* water

Article

Innovative Culturomic Approaches and Predictive Functional
Metagenomic Analysis: The Isolation of Hydrocarbonoclastic
Bacteria with Plant Growth Promoting Capacity

Ilaria Chicca 1, Simone Becarelli 1209, Giacomo Bernabei 10, Giovanna Siracusa ! and Simona Di Gregorio

check for
updates

Citation: Chicca, I.; Becarelli, S.;
Bernabei, G.; Siracusa, G.; Di
Gregorio, S. Innovative Culturomic
Approaches and Predictive
Functional Metagenomic Analysis:
The Isolation of Hydrocarbonoclastic
Bacteria with Plant Growth
Promoting Capacity. Water 2022, 14,
142. https://doi.org/10.3390/
w14020142

Academic Editor: Xuwang Zhang

Received: 4 December 2021
Accepted: 1 January 2022
Published: 6 January 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1,%

Department of Biology, University of Pisa, Via Luca Ghini, 13, 56126 Pisa, Italy;
ilaria.chicca@biologia.unipi.it (I.C.); simone.becarelli@biologia.unipi.it (S.B.);
g.bernabeil@studenti.unipi.it (G.B.); giovanna.siracusa@biologia.unipi.it (G.S.)
BD Biodigressioni srl, Lungarno Mediceo 40, 56126 Pisa, Italy

*  Correspondence: simona.digregorio@unipi.it

Abstract: Innovative culturomic approaches were adopted to isolate hydrocarbonoclastic bacte-
ria capable of degrading diesel oil, bitumen and a selection of polycyclic aromatic hydrocarbons
(PAH), e.g., pyrene, anthracene, and dibenzothiophene, from a soil historically contaminated by total
petroleum hydrocarbons (TPH) (10,347 £ 98 mg TPH/kg). The culturomic approach focussed on
the isolation of saprophytic microorganisms and specialist bacteria utilising the contaminants as
sole carbon sources. Bacterial isolates belonging to Pseudomonas, Arthrobacter, Achromobacter, Bacillus,
Lysinibacillus, Microbacterium sps. were isolated for their capacity to utilise diesel oil, bitumen, pyrene,
anthracene, dibenzothiphene, and their mixture as sole carbon sources. Pseudomonas, Arthrobacter,
Achromobacter and Microbacterium sps. showed plant growth promoting activity, producing indole-
3-acetic acid and expressing 1-aminocyclopropane-1-carboxylic acid (ACC) deaminase activity. In
parallel to the culturomic approach, in the microbial community of interest, bacterial community
metabarcoding and predictive functional metagenomic analysis were adopted to confirm the poten-
tiality of the isolates in terms of their functional representativeness. The combination of isolation and
molecular approaches for the characterisation of a TPH contaminated soil microbial community is
proposed as an instrument for the construction of an artificial hydrocarbonoclastic microbiota for
environmental restoration.

Keywords: culturomic; microbiota; predictive functional metagenomic analysis; Pseudomonas;
Arthrobacter; Achromobacter; Bacillus; Lysinibacillus; Microbacterium; 1-aminocyclopropane-1-carboxylic
acid (ACC) deaminase; indole-3-acetic acid

1. Introduction

In the last century, the development of chemical and petrochemical industries resulted
in the production of a variety of xenobiotics, such as solvents, fuels, plastics, and other
organic pollutants, which were recalcitrant to biodegradation and persistent in the envi-
ronment. In Europe, Total Petroleum Hydrocarbons (TPH) have been identified as the
major cause of contamination in polluted soils and sediments, and they are persistent in
environmental matrices and significantly recalcitrant to biodegradation [1]. This persistence
leads to the natural selection of microorganisms able to transform TPH. These microorgan-
isms might be considered as “extremophiles”, adapted to live in extreme environments,
characterised by high toxicity to most living organisms. Defined as specialist species, they
can utilise contaminants as sole carbon sources for growth [2].

The bio-based processes dedicated to the decontamination of environmental matri-
ces are focussed on the isolation, characterisation, and exploitation of specialist species.
However, it is worth mentioning that, it is not single strains, but microbial assemblages,
with syntrophic associations, that are principally responsible for the transformation of
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xenobiotics in the environment. It is already accepted that xenobiotic degradation in a
complex matrix like soil, cannot be achieved individually, but by complex community
interactions, using different metabolic strategies of microorganisms adapted to the con-
taminants. Moreover, the biodegradation of contamination should achieve not only its
transformation and eventual mineralisation [3], but also the “re-shaping” of the soil as a
matrix, offering ecosystem services [4,5].

Understanding how microbial communities work cooperatively, communicate, and
act to bioremediate environments, is of great interest and importance [6]. Tools that might
be helpful in this investigation include both the functional analysis of metagenomes in the
polluted soils and the isolation of soil microbiota, capable of utilising the contamination as
a sole carbon source. Studies on the interplay of soil microorganisms during the process of
TPH depletion by oxidative processes, have been tentatively approached by the interpreta-
tion of data derived by microbial metabarcoding and the predictive functional metagenomic
analysis of complex microbial communities [7,8]. The results obtained have suggested that
different stages of TPH transformation are covered by different bacterial groups, which is
in accordance with the concept that complex microbiota are cooperatively responsible for
the restoration of soil quality and eventually its resilience. The metabolism of saprophytic
microorganisms has been shown to be of particular interest, since it is responsible for the
mobilisation of organic matter. This matter, in contaminated matrices, consists mainly
of the source of contamination, and saprophytic metabolism is involved in increasing
its bioavailability and eventually determining the conditions for its biodegradation by
specialist species [8].

Saprophytic microorganisms might be defined as a generalist species. For growth
generalist species exploit a plethora of diverse carbon sources that might be present in the
environment at low concentrations [2]. In contaminated environments they play a pivotal
role in soil restoration, their activities ranging from xenobiotic depletion to participation in
the synthesis and cycling of organic matter in the soil [8], all crucial aspects for restoring
the correct basal metabolism of a resilient soil.

In this context, plant growth promoting (PGP) bacteria might also contribute to the
restoration of soil quality, by their interaction with the primary producers colonising the
matter e.g., plants. In fact, PGP bacteria can improve the architecture and extension of
the plant root system by the production of auxins. They can also counteract the possi-
ble phytotoxic effects of polluted soil; decreasing the plant response to abiotic stresses
through inhibiting ethylene production by the intervention of 1-aminocyclopropane-1-
carboxylate deaminase activity [9]. Their involvement in the degradation of contaminants
has also been described, by both directly and indirectly, improving plant performances in
phytoremediation [10].

Microbial isolates combining both xenobiotic degradation capacity and PGP potential
are a smart and sustainable tool to be exploited in the planning of bio-based remediation
interventions for the restoration of contaminated soils.

