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Abstract This study aimed to assess the metagen-
omic changes of soil bacterial community after con-
structing a crude oil flowline in Basilicata region,
Italy. Soils identified a total of 56 taxa at the phy-
lum level and 485 at the family level, with a differ-
ent taxa distribution, especially in samples collected
on 2014. Since microbiological diversity occurred
in the soils collected after 2013 (the reference year),
we performed a differential abundance analysis using
DESeq2 by GAIA pipeline. In the forest area, 14
phyla and 126 families were differentially abundant
(—6.06 <1logFC>7.88) in 2014 compared to 2013.
Nine families were differentially abundant in 2015,
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with logFC between—3.16 and 4.66, while 20 fami-
lies were significantly more abundant and 16 less
abundant in 2016, with logFC between—6.48 and
6.45. In the cultivated area, 33 phyla and 260 families
showed differential abundance in 2014. In the next
year (2015), 14 phyla were significantly more abun-
dant and 19 less abundant, while 29 families were
substantially more abundant and 139 less abundant,
with fold changes ranging between —5.67 and 4.01. In
2016, 33 phyla showed a significantly different abun-
dance, as 14 were more abundant and 19 decreased,
and 81 families showed a significantly increased
amount with logFC between—35.31 and 5.38. These
results hypothesise that the analysed site is an altered
soil where the development of particular bacterial
groups attends to bioremediation processes, naturally
occurring to restore optimal conditions.

Keywords Soil bacterial diversity - Microbial
composition changes - Metagenomic analyses - Oil
flowline effects

Introduction

Soil is a rich and dynamic ecosystem represent-
ing the most vast microbial diversity source on the
entire world. This hidden biodiversity could be a
great resource of natural products for agriculture and
biotechnological applications (Mocali & Benedetti,
2010; Ahmed et al., 2018).
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Soil microorganisms play a crucial role in ecologi-
cally critical biogeochemical processes, contributing
to plant nutrition and soil health, even in agricultural
and extreme environments, and maintaining the mat-
ter and energy transfer in terrestrial environments
(Arias et al., 2005; Lelario et al., 2018; Mader et al.,
2002; Sofo et al., 2018). Soil represents, with its com-
posite microbial functions, a very complex and het-
erogeneous environment for microbiologists. Due to
soil properties and interaction processes, involving
mineral and organic particles, soil biota gives rise
to the formation and stabilisation of differently sized
aggregates, micropores and clay-organic matter com-
plexes that dominate the soil characteristics and affect
the microbial composition (Mocali & Benedetti,
2010).

Besides, microbial communities in soil are ran-
domly spread out, following the best growing con-
ditions, such as nutrient gradients and moisture
content, and leading to the so-called hot-spot distri-
bution (Mocali & Benedetti, 2010). Most soil micro-
bial communities represent a new source of genetic
and metabolic diversity; in fact, only a small fraction
of the soil bacteria (less than 1%) is cultivable, high-
lighting the need to assess and preserve the diver-
sity in soil microorganisms’ distribution (Mocali &
Benedetti, 2010).

Traditional microbiological approaches present
severe limitations to knowledge of soil microbial
diversity (Mocali & Benedetti, 2010; Torsvik &
Ovreas, 2002). Therefore, in the last decades, molec-
ular fingerprinting techniques were developed, repre-
senting a rapid and powerful tool for understanding
soil microbial communities’ dynamics and diversity
(Bonomo & Salzano, 2013; Bonomo et al., 2013;
van Elsas et al., 2007). However, these approaches
proved limitations and biases, mainly related to the
target gene’s characteristics and PCR amplification
efficiency, which have always limited knowledge to
a restricted part of the microbial communities (Kirk
et al., 2004; Cafaro et al., 2016). For these reasons,
novel approaches to exploring the vast majority of
soil microbial diversity were necessary (Mocali &
Benedetti, 2010).

In recent years, several molecular approaches
have been proposed (van Elsas et al., 2007; Kirk
et al., 2004; Bloem et al., 2006; Bonomo et al.,
2017; Sorensen et al., 2009) and, recently, the
exploration of entire genomes present in a soil
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sample, metagenomics, has provided a new
approach for detailed assessment (Mocali & Benedetti,
2010; Daniel, 2005; Schloss & Handelman,
2005). Metagenomics is a powerful tool for study-
ing the soil molecular ecology, assessing the diver-
sity of complex microbial communities, providing
access to several new species, genes or novel mol-
ecules relevant for biotechnology and agricultural
applications (Mocali & Benedetti, 2010).

