered
groups. The distance between the group of the agricultural soil
and that of the degraded soil is shorter than the one that separates
both of them from the reconstituted soil. Consistently with its
nature of a reconstituted soil, the hosted bacterial communities
appear thereby more distinct from those of the other origin.
Multivariate analyses were performed to further inspect the
relative ordination of each of the communities and the
consistency of the replicates within each group. Principal
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Coordinates Analysis, Principal Component Analysis and
PERMDISP2 were computed and the results are shown in
Figure 5.
All approaches coherently separated each community on the
basis of the soil management variable. The PCA showed that
bacterial taxa of the three soils clustered separately with polygon’s
centroids signiﬁcantly different (PERMANOVA p < 0.05).
Subsequently, on the ﬁve different rank-level data subsets, an
analysis of the conserved core of shared taxa and of the unique
ones was carried out, yielding the results shown in Figure 6.
This analysis of the core versus speciﬁc sets of the microbiomes
(Shade and Handelsman, 2012) showed the extent of uniqueness of
taxa occurring at different ranks in each of the three management
types, with the agricultural sampling site retaining the highest
degrees of speciﬁcity, followed by the reconstituted sampling site
and with the least number at all level the degraded sampling site.
Additional information about top abundant unique taxa for each of
the analysed soils, is reported in Supplementary Table S1
(Supplementary Material S1).
The qPCR analyses results of the nifH, the bacterial amoA, the
nosZ, and the nirK genes are compared in Table 3. The RS
samples yielded a higher content of the nifH gene copies when
compared to the DS samples and to the AS samples. The bacterial
amoA gene copies were signiﬁcantly (p < 0.05) higher in the RS
and in the DS samples that in AS samples.
RS samples showed the highest content of nosZ gene copies
while DS samples showed a lower abundance and AS samples
showed the lowest abundance.
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FIGURE 5 | Multivariate analyses for the bacterial communities sequencing data. (A) Principal Coordinate Analysis based on the Bray-Curtis distances, (B) Principal
Component Analysis, (C) PERMDISP2, which visualizes the distances of each sample to the group centroid in a Principal Coordinate Analysis (PCoA) and provides a
p-value for the signiﬁcance of the treatments.

The nirK gene copies showed a signiﬁcantly lower abundance
(p < 0.01) in AS samples than DS and RS samples.

availability of nutrients and oxygen, and biotic stresses, like the
presence and the abundance of predators, exert evolutionary
pressure on soil microbial communities and help to select
differences among the species without affecting soil functions
(Hovatter et al., 2011; Jackson and Fahrig, 2014). The increase of
microbial diversity at deeper taxonomic levels in RS samples
when compared to DS samples might depend on the patented
reconstruction technique that consists of a chemo-mechanical
process. This reconstruction technique seems to implement
particle aggregation and soil porosity enhancing the exchange
of gasses and liquids (Manfredi et al., 2019), leading to a more
suitable environment for soil microorganisms’ proliferation. The
PCA plot’s underlying value also conﬁrms that the taxonomic
features of each sampling site were signiﬁcantly different (p <
0.05) to cluster the analyzed soil samples. The same was
conﬁrmed by the PCoA and by the Permdisp2 analyses.
As regards details from the core vs. speciﬁc/unique
microbiome analysis, at phylum level two bacterial phyla,
Latescibacterota and NB1-j, were uniquely present in AS
samples, although at low frequencies (both <1%). Those phyla
are reported to be present in several environments although their
function is still unknown (Jimenez et al., 2020; Dries et al., 2021;
Hamdan et al., 2008; Coelho et al., 2016). At order level
Chtonomonadales, a bacterial order capable to utilize different
carbohydrate substrates as carbon and energy sources (Wang