The scope of the present work was the evaluation of the capacity of the microbial
community, colonising a historically TPH contaminated soil, to show PGP activity and to
promote the oxidative transformation of the contamination. To address this scope, metabar-
coding of the bacterial community and a predictive functional metagenomic analysis were
adopted. In parallel, an innovative culturomic approach of bacteria capable of utilising
the contamination as a sole carbon source was implemented, exploiting both consolidated
strategies for the isolation of specialist species, and employing isolating strategies for
generalist and Gram-positive bacterial species, described as an efficient hydrocarbonoclas-
tic class of bacteria [11]. The recalcitrant compounds selected here for mimicking TPH
contamination and exploited for the enrichment and testing of hydrocarbonoclastic bacte-
ria, were diesel oil, bitumen and a selection of polycyclic aromatic hydrocarbons (PAH),
e.g., pyrene, anthracene, and dibenzothiphene. In the site of origin of the contaminated
soil, these PAHs have occasionally been quantified above the legislative limits. On the
other hand, both diesel oil and bitumen contain a saturated fraction of alkanes and an
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unsaturated fraction, containing naphthenic aromatics, which consist of hydrogenated
polycyclic aromatic compounds, high molecular weight phenols, carboxylic acids, and
heterocyclic compounds (information provided by commercial producers). The complex
composition of diesel oil and bitumen is similar to the uncharacterised complex mixture of
TPH contaminated environmental matrices [12]. A total of 17 hydrocarbonoclastic bacterial
strains were isolated and evaluated for their PGP capacity. Bacterial strains, combining both
hydrocarbonoclastic and PGP capacities, were proposed to design a synthetic microbiota
for environmental restoration.

2. Materials and Methods
2.1. Contaminated Soil and Chemicals

The contaminated soil (10,347 &+ 98 mg TPH/kg) was sampled at a decommissioned
oil refinery in Trieste (45°36'16.9” N; 13°47'56.4" E). Three different samples of the top
20 cm layer were collected by a box corer inside a superficial area of 1 m?. The obtained
3 soil samples were roughly mixed before sampling the 3 soil amounts for DNA extraction.
The area represented a hot spot of the site. Diesel oil was purchased from a local service
station. Bitumen in xylene (POLYPRIMER) was provided by MAPEI (Milan, Italy). All the
chemicals used were of analytical grade and purchased from Merck (Milan, Italy).

2.2. Metabarcoding

The total DNA from soil was extracted from 500 mg of the sample using a FastPrep
24™ homogenizer and FAST DNA Spin kit for soil (MP Biomedicals), proceeding according
to manufacturer’s protocol. The quantity of DNA was measured using a Qubit 3.0 Fluorom-
eter (ThermoFisher Scientific, Milan, Italy). The DNA purity and quality was determined
spectrophotometrically (Biotek Powerwave Xs Microplate Spectrophotometer, Milan, Italy)
by measuring absorbance at 260,/280 and 260/230 nm. A total of 200 ng of DNA was used to
produce paired-end libraries and for sequencing the V4-V5 hypervariable regions of the bac-
terial 16S rRNA gene by using as primers, 515F forward primer (5'-GTGCCAGCMGCCG
CGGTAA-3') and 907R reverse primer (5'-CCGTCAATTCCTTTGAGTTT-3'). The libraries
for llumina sequencing were prepared by Novogene using the NEBNext Ultra DNA Li-
brary Prep Kit, following the manufacturer’s recommendations, and index codes were
added. The library was sequenced on an Illumina platform by Novogene (Novogene
Company Limited Rm.19C, Lockhart Ctr., 301-307, Lockhart Rd. Wan Chai, Hong Kong),
and 250 bp paired-end reads were generated.

2.3. Data Analysis

Paired-end reads were demultiplexed and trimmed by the Cutadapt plugin for Qiime2.
Forward and reverse reads were assembled, quality filtered, chimera filtered and assigned to
Amplicon Sequence Variants (ASVs) following the Qiime2 v.2021.2 standard pipeline. Clus-
tering of Amplicon Sequence Variants (ASVs) was performed using the DADA2 workflow
implemented in Qiime2, with classifiers trained on the V4-V5 hypervariable region extracted
from the Silva 138 99% 165 sequences database. The functional metagenomic prediction for the
bacterial community was inferred using PICRUSt2 v. 2.4.1 for an unstratified and stratified
metagenome contribution based on EC numbers. KEGG pathway and EC contributions were
filtered from the output data of PICRUSt2 v. 2.4.1 and processed by R v. 4.1.1. The graphical
output was produced by ggplot2 package v. 3.3.5 and Pheatmap v. 1.0.12.

2.4. Isolation of Hydrocarbonoclastic Specialist Species

Specialist bacterial species capable of utilising contaminants as sole carbon sources
were isolated by incubating 2 g of soil in 500 mL of Basal Salt Medium (Na,HPO,4 2.2 g,
KH,PO4 0.8 g, NH4sNO3 3.0 g per L of deionised water) amended with 2 mL of diesel
oil, 2 mL of bitumen in xylene, 500 mg/L pyrene, 200 mg/L anthracene and 200 mg/L
dibenzothiophene solubilised in diethyl ether. All the above reagents were pooled together
in a sterile flask of 1.5 L and maintained at room temperature in a rotator at 150 rpm for
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15 days. After 15 days, 20 mL of the liquid culture was inoculated into fresh medium. This
was repeated for a total of three passages. At the end of the third passage, serial dilutions
of the liquid culture in sterile NaCl (0.9%) solution were plated on LB (10 g tryptone, 5 g
of yeast extract, 10 g of NaCl, 15 g of agar per litre of deionised water) plates to separate
bacterial candidates in axenic culture.

2.5. Isolation of Generalist Species

Bacterial generalist species capable of utilising multiple and diverse carbon sources
were isolated on an Eco-plate™, a 96-well plate which contains 31 different carbon sources
(Biolog.com, accessed on 5 October 2021, Milan, Italy). To perform the isolation, 1 g of soil
sample was resuspended in 10 mL of sterile saline solution (NaCl, 0.9% w/v) was rotated
at 150 rpm for 1 h [13,14]. The soil suspension was serially diluted to 10~# with sterile
NaCl (0.9%) solution. Then, 130 pL aliquots of the diluted soil suspension were inoculated
into the wells of Eco-plates™ that were incubated at 20 °C in the dark for 14 days. The
ODsg in each of the Eco—plateTM wells was measured daily on a spectrophotometer (Biotek
Powerwave Xs Microplate Spectrophotometer, Milan, Italy). The 31 carbon sources ranged
from amines (phenylethyl amine, putrescine), carbohydrates (D-cellobiose, o-D-lactose,
-methyl-D glucoside, D-xylose, i-erythritol, D-mannitol, N-acetyl-glucosamine), complex
carbon sources (Tween40, Tween 80, x-cyclodextrin, glycogen), and carboxylic acids (D-
glucosamic acid, D-galactonic acid, y-lactone, D-galacturonic acid, 2 hydroxybenzoic acid,
4-hydroxyl benzoic acid, y-hydroxybutyric acid, itaconic acid, a-ketobutyric acid, D-malic
acid) to amino acids (L-arginine, L-asparagine, I-phenylalanine, L-serine, L-threonine, L-
Glycyl-L-glutamic acid). The soil suspensions corresponding to wells absorbing at ODsgg
were plated by serial dilution on LB plates.