The metagenomic approach allows to obtain use-
ful information on the composition and genetic-
physiological mechanisms of soil microbiota and
their adaptation to specific environments, such as oil-
contaminated soils, for a better understanding of the
alterations of microbial development and biochemi-
cal activities and bioremediation processes (Mocali
& Benedetti, 2010; Ahmed et al., 2018; Gomez et al.,
2004; Peng et al., 2015) fundamental to re-establish
soil microbial communities (Rutgers et al., 2016;
Galazka et al., 2018).

Recent advances in genomics, transcriptomics and
proteomics have led to increased studies on bacterial
communities in contaminated soil. Genomic methods
include functional bacterial fingerprinting and next-
generation sequencing (NGS) of hypervariable regions,
such as in 16S rRNA genes from bacteria, to determine
the genetic diversity of microorganisms within a popu-
lation without the need for cell culture (Galazka et al.,
2018; Malla et al., 2018; Pichler et al., 2018).

In this study, different soil samples, taken ante- and
post-opera the installation of an oil pipeline, were sub-
jected to analysis of NGS to study and investigate the
complex microbial biodiversity. Due to the variety of
chemical-metabolic processes involved, the biodiver-
sity of soil microorganisms plays an essential role in
maintaining ecosystems in a functionally efficient state.

This study monitors the changes in the soil bacte-
rial community’s composition in the 3 years following
the construction of a crude oil flowline. The objective
is to verify the possible recovery and the restoration
over 3 years of the analysed territory’s initial condi-
tions and its reuse for crops and leisure areas.

The evaluation of the displacements of the compo-
sition of the bacterial community of the soil is essen-
tial for understanding and deepening the activities
and microbial dynamics in the soil, i.e. the relation-
ships between functionality and microbial diversity,
at the basis of the fundamental recovery and reme-
diation processes. Furthermore, the aim is to identify
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the predominant taxa that can act as model organisms
and microbial indicators of soil stress induced by the
flowline construction works.

Materials and methods
Site description and sampling

A farmhouse located in the Basilicata region (South
Italy), affected by the flowline construction works, has
been the study’s sampling site. The crude oil flowline
consisted of a 4-m wide excavation, 4 m deep and
about 1500 m long. The flow of earthmoving vehicles
involved a 40-m strip around the excavation. A for-
est area and a cultivated area (divided between arable
land and tree crops) characterise the concerned territo-
ry’s subdivision. Figure S1 shows sampling points of
the considered area. The monitoring started with soil
samples collected in June and July 2013 (ante-opera
monitoring) and continued during the 3 years after the
flowline construction (post-opera monitoring).

Four sampling points occurred in the forest area
and five in the cultivated area to assess the specific
features and dynamics of microbial ecology and their
evolution induced by environmental restoration pro-
cesses. The monitoring program provided 2 kg of soil
collected at a depth of 0-20 cm and 20—40 cm from
all sampling points. A part of the sample kept in a thin
layer at ambient temperature in a plastic tray was in
use for physical-chemical analyses (detailed methods
used and obtained data are available in Supplemen-
tary Material). The remaining part frozen at—20 °C
was useful for the subsequent DNA extraction and
culture-independent microbial diversity analyses.

16S rDNA amplicon sequencing and sequence
processing

According to the manufacturer’s protocol, soil DNA
extraction was from 20 g of each soil sample, using
ZR Soil Microbe DNA MicroPrep™ Kit (Zymo
Research, Italy). The isolated soil DNA visualisation
was possible by agarose gel (1.0%, w/v) electropho-
resis running, and its quantification using Nanodrop
Spectrophotometer ND-1000 (Thermo Fisher Scien-
tific, Italy). Microbial genomic DNA extraction was
in triplicate for each sample.

The extract DNA used to prepare 16S gene ampli-
con libraries at IGAtechnology (Udine, Italy) was
according to the Illumina protocol © 16S Metagenomic
Sequencing Library Preparation protocol and aiming at
sequencing the V3 and V4 variable regions with prim-
ers 16S-341F 5-CCTACGGGNGGCWGCAG-3' and
16S-805R 5'-GACTACHVGGGTATCTAATCC-3".

