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A B S T R A C T

Bioremediation is considered a safe, economical and environmentally friendly approach for the treatment of 
contaminated soils. In this study, two aerobic biostimulation processes, landfarming (LF) and bioventing (BV), 
associated with nutrient addition (N) and followed by bioaugmentation (BA), were compared to assess the 
remediation of a contaminated soil. The experimental study was conducted over a 180-day period, with 120 days 
of biostimulation followed by 60 days of bioaugmentation, with a selected consortium of hydrocarbon (HC) 
degrading Actinobacteria, for 60 days. Microbiological analyses were carried out to characterize the diversity 
and composition of the microbial communities by cultivation on HC, and by 16S rDNA Illumina-MiSeq 
sequencing. Total petroleum HC (TPH), measured by Gas-Chromatography FID, was progressively reduced up 
to 40.8% in the LFNBA microcosm, after 180 days of landfarming and nutrient biostimulation followed by bio
augmentation. The quality of the treated soil was assessed by a phytotoxicity test that confirmed a progressive 
reduction of phytotoxicity. The contaminated soil was dominated by Acidobacteria, Actinobacteria, and 
Alphaproteobacteria. HC degrading bacteria were isolated and identified by 16S rDNA sequencing. After 180 
days of treatment, an increase of Actinobacteria, Alphaproteobacteria and Bacilli in BV microcosms was 
observed, while TM7–3 and Gammaproteobacteria phyla increased in LF treatment. More than 40% of the 
bacteria detected in LF and BV microcosms were affiliated to HC degrading genera. Molecular investigations 
confirmed the presence of the alkane monooxygenase encoding gene, alkB for alkane biodegradation. The 
achieved results showed the feasibility of biostimulation coupled with bioaugmentation for the removal of hy
drocarbons in contaminated soils.

1. Introduction

Soil contamination from industrial and petrochemical activities 
represents one of the major environmental issues at a global scale, with 
relevant effects on human health (Varjani et al., 2020). According to the 
Environmental Protection Agency, petroleum hydrocarbons (HC) and 
their derivatives represent the predominant source of soil contamination 
in 45% European natural environments, followed by heavy metals, 
present instead in 35% (Falih et al., 2024). Hydrocarbons also represent 

the main form of soil contamination in Italy (present in 55% of 
contaminated sites) (Di Trapani et al., 2023; Savarese and Falconi, 
2024).

Hydrocarbons pollution poses a serious threat to humans due to their 
high toxicity and carcinogenic, mutagenic, and teratogenic potential 
(Maddela et al., 2022; Correia and Rasteiro, 2025) and ecosystems 
affecting biotic and abiotic conditions with serious consequences on 
biodiversity (Truskewycz et al., 2019; Wang et al., 2021). Moreover, 
alteration of soil chemical composition and low nutrient availability 
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following hydrocarbon contamination can result in changes in soil mi
crobial composition and inhibition of bacterial activity (Ossai et al., 
2020; Elijah, 2022).

The remediation of soils contaminated by hydrocarbons represents 
an imperative need and many techniques have been implemented so far 
based on physical–chemical and biological methods (Majeed et al., 
2025).

Most hydrocarbon compounds can be completely biodegraded to 
CO2 and biomass by environmental microorganisms (mainly fungi and 
bacteria) endowed with specific catabolic abilities (Varjani, 2017) and 
these biodegrading abilities can be exploited through bioremediation.

Bioremediation strategies use different biological approaches to 
remove pollutants from contaminated soils and waters. Bioremediation 
can be performed ex situ or in situ, based on site implementation. Ex situ 
methods involve excavating contaminated soil; in-situ methods treat 
pollutants directly at the site and are generally more cost-effective and 
eco-friendly. Increasingly, mixed remediation technologies are being 
applied, combining different bioremediation methods to treat complex 
contaminations more efficiently, improving pollutant removal, soil re
covery and environmental sustainability (Elijah, 2022). The most 
commonly used in situ bioremediation techniques are biostimulation 
and bioaugmentation or a combination of these two methods 
(Mekonnen et al., 2024).