2.6. Isolation of Gram-Positive Bacteria

Gram-positive bacteria were isolated following the protocols of [15,16]. A 20 g amount
of soil was air and heat dried at 120 °C for 1 h. At the end of the treatment, 10 g of the dried
soil was diluted in 90 mL of sterilised deionised water. A 10 mL volume of the suspension
was further diluted in 90 mL of sterilised deionised water. Yeast extract (6 g) and 0.05 g
sodium dodecyl sulphate (SDS) were amended to the suspension which was incubated at
60 °C for 20 min. The suspension was cooled at room temperature and serially diluted in a
sterile saline solution and plated on agar plates containing the chemicals shown in Table 1.

2.7. Taxonomic Identification of the Bacterial Isolates

All the bacterial strains isolated in axenic culture were divided into different morpho-
types by visual inspection and clustered in different operational taxonomic units (OTUs)
by amplified ribosomal DNA restriction analysis (ARDRA) [17]. PCR amplification of 165
rDNA was performed using the 27F forward primer (5'-AG AGTTTGATCCTGGCTCAG-3)
and the 1492R reverse primer (5'-GGTTACCTTGTTACGA CTT-3'). PCR was performed
as follows, 95 °C for 10 min, 95 °C for 45 s, 50 °C for 50 s, 72 °C for 2 min for 30 cycles,
and 72 °C for 5 min. The PCR products were purified with the purification kit Nucleospin
Gel and PCR Clean-up by Macherey-Nagel GmbH & Co. KG (Milan, Italy), following the
manufacturer’s instructions. The PCR product was analysed by ARDRA, performed by
digesting the amplification products with Sau 3A, Alu I e Hae III (Biolabs, Milan, Italy).
The PCR products corresponding to different OTUs were sequenced by the GATC service
(Ebersberg, Germany).

2.8. Capacity of the Bacterial Strains to Grow on Contaminants as Sole Carbon Sources and Their
Plant Growth Promoting Activity

Bacterial isolates corresponding to the different OTUs were tested for their capacity to
grow on diesel oil, bitumen, pyrene, dibenzothiophene, or anthracene and their mixture,
as sole carbon sources in a BSM liquid medium. Sterile 500 mL flasks containing 1500 mL
of liquid BSM were amended with 2 mL of diesel oil, 2 mL of bitumen, 500 mg/L pyrene
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solubilized in diethyl ether, 200 mg/L anthracene solubilized in diethyl ether, 200 mg/L
dibenzothiophene in diethyl ether and were inoculated with the biomass derived from
1 mL of bacterial suspension of each isolate grown in LB liquid medium (10 g tryptone, 5 g
of yeast extract, 10 g of NaCl per litre of deionised water) for 48 h. The biomasses were
pelleted and washed twice with NaCl (0.9%) solution before the inoculation to remove
traces of LB medium. The growth of the isolates were spectrophotometrically determined
(Biotek Powerwave Xs Spectrophotometer, Milan, Italy) by comparing the turbidimetry
of the inoculated flasks with non-inoculated control flasks after 15 days of incubation in
the dark at 25 °C in a rotator at 150 rpm. Bacterial isolates corresponding to the different
OTUs were tested for 1-aminocyclopropane-1-carboxylic acid (ACC) deaminase activity as
described in [18] and for their capacity to produce indole-3-acetic acid (IAA) as described
in [19].

Table 1. Humic acid agar plates and Vitamin B solution (VB) composition.

Chemical Quantity
Humic acid 10g
Kl 17g
NayHPO4 05g
MgSOy 05g
CaCOs3 0.02g
FeSOy4 001g
Vitamin B solution 1.0mL
Agar 100 g
H,O 1L
Vitamin B solution Quantity

Vitamin B1 50 mg
Vitamin B2 50 mg
Niacin 50 mg
Vitamin B6 50 mg
D-calcium pantothenate 50 mg
Inositol 50 mg
PABA 50 mg
Biotin 25mg
H,O 100 mL

3. Results
3.1. Isolation of Specialist Species

The enrichment of bacteria in the presence of a high concentration of a sole carbon
source is generally considered as an approach designed to isolate specialist species that
utilise that carbon source for growth. Specialist bacteria were isolated using high concen-
trations of bitumen, diesel oil, anthracene, pyrene and dibenzothiophene as combined
carbon sources for growth in a minimal medium. A total of 18 OTUs were retrieved. After
screening of the different morphotypes by ARDRA analysis, 3 out of the 18 OTUs were
capable of utilising each carbon source and their mixture as sole carbon sources, and the
corresponding 16S rDNAs were sequenced for taxonomic identification (Table 2).
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Table 2. Specialist bacterial isolates capable of utilising different carbon sources (AQ8, EU, WhLB); Gram-positive isolates capable of utilising the different carbon
sources ( ); Generalist bacterial isolates isolated using the Eco-plates™ and capable of utilising different carbon sources (

). Mix: mixture of diesel oil, bitumen, anthracene, pyrene, dibenzothiophene; Anth: Anthracene; Pyr: Pyrene; Dib:
dibenzothiophene; DO: diesel oil; BT: bitumen; Aux: positive for indole-3-acetic acid (IAA) production; ACCd: positive for 1-aminocyclopropane-1-carboxylic acid
(ACC) deaminase activity. For each strain (+) indicates that the activity was detected, (nd) that the activity was not detected.

OTUs

Reference Homology Phenyl Pyruvic Acid Itaconic

Name Mix Anth Pyr Dib DO BT Taxonomy Taxonomy (%) Ethyl Amine Methyl Ester Tween 80 Acid Glycogen Aux ACCd
AQ8 + + + + + + Pseudomonas putida CP022561.1 100 nd nd nd nd nd + +
EU + + + + + v Arthrobacter sp. CP003203.1 99.4 nd nd nd nd nd + +
Rueb6la
Arthrobacter sp.
WhLB + + + + + + . AP024652.1 96.5 nd nd nd nd nd + +
StoSoilB22
5+ + + + + + +  Bacillus thuringiensis 20 100 i d i d 4 i d
DACLLIUS IHIIH((\IUI.SI. MH921588 na n na n na na n
6+ + + + + + + Bacillus cereus AN: 651600 97.9 nd nd nd nd nd + nd
8+ + + + + + + B”“”“_S . A.N:MF592446 100 nd nd nd nd nd + nd
herbersteinensis
MG+ + + + + + + Bacillus thuringiensis ~ A.N:CP039721 99 nd nd nd nd nd nd nd
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3.2. Isolation of Gram-Positive Species

Gram-positive bacteria were isolated utilising humic acids as carbon sources. A total of
11 OTUs were retrieved after the screening the different morphotypes by ARDRA analysis.
Four OTUs were shown to be capable of utilising each carbon source as the sole one,
as well as their mixture (Table 2). The corresponding 165 rDNAs were sequenced for
taxonomic identification.