A subsequent amplification was necessary to index
sequences on the sequencing cell (NexteraXT Index
Kit, FC-131-1001/FC-131-1002). Finally, the librar-
ies were sequenced in the MiSeq Illumina platform to
obtain 300 bp paired reads.

At the end of the sequencing, we evaluated the
reads’ quality through FASTQC. A processing was
compulsory to eliminate the sequencing primers and
the reads of low quality using the Trimmomatic pro-
gram. An additional quality control with FASTQC
was necessary.

Bioinformatics analysis

For the metagenomic analysis and differential analysis,
the GAIA pipeline was used, developed by Sequen-
tia Biotech SL (Barcelona, Spain). This pipeline uses
high quality reads to map them with BWA against the
NCBI database to identify the taxonomy it belongs to
and uses the low common ancestor (LCA) algorithm
to classify them. Identity thresholds are applied to clas-
sify reads into operational taxonomic units (OTUs) at
species, genus, family, phylum and domain levels.
LCA algorithm allowed the identification to the
following percentages: identity between 0 and 70%:
reads assigned at the domain level; identity between
71 and 73%: reads displayed at the phylum level; iden-
tity between 74 and 85%: reads posted at family level;
correspondence between 86 and 93%: reads allocated
to the genus level; and identity between 94 and 97%:
reads assigned at the species level; the reads mapped
to a unique species were also classified in the species
reference strain to which they mapped, while the reads
that did not map appeared in the report as unknown.
Each identified taxa could estimate the abso-
lute abundance (reported as number of reads/pair
counts) and relative abundance (reported as a per-
centage). The data reported as bar plots detect taxa
present in each sampling point and their relative
abundance. For convenience, taxa with less than
0.1% abundance in all samples were grouped as
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«Fig. 1 Taxa distribution in soil samples at the taxonomic level
of phylum. The samples are sorted by sampling area (forest:
ABC, cultivated: DEFGH), by year (following the chronologi-
cal order of sampling) and by depth, showing for each group the
sampling layer 0-20 cm (1) and then the layer 2040 cm (2)

others. The samples are sorted by sampling area
(forest: ABC, cultivated: DEFGH), by year (fol-
lowing the chronological order of sampling) and by
depth, showing for each group the sampled points
at 0-20 cm (1) and then those at 20-40 cm (2).

Alpha and beta diversities, calculated using Phy-
loseq in R, indicate the richness level (taxa num-
ber) and evenness level (taxa relative abundance) in
the different soil samples. They also calculate the
distance between the pairs of samples as a matrix
of dissimilarity of Bray—Curtis.

Moreover, a differential abundance analysis using
DESeq2, performed by GAIA, identify taxa differ-
entially abundant in samples grouped by area and
year of sampling and compared as follows: forest
area 2014 vs forest area 2013, forest area in 2015 vs
forest area in 2013, forest area 2016 vs forest area
2013, cultivated area 2014 vs cultivated area 2013,
cultivated area 2015 vs cultivated area 2013 and
cultivated area 2016 vs cultivated area 2013.

We standardised the counts resulting from the
mapping of the reads to the reference database to
compare different samples. Principal component
analysis (PCA) was useful for studying the variation
within the groups of compared samples and observing
their distribution according to the relative distance.

We believed useful to construct a Volcano and
an MA diagram to represent the estimated differen-
tial abundance levels.

Finally, we analysed the number of taxa for each
taxonomic level as more (over-represented) or less
(under-represented) abundant compared to the ref-
erence year (2013). We described their abundance
as the decimal log of the fold change (logFC, i.e.
the number of times the abundance has changed
significantly compared to the base year 2013).

Results and discussion

The soil disturbance created by the excavation, move-
ment of heavy vehicles and destruction of the natural
horizons of the soil and artificial reconstruction of

layers, which cannot reproduce exactly the initial situ-
ation, determined a mixing of the horizons with mod-
ification of the characteristics along the soil profile.
In this study, different soil samples, taken ante- and
post-construction of a crude oil flowline, were ana-
lysed by next-generation sequencing (NGS) to inves-
tigate the complex microbial biodiversity that plays a
vital role in maintaining ecosystems in a functionally
efficient state.