Biostimulation aims to promote the growth and activity of indige
nous microorganisms able to degrade the pollutants through the opti
mization of limiting environmental parameters, such as oxygen 
availability, nutrient addition, pH and temperature control (Ossai et al., 
2020; Mekonnen et al., 2024).

Bioaugmentation involves the selection of efficient HC degrading 
microorganisms from the matrix to be reclaimed (indigenous inoculum) 
or from other sites (allochthonous inoculum) and inoculating them in 
the contaminated site after cultivating them on a large scale (Muter, 
2023). The rationale for this approach is that in some cases native 
populations are present in small numbers or are unable to degrade the 
wide range of hydrocarbons present in complex mixtures or are under 
stress because of contamination (Muter, 2023). The inoculum can be a 
single bacterial strain or a bacterial consortium that can be able to 
biodegrade the specific contaminants (Pandolfo et al., 2023). Several 
studies have deepened the microbiology of hydrocarbons and have 
identified an ever-growing number of microorganisms capable of 
degrading hydrocarbons and originating from terrestrial or aquatic 
ecosystems (Catania et al., 2015, 2018; Chernai et al., 2019; Djahnit 
et al., 2019; Chicca et al., 2022; Santisi et al., 2022; Mekonnen et al., 
2024). To assess the feasibility of biological treatment, it is necessary to 
characterize the contaminated matrix, the nature concentration and 
availability of contaminants and the biodegradation potential of the 
indigenous microbial populations (Kebede et al., 2021).

Laboratory biotreatability tests in microcosms are performed to 
know the specific key features of the contaminated site (Wu et al., 2024) 
before the design of in situ or ex situ full-scale treatments (Sabaté et al., 
2004; Mariano et al., 2007).

Among the biostimulation processes, landfarming (LF) and bio
venting (BV) have emerged as effective solutions relying on indigenous 
soil microorganisms for the remediation of soils contaminated by pe
troleum hydrocarbons (Kebede et al., 2021; Iturbe-Espinoza et al., 
2023). LF is characterized by periodical turning of the contaminated soil 
to enhance oxygenation thus stimulating aerobic microbial activity. LF 
is usually applied for the reclamation of land contaminated by easily or 
moderately biodegradable low molecular weight petroleum hydrocar
bons (Wang et al., 2016). The main advantages of LF are represented by 
the low cost and limited duration (usually in the range of 6–18 months). 
In contrast, the treatment efficiency is strictly related to the environ
mental conditions and large surfaces are required.

BV is an in-situ treatment for the removal of biodegradable con
taminants in the unsaturated zone (Anekwe and Isa, 2024). Air is 
introduced through injection wells eventually coupled with an irrigation 

system for the adjustment of soil moisture and nutrients addition. Bio
venting is economically advantageous compared to alternative treat
ments of the unsaturated zone, and it also avoids the risks associated 
with the handling of contaminants during the excavation phase. How
ever, this technique requires soils with good gas permeability and can 
cause stripping of the more volatile contaminants.

The aim of the present work was to compare biostimulation through 
LF and BV combined with the addition of nutrients (nitrogen, phos
phorus and potassium) followed by a bioaugmentation approach at the 
microcosm scale to assess the remediation feasibility of a real unsatu
rated soil contaminated with diesel fuel.

In order to evaluate the biodegradation potential of the contami
nated soil, the indigenous HC degrading bacteria were isolated on 
mineral medium with hydrocarbons as a unique carbon source and 
detected by metataxonomy and PCR amplification of functional key 
catabolic genes.

Different microcosms were set up based on biostimulation and 
sequential bioaugmentation treatments including also sterilized control 
treatments. Hydrocarbon concentration was periodically measured by 
Gas-Chromatography and toxicity tests were also conducted to evaluate 
the quality of the treated soil.