3.3. Isolation of Generalist Species

For the isolation of the generalist bacterial strains, Eco-plates™ were used as a tool
to retrieve bacterial species able to grow on different carbon sources, mimicking soil
environmental conditions, where multiple carbon sources are present. Bacterial strains able
to metabolise each of the 31 different carbon sources present in the Eco-plates™, developed
a purple colour, spectrophotometrically measured during the incubation time. After 3 days
of incubation, eight different carbon sources, pyruvic acid methyl ester, Tween 40, Tween
80, glycogen, itaconic acid, asparagine, phenylethyl amine, and putrescine showed a purple
colour. After 6 days of incubation, six additional carbon sources, D-xylose, i-erythritol,
N-acetyl-glucosamine, phenylalanine, D-galacturonic acid, and y-lactone, showed bacterial
growth. After 7 days of incubation, four additional carbon sources, arginine, o-cyclodextrin,
D-mannitol, and hydroxybenzoic acid, showed bacterial growth. The isolates retrieved after
the measurement of growth in the Eco-plate™ wells were analysed by ARDRA analysis
and each OTU was tested for its capacity to grow on the different recalcitrant carbon
sources and their mixture, as sole carbon sources. A total of 11 OTUs were retrieved and the
corresponding 16S rDNAs were sequenced for taxonomic identification (Table 2). Among
the 11 OTUs only the Tween80.2 isolate, identified as Lysinbacillus fusiformis, was able to
utilise both Tween-80 and glycogen for growth. All the other OTUs utilised a single carbon
source, being the one contained in the Eco—platesTM.

3.4. Testing for the Plant Growth Promoting Activity

OTUs, capable of utilising different recalcitrant carbon sources and their mixture as
sole carbon sources, were tested for 1-aminocyclopropane-1-carboxylic acid deaminase
activity and for their capacity to produce indole-3-acetic acid (IAA). Results obtained are
reported in Table 2, with the taxonomic identification and metabolic potential of all the
isolated strains.

3.5. Taxonomic Analysis

Results related to the taxonomic profiles of the bacterial community characterising
the historically contaminated soil are reported in Figure 1. The analyses were reported for
each soil sample analysed, with biological replicates considered, to verify the homogeneity
of the microbial community across the analysed site area. The results obtained showed
very similar profiles. The 16S rRNA metabarcoding comprised all the genera of the isolated
strains. Unclassified Gammaproteobacteria represented the most abundant class recovered
in the soil. Of the Gammaproteobacteria, 13.2% were unclassified at a lower taxa level.
Gammaproteobacteria was comprised of the two isolated Pseudomonas sps. strains (Table 2).
The unclassified Alcaligenaceae, representing a 3.13% abundance relative to the total,
was comprised of the isolated Achromobacter sp. strain (Table 2). Unclassified Bacillales
representing 0.92% in relative abundance, was comprised of the isolated Lysinibacillus sps.,
Microbacterium, Bacillus and Arthrobacter sps., representing respectively the 3.38%, 1.03%
and 0.95% abundance relative to the total, comprising the corresponding isolated strains
(Table 2).
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I Frotecbacteria/Gammaproteobacteria/Uncl./Uncl./Uncl. (13%)
Xanthomonadaceae/Thermomonas (4.81%)
Xanthomonadales/Xanthomonadaceae/Uncl. (4.51%)
Chromatiales/Ectothiorhodospiraceae/Uncl. (4.28%)
Burkholderiales/Comamonadaceae/Uncl. (3.36%)
Microbacteriaceae/Microbacterium (3.32%)
Burkholderiales/Alcaligenaceae/Uncl. (3.08%)
Dietziaceae/Dietzia (2.9%)

Gordoniaceae/Gordonia (2.37%)
Xanthomonadales/Sinobacteraceae/Uncl. {1.59%;
Actinomycetales/Microbacteriaceae/Uncl. (1.53%
Rhizobiaceae/Agrobacterium (1.37%)
Xanthomonadaceae/Luteimonas (1.29%)
Alteromonadaceae/HB2-32-21 (1.25%)
Betaproteobacteria/Burkholderiales/Uncl./Uncl. (1.14%)
Thermoactinomycetaceae/Planifilum (1.14%)
Actinomycetales/Nocardioidaceae/Uncl. (1.06%)
Bacillaceae/Bacillus (1.03%)
Comamonadaceae/Aquabacterium (0.97%
Gammaproteobacteria/PYR10d3/Uncl./Uncl. (0.96%)
Bacilli/Bacillales/Uncl./Uncl. (0.96%)
Micrococcaceae/Arthrobacter (0.95%)
Actinobacteria/Actinomycetales/Uncl./Uncl. (0.91%)
Acidimicrobiia/Acidimicrobiales/Uncl./Uncl. (0.89%)
Rhizobiales/Hyphomicrobiaceae/Uncl. (0.85%)
Legionellaceae/Legionella (0.83%)
Thermoleophilia/Solirubrobacterales/Uncl./Uncl. (0.82%)
Xanthomonadaceae/Pseudoxanthomonas (0.77%)
Bacteroidia/Bacteroidales/Uncl./Uncl. (0.72%)
Alcaligenaceae/Denitrobacter (0.7%)
Actinomycetales/Micromonosporaceae/Uncl. (0.68%)
Sphingomonadales/Sphingomonadaceae/Uncl. (0.67%)
Thermomicrobia/JG30-KF-CM45/Uncl./Uncl. (0.66%)
Desulfobacterales/Desulfobulbaceae/Uncl. (0.64%)
Hydrogenophilaceae/Thiobaciflus (0.62%)
Bacteroidales/Porphyromonadaceae/Uncl. (0.61%)
Anaerolinaceae/Anaerolinea (0.6%)
Sphingomonadales/Erythrobacteraceae/Uncl. (0.54%)
Clostridiaceae/Clostridium (0.54%)
Hyphomicrobiaceae/Parvibaculum (0.54%)

Heatmap Genus level

s 0
& &

N

Figure 1. Taxonomic Heatmap showing the 40 most abundant ASVs in terms of absolute counts,
aggregated at the Genus level for three biological replicates of the contaminated soil. On each row
the nearest identified taxonomic levels, per ASV, are reported. The following percentage indicates
their abundance relative to the total. Hierarchical clustering was performed on columns by Pearson
correlation, based on Euclidean distance.