In this study, we identified a total of 56 taxa at
the phylum level, 485 at the family level, 1190 at the
genus level and 23,232 at the species level. Soil sam-
ples showed a different taxa distribution, especially in
each of the groups collected in 2014. Considering the
taxonomic level of the phylum, in Fig. 1, the overall
most abundant and variable taxa appear to be Aci-
dobacteria and Actinobacteria, which are less abun-
dant in 2014; Bacteroidetes, which increased signifi-
cantly in 2014; Chloroflexi; Firmicutes, particularly
abundant on the site labelled C and agricultural soils
in 2014; and Proteobacteria and Verrucomicrobia,
apparently absent in the 2014 agricultural samples.

Moreover, regarding the family taxonomic level
in Fig. 2, the abundant and variable taxa are Acido-
bacteriaceae, Bacillaceae, Hymenobacteriaceae, Mic-
rococcaceae, Oxalobacteriaceae, Paenibacillaceae,
Planctomycetaceae, Pseudomonadaceae, Propioni-
bacteriaceae and Rubrobacteriaceae.

The heatmaps, built for easy and immediate visu-
alisation of data, presented the best results at the tax-
onomic levels of phylum and family. Figures 3 and 4
clearly show the abundance blocks of different taxa
in sampling sites during the three years following
the flowline’s construction, suggesting changes, i.e.
biodiversity.

The results obtained agree with previous works
that showed differences in soil microbial community
structure and taxonomic composition due to differ-
ent anthropic insults (Ahmed et al., 2018; Galazka
et al., 2018; Carbonetto et al., 2014; Liu et al., 2017;
Klimek et al., 2016). We observed significant altera-
tions of microbiological dynamics following the flow-
line construction compared to the reference year 2013
(ante-opera monitoring) suggesting their evolution
induced by environmental restoration processes. Also,
changes were detected in the post-opera years, high-
lighting a specific adaptation to the altered conditions
by select groups and types of bacteria. Changes in
bacterial communities observed in post-opera analyses

@ Springer
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Fig. 2 Taxa distribution in soil samples at the taxonomic level
of family. The samples are sorted by sampling area (forest:
ABC, cultivated: DEFGH), by year (following the chronologi-

demonstrated modifications of the genetic and physi-
ological bacterial response to face stress. Bacterial
communities implemented different mechanisms to
survive and adapt to the modified conditions of the
soil environment.

As shown in Tables S1 and S2, the extensive soil
disturbance due to the flowline construction inevita-
bly caused direct and indirect changes in soil char-
acteristics. The forest area has undergone a substan-
tial evolution with a noteworthy diversification of
chemical-physical parameters between the different
sampling points. The chemical-physical properties
of the examined soils were initially almost uniform
but showed significant annual variations. The phe-
nomenon indicates aggregation processes favouring
organo-mineral associations in an environment with
good microbial biomass activity that can suggest the
development of widespread root systems.
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cal order of sampling) and by depth, showing for each group
the sampling layer 0-20 cm (1) and then the layer 2040 cm
@)

The pH values tend to evolve towards greater alka-
linity, which is also identifiable in the CEC values
that are all higher than the initial ones, even when
reducing the free organic matter.

We hypothesise that, in addition to the climatic
factors and rainfall, always abundant in the area
(data not shown), the soil’s movement first, and the
development of grassy vegetation then, played a fun-
damental role in the observed evolutionary process.
The reduction of organic carbon is well observable
together with a similar decrease in total nitrogen,
exchangeable potassium and assimilable phosphorus.

The values of concentrations found for the heavy
hydrocarbons (from C10 to C40) were generally
under the limit of detection attributable to the chro-
matographic method used (5 mg/kg of dry matter).
In 2014, for both the forest area and the cultivated
area, values unusually higher of hydrocarbons were
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Fig. 3 Heatmap for data visualisation at the taxonomic level of phylum; abundance blocks of different taxa in the sampling sites dur-

ing the 3 years following the flowline’s construction

recorded in either the superficial- and deep-sampled
soil layers (16-32 mg/kg dm). This event suggests
a small and momentary leak in the oil pipeline that
was operative at the end of 2013. In 2015, a weird
value appeared only in a deep sample collected from
the agricultural area (36 mg/kg dm). Such a recovery
process occurs only when different microbial species
can transform the hydrocarbons into energy, attending
a natural bioremediation/biodegradation activity and
restoring the initial soil conditions.