After 120 days of biostimulation, bioaugmentation was applied on 
selected microcosms to improve the biodegrading activity through the 
inoculum of a previously selected bacterial consortium endowed with 
the ability to degrade medium and long chain n-alkanes (Quatrini et al., 
2008; De Pasquale et al., 2012).

The findings of the present study provide useful insights in view of 
combined biostimulation and bioaugmentation application for the 
reclamation of soils contaminated by petroleum hydrocarbons.

2. Materials and methods

2.1. Soil characterization

The soil samples were collected from a site located in central Italy 
subjected to an accidental spill of diesel fuel which caused the 
contamination of the surface soil. It was a sandy-loamy soil, with low 
percentages of clay and gravel, characterized by a concentration of C10- 
C40 hydrocarbons close to 7200 mg/kgSS and by the presence of 
different heavy metals. The granulometric composition and the 
physical-chemical characteristics of the soil samples used for the 

Table 1 
Soil granulometric composition and physical-chemical characteristics.

Parameter/element Units Value

Clay [%] 3.1
Fine silt [%] 13.5
Coarse silt [%] 31.6
Thin sand [%] 46.9
Moisture [%] 9.5
pH [− ] 8.2
Soil water capacity [%] 26
TOC [mg/l] 2.6
C10–40 as TPHa [mg/kg] 7200
Arsenic [mg/kg] 17.9
Barium [mg/kg] 67.8
Chrome [mg/kg] 35.7
Nickel [mg/kg] 46.9
Lead [mg/kg] 11.1
Copper [mg/kg] 27.0
Vanadium [mg/kg] 32.5
Zinc [mg/kg] 81.5
Manganese [mg/kg] 1030
Iron [mg/kg] 68,300
Aluminium [mg/kg] 33,500
Titanium [mg/kg] 663
Boron [mg/kg] 65

a Total petroleum hydrocarbons.
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laboratory tests are shown in Table 1.

2.2. Isolation and molecular identification of HC degrading bacteria from 
soil

Enrichment cultures were set up in a mineral medium supplemented 
with hydrocarbon as a unique carbon source using the contaminated soil 
as inoculum to isolate the HC degrading bacteria. 1 g of soil was added to 
50 ml of Bushnell Haas Mineral Salts medium (BHSM) (Difco) and 1% of 
hexadecane in 250 ml Erlenmeyer flasks and incubated for 15 days at 
room temperature. Subcultures were prepared by transferring 1 ml from 
the enrichment cultures to new flasks, as described above. Dilutions 
were then spread on BHSM agar medium plates, with 100 μl hexadecane, 
supplied on a filter paper on the lid of the Petri dish (Quatrini et al., 
2008). After incubation, all colonies showing different phenotypes were 
selected and transferred to fresh BHSM-agar plates under the same 
conditions until pure cultures. Aliquots of bacterial cultures were stored 
with glycerol (20% final concentration) at − 80 ◦C for further charac
terization. To identify the bacterial strains isolated, the ribosomal 16S 
rRNA genes were amplified as described in Delhoumi et al. (2020). The 
amplified 16S rDNA fragments were sequenced using Macrogen Europe 
Service (Amsterdam, The Netherlands). The sequences were analysed as 
described in La Marca et al. (2018). The partial 16S rRNA gene se
quences of the isolates were deposited in the GenBank database under 
accession numbers from PP750354 to PP750363. All the microbiological 
activities were performed at the Laboratory of Microbial Ecology and 
Environmental Microbiology, University of Palermo; between 
September 2021 and May 2022.