3.6. Predictive Functional Metagenomic Analysis

To better evaluate the metabolic potential of the different bacterial taxa colonising
the contaminated soil, the contribution of the different bacterial taxa to the abundance
of functional features of interest, such as the ones involved in xenobiotic degradation
and PGP activity, were evaluated. To achieve this, a predictive functional metagenomic
approach was adopted. Results were inferred to recover the taxa principally involved in
the features of interest, with a particular interest in the potential contribution of the isolated
strains. In relation to the functional features that are associated with the capacity of a
bacterial community to transform contamination, the Dye decolourising peroxidase (DyP)
was evaluated due to its capacity to oxidise phenolic compounds extracellularly and, as
already described, it is involved in TPH depletion [8,20]. Results obtained are reported in
Figure 2. DyP activity was predominantly associated with Dietziaceae, contributing to 47%
of the function, followed by Gordoniaceae with 19%. Both families were represented by
one genus, Dietzia and Gordonia sps., respectively. Arthrobacter sp., that may comprise the
isolated strains, contributed to 7.73%. Unclassified Microbacteriaceae, representing 0.03%
might comprise the Microbacterium sp. isolated strain. The latter might also comprise the
unclassified Actinomycetales, accounting for 4.42% of the total.
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Dietziaceae/Dietzia (47.35%)
Gordoniaceae/Gordonia (19.36%)
Micrococcaceae/Arthrobacter (7.73%)
Actinobacteria/Actinomycetales/Uncl./Uncl. (4.42%)
Thermomonosporaceae/Actinomadura (3.2%)
Streptomycetaceae/Streptomyces (2.49%)
Actinomycetales/Micromonosporaceae/Uncl. (2.34%)

Microbacteriaceae/Agromyces (2.33%)

Pseudonocardiaceae/Saccharomonospora (1.99%)
Nocardiaceae/Rhodococcus (1.35%)
Actinomycetales/Micrococcaceae/Uncl. (1.2%)
Actinomycetales/Pseudonocardiaceae/Uncl. (1.13%)
Nocardijopsaceae/Thermobifida (0.95%)
Microbacteriaceae/Leucobacter (0.85%)

Dermabacteraceae/Brachybacterium (0.7%)

Cellulomonadaceae/Actinotalea (0.48%)

Dye decolorizing peroxidase

Actinomycetales/Streptosporangiaceae/Uncl. (0.48%)
Actinomycelales/Streptomycetaceae/Uncl. (0.43%)
Actinomycetales/Nocardiopsaceae/Uncl. (0.41%)
Pseudonocardiaceae/Jiangella (0.31%)
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Figure 2. Functional Heatmaps of the Dye decolourising peroxidase enzyme contribution by identi-
fied ASVs aggregated at the Genus level, as inferred by PICRUSt2 in the three biological replicates.
On rows, the nearest identified taxonomic level for each contributing ASV is reported, followed by its
relative percentage contribution to the functional feature. Hierarchical clustering of columns was
performed by Pearson correlation, based on Euclidean distance.

In relation to the Alkane 1-monoxygenases involved in the initial oxidation of alkanes,
which compose the saturated fraction of TPH [21], the results are reported in Figure 3. The
biodiversity of the bacterial taxa contributing to this feature was lower than that recorded
for DyP, as was the number of counts per taxa contribution. Dietzia sp. showed the highest
contribution with 42.5% of the total. None of the isolated bacterial taxa were represented
among the taxa contributing to the Alkane 1-monoxygenase activity.
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Figure 3. Functional Heatmaps of the Alkane 1-monooxygenase contribution by identified ASVs
aggregated at the Genus level, as inferred by PICRUSt2 in the three biological replicates. On rows,
the nearest identified taxonomic level for each contributing ASV is reported, followed by its relative
percentage contribution to the functional feature. Hierarchical clustering of columns was performed
by Pearson correlation, based on Euclidean distance.

Results obtained in relation to the Cathechol 1,2-dioxygenases are reported in Figure 4.
Cathechol 1,2-dioxygenases are involved in the lower pathway of aromatic compound
degradation via 3-oxoadipate [22], specifically in the ortho-cleavage of the cathecol aro-
matic ring. The biodiversity of the contributing bacterial taxa and the number of counts per
taxa recorded were similar to those recorded for DyP. Dietzia and Gordonia sps. were pre-
dominant in their contribution with 17.4 % and the 28.4 %, respectively. Thermomonas sp.
contributed to 28.5% of the total. The contribution of the isolated genera Arthrobacter and
Pseudomonas sps. represented 5.67% and 1.94%, respectively. The unclassified Burkholderi-
aceae, accounting for 0.19%, might comprise the Achromobacter sp. isolated strain.
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Figure 4. Functional Heatmaps of the Cathechol 1,2-dioxygenase contribution by identified ASVs
aggregated at the Genus level, as inferred by PICRUSt2 in the three biological replicates. On rows,
the nearest identified taxonomic level for each contributing ASV is reported, followed by its relative
percentage contribution to the functional feature. Hierarchical clustering of columns was performed
by Pearson correlation, based on Euclidean distance.

A further dioxygenase involved in the lower pathway of aromatic compound degra-
dation via 3-oxoadipate, and in the super-pathway of aromatic compound degradation
via 2-hydroxypentadienoate [23], is Cathecol 2,3-dioxigenase. The number of contributing
taxa to this feature and the number of counts for taxa were similar to those for Cathechol
1,2-dioxygenase (Figure 5). The highest contribution was due to Microbacterium sp. (20.65%),
comprising the isolated genera Dietzia and Gordonia sps., which contributed respectively
to 8.17% and 6.68% of the total. The isolated genus Arthrobacter sp. contributed 5.33%,
Bacillus sp. 2.59% and unclassified Bacillales, that might comprise the Lysinibacillus sps.
isolated strains, contributed 2.23%. Unclassified Psueudomonadaceae, accounting for
1.31%, might comprise the Pseudomonas sps. isolated strains in addition to the reported
0.91% contribution of the genus.