Since microbiological diversity changes occurred
in the samples collected after the year 2013, a com-
parative analysis was necessary to identify taxono-
mies whose abundance is significantly changing over
time. Therefore, we performed a differential abun-
dance analysis using DESeq2 by GAIA to identify
taxa differentially represented.

We evaluated the abundance of taxa by comparing
the forest area sampling in 2014 and the selection of
2013. The Principal component analysis in Fig. S2a
showed a variability of the 2014 samples more sig-
nificantly than the 2013 samples at the phylum taxo-
nomic level, explaining the new biological differen-
tiation between the two sampling years. The analysis
of the differences groups the principal component

1 (X-axis) quite differently over the 2 years, while
the 2013 samples clustered in a more homogeneous
group. The main component 1 explains 75% of the
total variation. The method adopted recognised 56
phyla in this group of samples; 14 of these are differ-
entially abundant in 2014 compared to the reference
year (2013). In particular, eight phyla seem over-
represented, i.e. more abundant in 2014 than 2013, and
6 under-represented, i.e. they showed a lower abun-
dance in 2014.

At the family taxonomic level, the PCA showed
an even more significant variability among the 2014
samples than those of 2013 regarding biological
diversity. The main component 2, accounting for
22% variability, collects most of the diversity of the
2014 collected soils, except for site A at a depth of
20-40 m, which is very far from the others along
the X-axis in Fig. S2b. This group of samples iden-
tify 485 taxonomic families. The comparative anal-
ysis highlighted that 126 families are differentially
present in 2014 compared to 2013. In particular,
65 increased quantitatively, and 59 significantly
decreased in 2014. Table 1 shows the significant
taxa under and over-represented, with the relative
value of logFC.
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ing the 3 years following the flowline’s construction

The relative abundances expressed in terms of
logFC covered a fairly wide range (—6.06 <logFC >
7.88). The families with the most differential relative
abundance are Psychromonadaceae, Neisseriaceae,
Propionibacteriaceae, Leptotrichiaceae, Sphagnaceae
and Pasteurellaceae.

As the comparison forest area 2015 vs forest area
2013, the assessment of identified taxa abundance
shown in PCA presented a lower variability between
2013 and 2015 than the highlighted for the year 2014
in Fig. S3.

At the phylum level classification, there were no
changes in the abundance of the 56 taxa identified at
this taxonomic level. Of the 485 families detected,
only nine were differentially abundant and in particu-
lar 7 (especially Cyclobacteriaceae and Cellvibrion-
aceae) over-represented and 2 (Brevibacteriaceae and
Bacillaceae) under-represented, with variable fold
changes in logarithmic scale between —3.16 and 4.66
(Table 1).

@ Springer

Comparing the forest area 2016 to forest area
2013, the PCA does not significantly distance biolog-
ical diversity at the phylum level. A greater biological
diversity exists within the forest area in 2013, primar-
ily for site B at depth 0-20 cm (Fig. S4a and b).

A total of 485 taxonomic families were identified,
of which 20 are significantly more rich (such as Micr-
ocoleaceae, Pinaceae and Williamsiaceae) and 16 less
abundant (such as Psychromonadaceae and Leucon-
ostocaceae) in 2016 compared to the reference year,
with variable fold changes between—6.48 and 6.45
on a logarithmic scale (Table 1).

Comparing the microbial composition of samples
collected in the cultivated area during 2014 to the
area sampled in the 2013, at the phylum level, PCA
showed a substantial variability among the samples
of 2014, especially along the principal component 1,
which explains more than 87% of variability, while
the samples taken in 2013 clustered together, due
to a minimal variability (Fig. S5a). These samples
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identified 56 phyla, of which 33 showed differential
abundance in 2014; in particular, 14 are more abun-
dant and 19 less abundant in 2014. At the taxonomic
family level, the PCA still showed more significant
variability among the 2014 samples (Fig. S5b).

The families identified were 485, but only 260
were differentially abundant in 2014, 123 over-
represented and 137 under-represented (Table 2). Table 2
shows the identification of these taxa and their rela-
tive abundance.

The families most abundant were Flatidae, Hyme-
nobacteraceae and Oxalobacteraceae, and those less
copious were Ktedonobacteraceae, Methanosarci-
naceae and Nitrososphaeraceae.