DISCUSSION
Soils comprehend a wide range of variable conditions, including
abiotic conditions, for instance, nitrogen availability and
circulation, and biotic conditions that can affect the structure
and the abundance of microbial communities (Islam et al., 2020).
In addition, soil microbial communities are affected by
anthropogenic activities like agriculture practices and
environmental pollution (Fierer, 2017; Teng and Chen, 2019).
In this study we observed that, despite the lowest quantity of
total soil DNA, the AS samples, under conventional management,
showed higher α-diversity of the bacterial community when
compared to the DS samples and to the RS samples. A lack of
correlation between DNA yield and bacterial diversity was
previously reported by Sagova-Mareckova et al., 2008. Total
soil DNA is more related to soil microbial biomass, and it is
generally related to the soil pH value, the clay and organic matter
content, and the vegetation cover (Burgmann et al., 2001). Thus,
more microbial diversity seems to be related to long term soil
activity and it is not easily reproducible with human interventions
(Strickland et al., 2009). Abiotic stresses, like the discontinuous
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emerged at Family and even more at Genus levels. These
phenomena, besides the Venn diagram comparisons shown in
Figure 6, are also entailed in the rank-related shifts shown for the
three ecological parameters in Figure 3. Interestingly, the
superior biodiversity values displayed by the AS samples are
mostly maintained at high ranks as phylum, order, class etc., but
are progressively overcome by the reconstituted restored soil, that
appears to “catch up” when examined levels are unclustered in
deeper and deeper ranks, culminating at genus level. In the
comparison between the degraded and reconstituted soils, it is
worth noticing that, while at high ranks, and particularly at class
level, the Shannon index and evenness means of the reconstituted
soil were lower than those of the degraded one, such is not the
case for richness, which is the only index of the three, whose
formula is not linked to the number of individuals found. This
suggests that in both these soils numbers of individuals have an
impacting effect on the ecological outcome, irrespective of the
number of taxa, as long as broad categories are considered. On the
contrary, when ﬁner taxonomy resolution is the metrics (genus),
the reconstituted sampling site prevails and equates the
agricultural sampling site. Such sampling site can be
considered to be also under a disturbance (being cropped), but
with a very long history of adaptation to that predictable and
recurring type of perturbation. In practice, Figure 3 shows that
the agricultural soil is both phylum-rich and genus-rich, the
degraded soil is phylum-poor and genus-poor, and the
reconstituted soil is phylum-poor but genus-rich. This trend is
consistent with data on really undisturbed controls as climaxing
forest soils (Roesch et al., 2007), in those, phylum richness
resulted even higher than that of cropped soils, but their
established communities had relatively less genera and species,
leading to what would be the fourth of these combinations
(phylum-rich and genus-poor). In practice, the reconstruction
of the degraded soils shows that in a few years, such degraded soil,
which is the origin of the restored one, could be rescued up to a
level of microbiodiversity that compares with that of the nearest
agricultural soil control. Thus, the environmental carrying
capacity K for possibly hosted species (Odum, 1953) and its
imposed diversity ceiling appear to have been achieved by the soil
reconstruction procedure, which can be seen as a-rather relevant
ecological goal.
The interpretation of these trends suggests an intriguing
picture. The short/unpredictable/non-cyclic type of human
perturbation that led to the landﬁll conversion (the degraded
soil DS) abated community structure and led to the loss of highranked taxonomical divisions (phyla), whose establishment
involves time. The same soil, after 5 years of restoration (the

FIGURE 6 | Venn diagrams showing the number of shared taxa
(overlapping core and partials) and unique ones for each of the three types of
soils, computed for each of the ﬁve taxonomy resolution layers. The stringency
for units individuation abundance cutoff was set with the Relation-ingroups parameter  0.40.