Water 2022, 14, 142

12 of 24

Microbacteriaceae/Microbacterium (20.65%)
Dietziaceae/Dielzia (8.17%)
Rhizobiaceae/Agrobacterium (7.73%)
Gordoniaceae/Gordonia (6.68%)
Micrococcaceae/Arthrobacter (5.33%)
Burkholderiales/Comamonadaceae/Uncl. (4.79%)
Actinomycetales/Microbacteriaceae/Uncl. (4.33%)
Bacillales/Planococcaceae/Uncl. {3, 619%)
Thermoleophilia/Solirubrobacterales/Uncl./Uncl. (2.75%)
Bacillaceae/Bacillus ’2. 59%)
Bacilli/Bacillales/Unci./Uncl. (2.23%)
Microbacteriaceae/Agromyces (1.79%)
Rhizobiales/Hyphomicrobiaceae/Uncl. (1.61%)
Proteobacteria/Betaproteobacteria/Uncl./Uncl./Uncl. (1.48%)
Pseudomonadales/Pseudomonadaceae/Uncl. (1.31%)
Hyphomicrobiaceae/Hyphomicrobium (1.29%)
Promicromonosporaceae/Xylanimicrobium (1.28%)
Gaiellales/Gaiellaceae/Uncl. (1.26%)
Thermomicrobia/JG30-KF-CM45/Uncl./Uncl. (1.24%)
Rhodobacteraceae/Paracoccus (1.01%)
Hyphomicrobiaceae/Rhodoplanes (0.96%)
Rhodobacteraceae/Amaricoccus (0.94%)
Pseudomonadaceae/Pseudomonas (0.91%)
Bacteroidales/Porphyromonadaceae/Uncl. (0.83%)
Actinomycetales/Micrococcaceae/Uncl. (0.71%)
Rhizobiales/Rhizobiaceae/Uncl. (0.71%)
Rhodobacterales/Rhodobacteraceae/Uncl. (0.71%)
Bradyrhizobiaceae/Bradyrhizobium (0.7%)
Solirubrobacterales/Solirubrobacteraceae/Uncl. (0.7%)
Clostridiaceae/Proteiniclasticum (0.69%)
Alphaproteobacteria/Rhizobiales/Uncl./Uncl. (0.65%)
Microbacteriaceae/Leucobacter (0.58%)
Bacillales/Paenibacillaceae/Uncl. (0.55%)
Phyllobacteriaceae/Mesorhizobium (0.5%)
Actinobacteria/Actinomycetales/Uncl./Uncl. (0.5%)
Alphaproteobacteria/Rhodospirillales/Uncl./Uncl. (0.47%)
Thermales/Thermaceae/Uncl. (0.42%)
Rhodospirillales/Acetobacteraceae/Uncl. (0.42%)
Rhizobiales/Xanthobacteraceae/Uncl. (0.4%)
Actinomycetales/Propicnibacteriaceae/Uncl. (0.39%)

Catechol 2,3-dioxygenase

C0T0.1
C0TO0.2
C0T0.3

Counts

ey

Q@QQ ,&QQ \‘?QG (1906
Figure 5. Functional Heatmaps of the Cathechol 2,3-dioxygenase contribution by identified ASVs
aggregated at the Genus level, as inferred by PICRUSt2 in the three biological replicates. On rows,
the nearest identified taxonomic level for each contributing ASV is reported, followed by its relative
percentage contribution to the functional feature. Hierarchical clustering of columns was performed
by Pearson correlation, based on Euclidean distance.

Protocatechuate 3,4-dioxygenase is involved in the lower pathway of a second branch
of the super-pathway of aromatic compound degradation via 3-oxoadipate [24], and it is
involved in gentisate cleavage via the cleavage of protocatechuate. The biodiversity of
the contributing taxa was similar to that already observed for the previously described
dioxygenases, however the number of counts per taxa was lower. (Figure 6). The highest
contribution was due to Agrobacterium sp. (13.8%), followed by Arthrobacter sp. (9.52%)
and Microbacterium sp. (8.85%). Pseudomonadaceae, that might comprise the Pseudomonas sp.
isolated strains, contributed to 4.19% on the total. No significant contribution was recorded
for the Bacillaceae or Alcaligenaceae families. However, the contribution of unclassified
Burkholderiales, that might comprise the Achromobacter sp. isolate species, was recorded
as 1.15%.
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Figure 6. Functional Heatmaps of the Protocatechuate 3,4-dioxygenase contribution by identified
ASVs aggregated at the Genus level, as inferred by PICRUSt2 in the three biological replicates. On
rows, the nearest identified taxonomic level for each contributing ASV is reported, followed by its
relative percentage contribution to the functional feature. Hierarchical clustering of columns was
performed by Pearson correlation, based on Euclidean distance.

Gentisate 1,2 dioxigenase is involved in the aromatic ring cleavage of gentisate in m-
cresol oxidation [25]. The biodiversity of the contributing taxa was significantly lower than
that recorded for the other dioxygenases, as was the number of counts per taxa (Figure 7).
The highest contribution was due to Gordonia sp. (41.97%). Achromobacter sp. contributed to
2.96% of the total, followed by an unclassified Pseudomonadaceae with 2.74%, that might
comprise the Pseudomonas sp. isolated strains. Unclassified Micrococcaceae, accounting for
0.93%, might comprise the Arthrobacter sps. isolated strains.
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Figure 7. Functional Heatmaps of the Gentisate 1,2-dioxygenase contribution by identified ASVs

aggregated at the Genus level, as inferred by PICRUSt2 in the three biological replicates. On rows,

the nearest identified taxonomic level for each contributing ASV is reported, followed by its relative

percentage contribution to the functional feature. Hierarchical clustering of columns was performed

by Pearson correlation, based on Euclidean distance.

Benzoate 1,2-dioxigenase is responsible for the ring cleavage of benzoate, derived from the
oxidative degradation of aromatic compounds like toluene [26] and 2-hydroxybiphenyl [27].
The total number of counts per taxa was the highest recorded with reference to the other
dioxygenases, but the biodiversity of the contributing taxa was slightly lower (Figure 8). The
highest contribution was due to Thermomonas sp. (26.99%), followed by Gordonia (26.82%) and
Dietzia (16.4%) sps. Arthrobacter sp. contributed to 5.35% of the total and the Pseudomonas sp.
contributed 1.83%. Achromobacter sp. contributed 0.24%.
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Figure 8. Functional Heatmaps of the Benzoate 1,2-dioxygenase contribution by identified ASVs
aggregated at the Genus level, as inferred by PICRUSt2 in the three biological replicates. On rows,
the nearest identified taxonomic level for each contributing ASV is reported, followed by its relative
percentage contribution to the functional feature. Hierarchical clustering of columns was performed
by Pearson correlation, based on Euclidean distance.

The contribution of the bacterial community to plant growth promotion capacity was
also evaluated. In Figure 9 the contribution of bacterial taxa to the 1-aminocyclopropane-
1-carboxylate deaminase activity is reported. This enzyme is involved in inhibiting the
production of ethylene, the plant hormone signalling a plant stress response to the environ-
ment [27]. The most relevant contributors to aminocyclopropane-1-carboxylate deaminase
activity were the Microbacterium sp. (25.97%). Pseudomonas (4.06%) and Achromobacter
sps., which contributed respectively to 5.22%, 4.06% and 1.05% of the total. Unclassified
Micrococcaceae, that might comprise the Arthobacter sps. isolated strains, contributed to
0.66% of the total.
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Figure 9. Functional Heatmaps of the Aminocyclopropane-1-carboxylate deaminase activity identi-
fied ASVs aggregated at the Genus level, as inferred by PICRUSt2 in the three biological replicates.
On rows, the nearest identified taxonomic level for each contributing ASV is reported, followed by its
relative percentage contribution to the functional feature. Hierarchical clustering of columns was
performed by Pearson correlation, based on Euclidean distance.