2.3. Bacterial metataxonomic analysis of soil by Illumina MiSeq

Metagenomic DNA was extracted from untreated soil and micro
cosms using FastDNA™ SPIN Kit for Soil (MP Biomedicals, Santa Ana, 
CA). Approximately 20 g of soil were collected and homogenized. The 
subsamples were prepared and then metagenomic DNA was extracted 
from 0.5 g of soil according to the manufacturer's instructions. The 
concentration and purity of total DNA extracted were determined using 
NanoDROP ND-1000 spectrophotometer (Thermo Fisher Scientific, 
Waltham, MA). The extracted soil DNA was used as a template for the 
amplification of the V3-V4 hypervariable region of the 16S rRNA gene. 
PCR amplification was performed in a 30 μl reaction volume containing 
10 ng of DNA, 0.25 mM of Pro341F/Pro805R primers (Takahashi et al., 
2014), MightyAmp buffer (1×) (TaKaRa Bio, Japan), MightyAmp DNA 
polymerase (0.5 μl). PCR consisted of 98 ◦C (2 min), followed by 35 
cycles of 98 ◦C (30 s), 65 ◦C (30 s), and 68 ◦C (30 s) for each cycle 
extension, and 68 ◦C (10 min) for final extension. Amplicons were 
pooled in equimolar and paired-end sequenced (2 × 300) on an Illumina 
MiSeq platform according to the standard protocols. Raw fastq files were 
demultiplexed, quality-filtered using QIIME (version 2). Operational 
units (OTUs) were clustered with 97% similarity cutoff, chimeric se
quences were identified and removed using DADA2 algorithm (Callahan 
et al., 2016). Taxa assignment was performed as described in Catania 
et al. (2022). The 16S rRNA gene sequences were deposited into the 
NCBI short reads archive (SRA) database under BioProject number 
PRJNA1114678. Principle Coordinates Analysis (PCoA) was performed 
using the R base function Classical Multidimensional Scaling (cmdscale) 
together with distance matrices created using Bray-Curtis (BC). The 
PCoA analysis was calculated from the relative abundance of each ASV 
and was realized by R function dudi.pco in package ade4. PCoA plot was 
visualized using the R package ggplot2.

2.4. Amplification of the HC degrading genes in contaminated soil

To detect the key catabolic gene involved in the biodegradation 
pathway of linear hydrocarbons, PCR amplification of monooxygenase 
gene (alkB) was performed by touchdown-PCR procedure. The 

amplification was carried out by using the degenerate primers set TS2S/ 
deg1RE (Smits et al., 1999), in a total volume of 30 μl containing: 10 ng 
of DNA, 1× Invitrogen reaction buffer (20 mM Tris-HCl pH 8.4, 50 mM 
KCl), 50 mM of MgCl2, 0.2 mM of each dNTPs, 200 nM of each primer 
and 0.5 U of Taq Polymerase. The following PCR conditions were used: 
an initial denaturation step at 95 ◦C for 5 min; 9 cycles with 1 min at 
95 ◦C, 1 min at annealing temperatures decreasing from 65 to 57 ◦C 
(with 1 ◦C decremental step from cycle 2 to 9), 1 min at 72 ◦C; 21 cycles 
with 1 min at 95 ◦C; 1 min at 57 ◦C and 1 min at 72 ◦C; a final 7 min 
extension at 72 ◦C. All amplicons were visualized on 1.2% agarose gel.

2.5. Microcosms set-up

Two aerobic biostimulation treatments, namely landfarming (LF) 
and bioventing (BV), were coupled with nutrient addition and further 
sequential bioaugmentation treatment obtained by inoculating a HC- 
degrading actinobacterial consortium to part of the microcosms, 
(either with or without nutrients) after 120 days incubation. Control 
microcosms were also set up with the raw contaminated soil spiked with 
a bacteriostatic agent (LFST and BVST). The experimental design is 
described in Table 2. LF microcosms consisted of 1.5 kg of contaminated 
soil placed in aluminium containers characterized by periodical manual 
turnings to enhance aeration. BV microcosms consisted of 2.5 kg of 
contaminated soil placed above a draining layer of gravel where an air 
distribution network was placed; in this case, the air was provided by a 
blower. Biostimulation with nutrients was applied in microcosms LFNBA 
and BVNBA by spiking solutions of Ammonium Chloride (NH4Cl) and 
Hydrogen-Potassium Phosphate (K2HPO4) to obtain a C:N:P ratio of 
100:10:1. Control microcosms LFST and BVST were set up with soil 
treated with sodium azide 1% (w/v), to inhibit bacterial activity of the 
indigenous microbial community (Adetutu et al., 2012). All microcosms 
were maintained for 180 days inside a laboratory refrigerated thermo
stat at a temperature of 20 ± 0.5 ◦C. The initial moisture was corrected 
at 60–80% of soil maximum water holding capacity, and maintained by 
the addition of sterile tap water. After 120 days of incubation, micro
cosms LFBA, BVBA and LFNBA, BVNBA were bioaugmented with a HC- 
degrading actinobacterial consortium as described below.