et al., 2019), were almost unique in AS samples. Lactobacillales,
lactic acid bacteria (Baureder and Hederstedt, 2013), and
Bacteroidales, a bacterial order present in human and animal
faeces (Levantesi et al., 2012), were encountered almost only in
DS samples, although not in a dominant fashion. RS samples,
instead featured Chlamydiales, a typical soil order reported being
found in agricultural soils (Schmalenberger and Tebbe, 2002), but
again not as prevailing members. In general however, it can be
commented that, at each taxonomy level examined, the truly
dominant members across all replicates of the three types of soils
were the same, with the Proteobacteria (Gamma- and Alpha-)
and Actinobacteria leading at Phylum/Class levels, the
Rhizobiales and Burkholderiales at order level, the nitrifying
Nitrosomonadaceae at family level. More peculiarities instead

TABLE 3 | Gene copy numbers resulting from the qPCR analysis conducted targeting bacterial genes involved in the nitrogen biogeochemical cycle. Means with the same
letter in the vertical comparison among the sampling sites are not signiﬁcantly different at Duncan’s test. *Signiﬁcance level p < 0.05. **Signiﬁcance level p < 0.01.
Sampling site

Agricultural
Degraded
Reconstituted

amoA*

nifH**

nosZ**

nirK**

Gene copy number

Gene copy number

Gene copy number

Gene copy number

5.69×104 ± 5.20×103
7.91×104 ± 9.05×103
9.66×104 ± 8.31×103

b
a
a
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8.98×105 ± 8.37×104
9.22×106 ± 2.33×106
2.50×107 ± 6.50×106