Indole-3-pyruvate decarboxylase is involved in the bacterial production of the auxin
indole-3-acetic acid (IAA) [28]. The biodiversity of the contributing taxa and the number of
counts per taxa were lower than those contributing to the aminocyclopropane-1-carboxylate
deaminase activity (Figure 10). The most relevant contributors were Legionella sp. (62.67%),
followed by Bradyrhizobium, sp. (4.67%) and Bacillus sp., that contributed to 2.98% of
the total.
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Figure 10. Functional Heatmaps of the indole-3-pyruvate decarboxylase identified ASVs aggregated
at the Genus level, as inferred by PICRUSt2 in the three biological replicates. On rows, the nearest
identified taxonomic level for each contributing ASV is reported, followed by its relative percentage
contribution to the functional feature. Hierarchical clustering of columns was performed by Pearson
correlation, based on Euclidean distance.

Tryptophan 2-monoxygenase is involved in the bacterial transformation of L-tryptophan to
TAA [29]. The biodiversity of the contributing bacterial taxa and the number of counts per taxa
were significantly low and distributed among unclassified taxa at the genus level (Figure 11).
Streptomyces sp. contributed to 55.15% of the total and unclassified Streptomycetaceae to 7.55%.
The contribution of unclassified Micrococcaceae, that might comprise the Arthrobacter sps.
isolated strains, was 29.52% of the total.



Water 2022, 14, 142

18 of 24

Streptomycetaceae/Streptomyces (55.15%)

Actinomycetales/Micrococcaceae/Uncl. (29.52%)

Actinomycetales/Streptomycetaceas/Uncl. (7.78%)

Tryptophan 2-monooxygenase

Burkholderiales/Comamonadaceae/Uncl. (7.55%)

C0T0.1
C0TO0.2
C0TO0.3

Counts

HH

SR & PP

Figure 11. Functional Heatmaps of the Tryptophan 2-monoxygenase identified ASVs aggregated
at the Genus level, as inferred by PICRUSt2 in the three biological replicates. On rows, the nearest
identified taxonomic level for each contributing ASV is reported, followed by their relative percentage
of contribution to the functional feature. Hierarchical clustering of columns was performed by Pearson
correlation, based on Euclidean distance.

4. Discussion

The industrial exploitation of bio-based technologies for the treatment of TPH contam-
inated soils is infrequent, since it is time consuming and there is uncertainty in successful
results. On the other hand, these approaches are extensively described in the literature as
successful in the laboratory and at the pilot scale [30-34]. These experiments are, most of
the time, associated with high levels of control of the different experimental parameters,
to optimise the metabolism of the microorganisms competent in depleting the contamina-
tion. Molecular tools have been developed for monitoring the performance of microbial
catalysts on biodegradation processes. These tools are, most of the time, proxies for the
success of the bio-based process, and they can be considered as game changers in the
selection of bio-based decontamination technologies, and should be applied at a real and
industrial scale.

The advent of metagenomics is providing an acceleration in the knowledge, and
eventually the regulation, of complex microbial processes in environmental matrices. The
improvement of bio-based technologies might be dependent on the application of metage-
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nomic approaches. Bacterial metabarcoding and predictive functional metagenomic analy-
sis have been successfully applied to study the involvement of different bacterial groups
in biodegradation processes in the environment [7,8]. On the other hand, metagenomic
approaches cannot be exhaustive in identifying the unknown content of microbial commu-
nities. Culturomic approaches provide valuable instruments for the isolation, discovery,
and rigorous description of new microbial taxa, expanding our knowledge on soil biodi-
versity. In fact, microbial catalysts should be isolated and characterised with reference to
their metabolic capacities. Moreover, these characterised taxa should be exploited for de-
signing bioaugmentation approaches, since most of the time, bioaugmentation of microbial
catalysts is associated with the acceleration of the process of biodegradation, with signif-
icant positive effects on the transferability of the bio-based technology to the industrial
scale [35]. The combination of culture-independent and culture-dependent approaches is a
powerful instrument for expanding our knowledge on the still black box of soil microbial
communities which degrade persistent contaminants. At the same time this combination
might be important for expanding the possibility of repeatability and success of bio-based
approaches to the decontamination of environmental matrices.

However, culturomic approaches are limited by the selection of culture conditions to
depict the complexity of the biodiversity of soil communities. In this experiment a new
approach to the isolation of bacteria, competent for the biodegradation of the contamination,
was adopted. In addition to the enrichment and isolation in axenic culture of specialist
species which were capable of utilising the contamination as a sole carbon source, we
adopted culture conditions that mimicked soil growth environments and favoured the
blooming of diverse classes of soil bacterial communities. More precisely, Eco-plates™
were adopted, focussing on the under-investigated potential of generalist species in the
processes of transforming recalcitrant compounds in biodegradation [8]. Exploited to
delineate physiological traits of microbial communities, the Eco-plates™ provide a plethora
of carbon sources, mimicking the soil, by actually providing a plethora of exudates and
diverse carbonaceous complexes as carbon sources. Saprophytic generalist species bloom in
the presence of diverse and multiple carbon sources, present at low concentrations in soil [2].
It has been observed that the blooming of these saprophytic microorganisms is responsible
for an increase in the bioavailability of contamination and an increase in the metabolic
activity of hydrocarbonoclastic species [8]. The isolation of autochthonous generalist species
adapted to contamination is attractive, and their participation in the transformation of
contamination, by its utilisation as a carbon source is desirable. Thus, in parallel to the
selection by Eco-plates™, we assessed the capacity of the isolated generalist strains to
metabolise recalcitrant compounds. The same rationale was adopted for the isolation of
Gram-positive bacteria, utilising humic acids as the sole carbon source for growth. The
interest in this class of microorganisms was due to the evidence that Gram-positive bacteria
have been described as significantly efficient in the degradation of polyaromatic structures,
recalcitrant to biodegradation [11]. On the other hand, specialist species, enriched because
they are capable of efficiently transforming contamination for growth, were isolated by
the adoption of a conserved approach, dedicated to the isolation of microorganisms that
use recalcitrant compounds as a sole carbon source, when provided at significantly high
concentrations.

The culturomic approach adopted for the enrichment of Gram-positive species ended
up with the exclusive isolation of Bacillus sps., and the approach dedicated to the isolation
of generalist species led to the isolation mainly of Bacillus sps. In both cases the strains
were capable of utilising each recalcitrant substrate as a sole carbon source, as well as their
mixture, showing a high versatility in metabolic potential of the taxa. Bacillus sp. was
not dominant in the microbial community colonising the contaminated soil, however, at a
functional level, the genus was associated with a significant contribution to the degradation
of aromatic compounds, since they contributed to the lower pathway of the oxidation
of polyaromatic compounds via 3-oxoadipate and 2-hydroxypentadienoate. Actually,
Bacillus sp. has been described as capable of degrading both diesel oil and different
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complex and recalcitrant hydrocarbonoclastic mixtures, such as crude oil [36,37]. The
metabolic versatility of the genus was confirmed by the evidence that most of the isolated
Bacillus sp. strains were capable of producing IAA. On the other hand, Bacillus sp. did
not contribute to an inhibition of the plant response to environmental stresses, via 1-
amminocyclopropane carboxylic acid decarboxylase activity. Bacillus sp. are interestingly
described in the literature as promising candidates to produce IAA [38]. IAA is a signalling
molecule essential for plant-microbe interactions, modulating the growth of the plant
root apparatus with important effects on plant nutrition [39]. The observed capacity of
Bacillus sps. isolates to produce IAA might reasonably derive from the evidence that
the site of sampling of the contaminated soil was vegetated, despite being a hot spot of
contamination and associated toxicity.