The microcosm setup was carried out at the ‘Luigi Gagliardi’ Envi
ronmental and Sanitary Engineering Laboratory, University of Palermo, 
in September 2021.

Table 2 
The experimental set up of soil microcosms subjected to biostimulation and 
sequential bioaugmentation treatments. LF: landfarming carried out by manual 
turning, BV: bioventing obtained by forced ventilation; N: nutrients NPK, C:N:P 
ratio 100:10:1; BA: bioaugmentation with the HC-degrading actinobacterial 
consortium (see text); ST: sterilized. The whole experiment was carried out for 
180 days and bioaugmentation was applied to microcosms, with nutrients 
(LFNBA, BVNBA) and without nutrients (LFBA, BVBA) at day 120.

Microcosm Pre- 
treatment

Treatment

Biostimulation (from day 
0)

Bioaugmentation (from 
day120)

Aeration Nutrients

LFNBA None Manual 
turning

NPK HC-degrading 
consortium

LFBA None Manual 
turning

None HC-degrading 
consortium

LFST
Sodium 
azide

Manual 
turning None None

BVNBA None
Forced 
ventilation

NPK
HC-degrading 
consortium

BVBA None Forced 
ventilation

None HC-degrading 
consortium

BVST
Sodium 
azide

Forced 
ventilation

None None
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2.5.1. Bioaugmentation of the soil microcosms
The HC-degrading consortium, inoculated in LFNBA, LFBA, BVNBA and 

BVBA microcosms, was composed of five bacterial strains, namely Rho
dococcus sp. SoD, Rhodococcus sp. SoF, Nocardia sp. SoB, Gordonia sp. 
SoCg and Gordonia sp. SoCp, isolated from a sandy Mediterranean coast 
(Quatrini et al., 2008) and characterized by the ability to degrade me
dium and long chain alkanes (Lo Piccolo et al., 2011; De Pasquale et al., 
2012). Pre-cultures were obtained by inoculating one colony of each 
isolate in 3 ml of BHSM supplemented with 1% of hexadecane as a 
unique carbon source and incubated at 30 ◦C for 48 h. 1% of the pre- 
culture was then inoculated in fresh medium in the same conditions. 
After 48 h of incubation bacterial cells were centrifuged at 3200 rpm for 
20 min. The pellet was then washed twice and resuspended in fresh 
medium to an optical density (OD600) of 1.2 ± 0.09 corresponding to 
109 CFU/ml. 180 and 300 ml of bacterial consortium were inoculated 
into LF and BV microcosms respectively, and incubated as described 
above for further 60 days.