Comparing the microbial composition of samples
collected in the cultivated area during 2015 to the
area sampled in 2013, PCA showed a lower variabil-
ity in 2015 than the reference year at the phylum tax-
onomic level. X-axis of Fig. S6a represents the main
component 1 that explains 64% of the variability.
Among the 56 phyla identified, 14 appear to be signif-
icantly plentiful in 2015 and 19 scarcely represented.

At the taxonomic family level, the PCA showed a
heterogeneous variability in 2015 samples (Fig. S6b).
The method used identified 485 families, of which
29 were significantly copious and 139 less plentiful
in 2015, with fold changes ranging between—5.67
and 4.01 (Table 2). The families with the most dif-
ferential relative abundance are Ktedonobacte-
raceae, Methanosarcinaceae, Nitrososphaeraceae and
Williamsiaceae.

The biodiversity was evaluated at the phylum taxo-
nomic level also comparing the cultivated area 2016
vs 2013. PCA showed a reasonable degree of vari-
ability among samples collected both in 2016 (along
the principal component 2 that explains 32% of the
total variability) and in 2013 (along with the main
component 1 that sums up 52% of the variability)
(Fig. S7a). The comparative analysis proved that 33
of the 56 identified phyla showed a significantly dif-
ferent abundance, as 14 were more present and 19
were in reduced quantity in the year 2016.

At the taxonomic family level, the PCA showed a
high degree of diversity for the samples of 2013 and
those of 2016 (Fig. S7b). The method recognised 485
families, of which 81 with significantly increased
abundance (especially Stephanopyxidaceae, Coc-
comyxaceae, Fragilariaceae, Williamsiaceae and
Chattonellaceae), and 63 with reduced quantity (in

@ Springer

particular Methanosarcinaceae, Erysipelotrichaceae,
Defluviitaleaceae and Prolixibacteraceae) in 2016
compared to 2013, with logFC between—5.31 and
5.38 (Table 2).

The differential analysis identified the taxa asso-
ciated with the sampled soils’ biological diversity,
highlighting significant differences over time, espe-
cially comparing the initial situation (2013) to the
first year of monitoring (2014). In 2014, we can
appreciate the most significant perturbation of biodi-
versity. The comparative analysis showed taxa signifi-
cantly different in the sampling areas, especially for
the taxonomic levels of phylum and family.

The PCA results indicate a lower biological dis-
tance among the sampling points analysed in 2015
and 2016 compared to the reference year 2013, sug-
gesting a certain degree of soil recovery.

The construction of the flowline caused changes in
the bacterial community structure and their metabolic
activity, with the appearance of different groups of
bacteria. The analysis of 2014 sampling led to iden-
tifying bacteria commonly present in the soil where
they mediate the complex metabolic processes and
play a fundamental role in the functioning and sta-
bility of the system ensured by their diversification.
Interesting was identifying bacterial groups naturally
present in stressed soils such as bacteria belonging
to Micrococcaceae, Xanthomonadaceae, Sporolacto-
bacillaceae and Flavobacteriaceae families.

Bacterial groups resisting metals like cadmium,
cobalt, zinc, chromium and mercury, or that reduce
and detoxify redox-active metals, such as chromium
and mercury, were in the identification list. Moreover,
it was possible to identify bacterial groups belonging
to the Pseudomonadaceae family, known to degrade
particular harmful substances, such as naphthalene,
toluene and other hydrocarbons. These beneficial bac-
teria are also able to degrade plastics and polystyrene
to small substances.

Numerous studies have analysed soil sites contam-
inated with different pollutants in the past years, indi-
cating diverse microbial populations present despite
some extreme contamination conditions, showing as
soils contaminated with heavy metals and hydrocar-
bons have undergone changes in community compo-
sition (Joynt et al., 2006; Banerjee et al., 2011). The
difference in soils’ source and properties has provided
different bacterial isolates, such as Acinetobacter,
Aeromonas, Aureobacterium, Bacillus, Escherichia,
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Klebsiella, Micrococcus, Pseudomonas, Rhodococ-
cus and Stenotrophomonas (Anderson & Cook, 2004;
Jackson et al., 2005; Aksornchu et al., 2008; Vinas
et al., 2005). Mathe et al. (2012) revealed how dif-
ferent pollutants affect the activity and diversity of
endogenous microbiota. Individual isolates were
tested for their ability to degrade various types of
hydrocarbons (aliphatic-, mono-aromatic and poly-
cyclic aromatic hydrocarbons) or for their capability
to resist heavy metals or to increase in the presence
of antibiotics. Results revealed that in contaminated
sites, an increased activity of hydrocarbonoclastic
bacteria occurs, supported by significant CO, pro-
duction. Furthermore, Alisi et al. (2009) and Sprocati
et al. (2012) showed the feasibility of the remedia-
tion of a soil containing heavy metals and spiked with
diesel fuel, through a bioaugmentation strategy based
on the use of a microbial formula tailored to selected
natives, which can effectively facilitate and speed up
the bioremediation of matrices co-contaminated with
hydrocarbons and heavy metals.