c
b
a

8

2.51×105 ± 4.76×104
1.51×106 ± 3.01×105
3.66×106 ± 4.07×105

c
b
a

3.23×103 ± 2.02×102
1.17×104 ± 1.35×103
1.51×104 ± 1.86×103

b
a
a
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RS soil) shows that, although this is too short a time to allow the
return of lost phyla, it is nevertheless sufﬁcient to drive a lowranked diversiﬁcation, leading to the recovery of diversity when
measured by the genus metric. It can be also hypothesized that in
fact the sudden absence of some previously present phyla, could
even have left the available niches that would be then ﬁlled by the
multiplying variants stemming from the remaining phyla. A
scenario that, upon scaling-up of larger size and generation
time, would comply to the “dinosaur-extinction/mammals
radiation” model. The covariation of metabolic rate and body
mass is in this sense well-demonstrated by Kleiber’s law (Kleiber,
1947). However, viewing the phenomena observed here as truly
micro-evolutionary, would conﬂict with the notion of the 16S
sequence being a molecular clock whose changes should require
far longer timescales (Clark et al., 1999). Therefore, the rise of
genus-level diversity in the reconstituted sampling site could be
interpreted possibly as partly due to a physical recruitment
(airborne immigration from other sites) and partly to a
‘technical’ recruitment, consisting in an increased detectability
of reads in sequencing libraries as a consequence of the loss of
other taxa that were otherwise quenching the counts of rare ones.
The former mechanism (immigration) would not be sufﬁcient by
itself to explain why cells representative of missing genera should
immigrate more easily than those of missing phyla and classes.
But, since some phyla can encompass an extremely high diversity,
while some other could be represented by even a single known
species, the difference can be accounted for.
As regards the qPCR analyses of the N cycle genes, assessing
the abundance of bacterial functional genes involved in nitrogen
circulation is a useful tool to evaluate soil health and quality. The
key steps of the nitrogen biogeochemical cycle are nitriﬁcation,
the process that converts ammonium ﬁrstly in nitrite and
secondly in nitrate, and denitriﬁcation, the process that
reduces nitrate to molecular nitrogen (Tang et al., 2019).
qPCR validated the abundance of selected microbial targets by
evaluating nifH, bacterial amoA, nosZ, and nirK genes involved in
the nitrogen biogeochemical cycle within the sampling sites. The
degraded and the reconstituted soil samples showed a higher
abundance of all the nitrogen-circulating tested genes compared
to the agricultural soil samples. These disparities in gene copy
numbers might be related to soils nitrogen content. Anikwe and
Nwobodo (2002) reported that nitrogen content in the superﬁcial
horizon was 646–750% higher in long-term municipal waste
landﬁll sites compared to agricultural sites. In addition, our
chemical analyses results, that are in accordance with
previously published results by Manfredi et al., 2019,
highlighted that the reconstruction patented technique
increases soils’ nitrogen content. Thus, the increased nitrogen
inputs could have led to a higher nitriﬁcation and denitriﬁcation
potential of degraded and restored soils. The fact that all these
functional genes were found quantitatively in higher copies in the
degraded and restored soil can be interpreted also in light of the
above discussed result of the averagely six-fold higher content of
total extractable soil DNA in both of them when compared to the
agricultural cropped AS control soil. In interpreting both that
difference and the ones resulting in these N-linked functional
genes, it can be commented that the degraded and restored soils,
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being examples of recent and non-cyclic perturbations, turning
over their previous nature, can be envisaged also as the equivalent
of active construction worksites, in which the microbial
populations would be engaged in multiplication, new nutrient
ﬂow interception, and a number of reorganizational responses in
the shifted communities, that would explain the observed higher
DNA values. Nevertheless, soil total DNA could be also
contributed by fungi, protists, and by the remnant material
from plants and animal origin. Therefore, the active state of
bacteria could not necessarily be involving all of them but more
likely, some funcrional groups as the ones we tested by qPCR.
In conclusion, several ecological hints arose from this
comparative study. It is not easy to assess whether the
differences acquired by the restored soil arose by the new
chances open by the perturbation as such, which modiﬁed the
environmental conditions, or were more speciﬁcally due to the
restoration technique itself that requires the application of nonsterile sludges coming from speciﬁc industrial processes. In
addition it is still unclear if the enhanced microbial diversity
in RS samples, when compared to that of the DS samples, would
be temporary or permanent. It can be also underlined that, while
the restoration allowed the recovery of the ecological indexes of
diversity, however the resulting community proﬁle moved even
farther away from the one of the agricultural soil, as shown in the
cluster dendrogram of Figure 4, in which the degraded and
agricultural soil bacteria appear closer to each other. The effect
was therefore that of a shift to a novel assemblage, whose
equilibrium and fate would have to be assessed in time. Of
equal importance would be to determine whether the
increased gene copies of the nitrogen cycling could entail
some novel environmental concerns. In highly fertilized soils,
considering that, in those cases, soil microbial activity is not able
to metabolize the entire amount of nitrogen (Zilio et al., 2020),
leading to nitrogen leaching through the vertical proﬁle that can
potentially reach subsurface water bodies. Their N enrichment is
in fact one of the main causes of eutrophication. Such
environmental syndrome, consisting of nutrients enrichment
of water, culminates in the large production of biomasses
related to algae proliferation. The degradation of these, once
their short life cycle turns them into necrotic masses, results in
hypoxia or anoxia situations and, also, in toxic bacterial emissions
of methane, carbon dioxide and hydrogen sulphide (Le Moal
et al., 2019). On the other hand, however, three reassuring issues
can be put forward against these concerns. The ﬁrst is the fact that
a higher content of soil DNA is also reported in literature as a
positive proxy for soil equilibrium (Fusaro et al., 2018). The
second is that, since the gene copies detected by qPCR increased
in all targeted genes, the phenomenon could be framed within
that of the overall increase of soil DNA. The third is that, among
the four PCR-targeted genetic determinants, the one that
increased the most, and that did so in a statistically signiﬁcant
manner also in the comparison between degraded and restored
soil, was nifH, i.e. one of the structural subunits of the nitrogenase
protein, to which biological nitrogen ﬁxation from either freeliving or symbiotic prokaryotes is ultimately due. Being such
metabolism the main gateway for nitrogen entrance into
terrestrial as well as aquatic food chains, the enhancement of
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its key enzyme can be described as a positive premise in the
pursuit of an improved environmental sustainability.
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