In the context of reclamation of a contaminated area, revegetation of the same area
might be essential to accelerate the recovery of soil resilience. Vegetation of a contami-
nated soil is associated with eliciting metabolic activity in contaminant degrading bacterial
communities [40], and to their contribution in the depletion of residual levels of contam-
ination and noxious intermediates of degradation from the primary pollutants [41]. The
synergisms between bacteria and plants are very promising in the exploitation of bio-based
technologies for the recovery of contaminated soils. Beneficial interactions between plants
and Bacillus sp. has already been described [42,43], as well as beneficial interactions be-
tween plants and Lysinibacillus sp. [44]. The culturomic approach adopted here, also led
to the isolation of Lysinobacillus sps. In relation to this genus, the functional metagenomic
analysis inferred a contribution to the lower pathway of aromatic compound degradation
via 3-oxoadipate and 2-hydroxypentadienoate. However, none of the Lysinibacillus sps.
isolates were capable of PGP activity. Lysinibacillus sp. has already been described as
being involved in the degradation of crude oil [45,46]. Here, PGP capacity was also not
detected [47]. A more detailed characterisation of the isolates, by the sequencing of their
genomes, will provide new functional traits that the culture and experimental conditions
adopted here might have masked.

As previously described for Bacillus sp., the Arthrobacter sps. isolates were shown to
be of considerable interest. The genus was not dominant in the contaminated soil, however,
it contributed to all the different functional traits of interest analysed. Arthrobacter sps.
contributed to the lower pathway of aromatic compound degradation via 3-oxoadipate; to
the cleavage of gentisate in the m-cresol oxidation pathway, and to benzoate, derived from
the oxidative degradation of aromatic compounds like toluene and 2-hydroxybiphenyl. At
the same time, the genus contributed to phenolic extracellular oxidative activity by the Dye
decolourising peroxidase. The metabolic versatility of the genus was confirmed by its PGP
capacity, since the isolates produced IAA and the genus contributed to aminocyclopropane-
1-carboxylate deaminase activity. Arthrobacter sp. has been extensively described as a PGP
bacterium [48,49]. On the other hand, the genus was also described as being involved in
crude oil degradation [50,51].

The contribution to the phenolic extracellular oxidative activity by the Dye decolouris-
ing peroxidase was also ascribable to Microbacterium sp. The feature is associated with
microbial saprophytic metabolism, and the bacterial capacity to produce extracellular per-
oxidases for the transformation of organic matter in soil, is used for mobilising sources
of carbon and nutrients in general. The feature is also involved in the extracellular oxi-
dation of recalcitrant compounds [20]. The isolation of bacterial candidates, capable of
extracellular and intracellular oxidising activity, might be pivotal to both increase the
bioavailability of the contamination, that in contaminated soil constitutes the dominant
organic matter portion, and to accelerate contaminant biodegradation. In this context it
should be mentioned that Microbacterium sp. also contributed to the lower pathway of
polycyclic aromatic compounds via 3-oxoadipate and 2-hydroxypentadienoate, and to
gentisate cleavage via protocatechuate. Moreover, the genus showed PGP capacity by
contributing to the aminocyclopropane-1-carboxylate deaminase activity, and the isolated
strain was shown to be capable of producing IAA. Microbacterium sp. has been described
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as capable of degrading crude oil [50,52] and has also been isolated from contaminated
environments and exploited for PGP activity [53,54].

The culturomic approach adopted here also led to the isolation of strains of the
dominating Gammaproteobacteria. More precisely two strains of Pseudomonas sps. and
one strain of Achromobacter sp. The two Pseudomonas sps. showed a high level of plasticity,
since both isolates were capable of producing IAA and inhibited the synthesis of the plant
hormone ethylene. Moreover, the genus showed a wide plasticity in the lower pathway
for polycyclic aromatic degradation, contributing to all the intracellular oxidising activities
analysed here. A contribution to the cleavage of benzoate derived from the oxidative
degradation of aromatic compounds like toluene and 2-hydroxybiphenyl was also ascribed
to the Achromobacter sp. genus, which also showed a contribution to the aminocyclopropane-
1-carboxylate deaminase activity and the isolated strain showed the capacity to produce
IAA. Pseudomanas sp. has been described both as a PGP bacterium [54,55], and capable of
degrading crude oil [50,56]. The same was observed for Achromobacter sp., as a PGP [57,58],
and for being involved in crude oil degradation [59,60].

The biodiversity of bacteria contributing to the lower pathway of the oxidation of
aromatic and condensed structures was here, significantly higher than the biodoversity
contributing to the oxidation of the saturated fraction of the contamination, associated with
1-Alkhanomonoxygenase activity. The results suggest a significant potential of the bacterial
community towards the aromatic and most recalcitrant fraction of TPH contamination. The
culturomic approach confirmed this assumption since none of the genera of the isolated
strains showed a significant contribution to 1-Alkhanomonoxygenase activity.

Thus, the culturomic approaches were successful in isolating promising bacterial
strains capable of transforming the recalcitrant portion of the contamination. On the other
hand, the culturomic approach failed in the isolation of both the most abundant taxa, and
the taxa showing the highest contribution to the functional features of interest, suggesting
a necessary implementation of the approach for a wider interpretation of the bacterial
biodiversity in soils. However, the multivariate approach adopted here was shown to be a
successful example of the utility of combining culture-dependent and culture-independent
approaches, to evaluate the representativeness, both in taxonomic and functional terms,
of isolated strains, as potential candidates for the design of bio-based approaches to soil
decontamination. We confirmed the assessment that culturomic approaches are limited
by the selection of culture conditions to depict the complexity of the biodiversity of soil
communities. The multivariate approach to the enrichment of microorganisms of interest
led to the isolation of a significant number of strains, largely higher than the numbers
obtained by a classical protocol for the enrichment of specialist species (17 vs. 3).

5. Conclusions

The culturomic approach adopted here led to the isolation of 17 bacterial strains
showing promising plasticity in terms of biodegradative potentiality and PGP activity.
Most of them combine extracellular and intracellular oxidative capacities that can be ex-
ploited for both increasing the bioavailabilty of the contamination and the kinetics of its
biodegradation. The potentiality of the isolated strains was confirmed by the predictive
functional metagenomic analysis, suggesting that the combination of culturomic and molec-
ular approaches is efficient in selecting bacterial candidates for the design of bio-based
technologies for the treatment of contaminated soils. The approach to the isolation and char-
acterisation of a hydrocarburoclastic microbial microbiome described here, can be adopted
for constructing artificial hydrocarbonoclastic microbiota for environmental restoration.
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