During the monitoring analyses in 2014, we
observed an impressive presence of specific bacterial
groups already found dominant in soil taken directly
from oil wells (Galazka et al., 2018). Some families
of Alphaproteobacteria, Rhizobiaceae, Rhodobacte-
raceae, Acetobacteraceae and Sphingomonadaceae
were present in these samples. Bacteria that use
hydrocarbons as the only carbon source were in the list
and belonged to Vibrionaceae, Bacillaceae, Morax-
ellaceae, Mycobacteriaceae, Sphingomonadaceae,
Nocardiaceae and Flavobacteriaceae families (Zhong
et al.,, 2011). Moreover, Bacillaceae, Rhizobiaceae,
Nocardiaceae, Actinomycetaceae, Nocardiaceae and
Streptomycetaceae bacterial groups, associated with
hydrocarbon degradation (Zhong et al., 2011; Doong
& Lei, 2003; Sutton et al., 2013; Naether et al., 2012),
occurred.

We also observed a differential abundance for
Methylobacteriaceae, which grew on methanol and
other one-carbon compounds as sources of energy
and carbon, and Geobacteraceae, including several
species that oxidise monoaromatic hydrocarbons,
such as toluene and benzene. Then, the family Metha-
nosarcinaceae, with the methanogenic Archaea, is
most adaptable to different substrates used for energy
generation and found in a wide variety of anaerobic
producing methane environments (water streams,
marine and hypersaline sediments, wetlands, thermal

habitats, oil wells, anaerobic waste treatment sys-
tems and gastrointestinal tracts of animals) (Wegner
& Liesack, 2016; Msaddak et al., 2017; Sitte et al.,
2010). The presence and rapid growth of particular
bacterial groups in the analysed sites indicate a natu-
ral bioremediation process to restore optimal condi-
tions of soils altered by the flowline construction and
oil pipeline presence in the underground.

Conclusions

In conclusion, this exciting research activity needs a
more in-depth investigation to understand soil bacte-
rial populations’ activities and dynamics and the rela-
tionships between functionality and microbial diver-
sity that underlie significant recovery and restoration
processes. Although many species are necessary for
the maintenance of stable processes in ever-changing
ecosystems, a minimum number of species exerting
a specific ecological role are essential. The greater
the degree of intra- or inter-specific functional bio-
diversity of an ecosystem, the greater is its tolerance
to perturbations and its resilience, since there will be
more chances that genotypes or species can replace
the functions of those disappeared.

On September 2015, a cross-sector guide for
implementing the mitigation hierarchy was ready
for dissemination by the Biodiversity Consultancy
on behalf of International Petroleum Industry Envi-
ronmental Conservation Association (IPIECA), the
International Council Mining and Metals (ICMM)
and the Equator Principles Association. The Cross-
Sector Biodiversity Initiative (CSBI) makes avail-
able to people the Mitigation Hierarchy Guide and
an executive summary, http://www.csbi.org.uk/
our-work/mitigation-hierarchy-guide/ (visited on 30
December 2020).

The mission of CSBI is “developing and sharing
good practices related to biodiversity and ecosystem
services in the extractive industries”.

The mitigation hierarchy is an instrument designed
to help users reduce, as much as possible, the nega-
tive impacts of development projects on biodiversity
and ecosystem services (BES).

It includes four crucial actions — “avoid”, “mini-
mise”, “restore” and “compensate” — and provides
a best practice approach to assist in the sustain-
able management of natural and living resources by

@ Springer
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establishing a mechanism to balance the conserva-
tion needs with priority development. So, the moni-
toring work reported in this article can be considered
one of the actions necessary to verify the restoration
of natural equilibrium in an area that has suffered an
anthropic insult.
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