2.6. Microcosms analyses

2.6.1. Total petroleum hydrocarbons
Biodegradation of hydrocarbons in microcosms was monitored by 

gas chromatography. Soil samples were periodically (every 30 days) 
taken from each microcosm to measure the concentration of C10-C40 
hydrocarbons in terms of total petroleum hydrocarbons (TPH) to 
monitor the evolution of the removal process. Hydrocarbon measure
ment was carried out according to ISO 16703:2004 and subsequent 
analysis at GC-FID device. The method involves the extraction of the 
organic phase with n-heptane and acetone, washing and separation of 
the organic phase, purification with Florisil and sodium sulphate, 
anhydrous and subsequent measurement by gas chromatograph with 
FID detector. The soil sample was preliminarily air-dried for 24 h. 10 g of 
dried sample were placed in a Pyrex glass bottle with Acetone (CH3)2CO 
and a RTW reference solution prepared by dosing 30 mg of n-tetra
contane and 21 mg of n-decane in 1 l of n-heptane. The Pyrex bottle was 
subjected to 30 min of ultrasound bath to facilitate the extraction of the 
organic phase and subsequently subjected to centrifugation for 10 min at 
4000 rpm to facilitate the solid-liquid separation. The supernatant was 
poured into a 500 ml graduated separating funnel with 100 ml of 
deionized water. The funnel was mixed manually for 5 min and left to 
settle for 1 h to allow the separation between the organic phase and the 
water-acetone mixture. The acetone was removed from the tap placed in 
the lower part of the separating funnel and a second washing of the 
organic phase was carried out, leaving it to settle for 24 h. The organic 
phase obtained was purified by filtration on Florisil and sodium sul
phate. The purified organic phase was finally subjected to analysis by 
means of HP Agilent 6890 GC Gas Chromatograph FID.

2.6.2. pH measurement
The pH measurement was carried out on a soil-water suspension in 

accordance with the Ministerial Decree 13/09/1999. 10 g of soil was 
placed in a beaker with 25 ml of distilled water. The suspension was 
stirred for 2 h and left to settle for a few minutes. The pH measurement 
has been carried out using a WTW Multi 3420 multimeter equipped with 
a WTW SenTix 940 pH-electrode probe.

2.6.3. Soil phytotoxicity test
The germination index (GI) was evaluated in accordance with APAT 

(2004), which involved the use of Lepidium sativum seeds (garden cress). 
For each sample, four different configurations were provided: not 
diluted (as is), diluted with 25% silica sand (20 mesh), diluted with 50% 
silica sand (20 mesh) and a control configuration consisting of sand (20 
mesh). For each configuration, 10 g of sample were placed inside a Petri 
dish where 5 mL of distilled water were added. A Whatman paper filter 
was inserted into each capsule, on which ten seeds of Lepidium sativum 
were randomly arranged. The four configurations were stacked, 

enclosed in a polyethylene bag and placed in an oven for 72 h at a 
temperature of 27 ◦C. At the end of the incubation period, the germi
nated seeds and the root length were measured and compared with the 
control to calculate the germination index. Each test was carried out in 
triplicate. The germination index of the sample was calculated as the 
average of the indices obtained for the three dilutions.

2.7. Statistical analysis

Statistical analysis was performed on the experimental data to verify 
if the observed differences were significant. In more details, to assess if 
TPH reduction trends over time was significant, ANOVA was repeatedly 
applied at significance levels of p < 0.05; in contrast, the t-test function 
of Microsoft Excel was applied at significance levels of p < 0.05, 
considering a two-tailed test assuming equal variance, for pairwise 
comparison with the control across treatment groups to assess the sig
nificance of the observed differences among the different treatments. 
ANOVA and t-test functions of Microsoft Office Excel were used.

3. Results

3.1. Isolation and identification of HC degrading bacteria in the 
contaminated soil and microcosms

A total of 47 bacterial isolates were obtained from the untreated 
contaminated soil by enrichment cultures on the mineral medium BHSM 
supplemented with hexadecane as the sole carbon and energy source. 
Based on colony morphology, 18 isolates were selected for molecular 
identification. The isolates were affiliated to Delftia and Hydrogenophaga 
(Betaproteobacteria class), Pseudomonas and Stenotrophomonas (Gam
maproteobacteria class), Nocardia and Rhodococcus (Actinobacteria 
class) genera (Table 3). Most of the identified genera include well known 
HC degrading strains (Quatrini et al., 2008; Varjani, 2017) or bacteria 
abundantly detected in contaminated soil and associated with linear and 
polyaromatic hydrocarbons degradation (Rojas-Gätjens et al., 2022).

After 180 days of biostimulation and bioaugmentation only Gram 
positive HC degrading bacteria were isolated, Paenibacillus (Bacilli class) 
and Mycolicibacterium (Actinomycetia class), known for their ability to 
degrade hydrocarbons (Ghafari et al., 2019; Yang et al., 2021), and 
Gordonia and Nocardia (Actinobacteria) (Table 3). The isolation of 
Gordonia and Nocardia at the end of the experiment suggests that at least 
two of the inoculated hydrocarbon-oxidizing bacteria were still viable.

Table 3 
Identification of the bacterial strains isolated from the contaminated untreated 
soil and soil samples after 180 days of biostimulation and bioaugmentation in 
microcosms LFNBA and BVNBA.

Taxonomy

Phylum Family Genus

Untreated soil 
(US) 
(day 0)

Soil microcosms 
(LFNBA BVNBA) 
(day 180)

Proteobacteria Comamonadaceae Delftia sp.
Hydrogenophaga 
sp.

Xanthomonadaceae Stenotrophomonas 
sp.

Pseudomonadaceae Pseudomonas sp.
Actinobacteria Nocardiaceae Nocardia sp. Nocardia sp.

Rhodococcus sp. Gordonia sp.
Actinomycetota Mycobacteriaceae Mycolicibacterium 

sp.
Bacillota Paenibacillaceae Paenibacillus sp.
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3.2. Detection of catabolic genes in the contaminated untreated soil

Mono- and dioxygenase encoding genes are considered molecular 
markers of HC biodegradation (Fuentes et al., 2014). To obtain a pre
liminary estimate of the potential of the microbial populations to 
degrade alkanes in contaminated soil, the gene encoding the alkane 
monooxygenase AlkB was amplified by PCR using degenerated primers. 
The expected 550 bp alkB gene fragment was successfully amplified 
from DNA extracted from the contaminated untreated soil (data not 
shown), suggesting that the soil retains biodegradation capacities to
wards diesel n-alkanes. This ability was confirmed by isolation and 
molecular identification of HC degrading bacterial strains.

3.3. TPH removal in microcosms

Fig. 1 shows the trend profile of C10-C40 concentrations and the 
related removal efficiencies for microcosms LF (Fig. 1a) and BV 
(Fig. 1b), respectively. All microcosms showed a progressive reduction 
of hydrocarbons concentration achieving a final TPH removal of 27.0, 
38.5 and 40.8% respectively for LFST, LFBA and LFNBA at 180 days; 
slightly lower removals were observed for BVST, BVBA and BVNBA 180 

days, equal to 31.8, 35.8 and 38.4%, respectively. The sterilized controls 
(LFST and BVST) recorded a TPH reduction as well, although less efficient 
than the biostimulated microcosms, especially in LFST. Considering the 
C10-C12 fraction of hydrocarbons, the overall removals were 48.1, 58.5 
and 63.6% respectively for LFST, LFBA and LFNBA, and 49.7, 61.1 and 
65.2% respectively for BVST, BVBA and BVNBA, thus highlighting a 
noticeable increase of BVNBA microcosms' performance. For the sake of 
completeness, Fig. 2 reports, as an example, the chromatogram of the 
untreated contaminated soil and those achieved at the end of experi
ments for the different configurations. From the observation of chro
matograms, it can be noticed the flattening (lowering of the peaks) of the 
chromatogram areas and the left side much more reduced (Fig. 2b–g) 
compared to that related to the raw contaminated soil (Fig. 2a).

The microcosms characterized by nutrient addition (LFNBA and 
BVNBA) showed higher degradation compared to the treatments based on 
aeration and bio-augmentation without nutrients (LFBA and BVBA). After 
the bioaugmentation treatment with the bacterial HC degrading con
sortium carried out at day 120, it was observed a first plateau phase 
probably due to acclimation of the inoculated bacteria to the new 
environmental conditions followed by a restart of the degradative 
activity.

Fig. 1. C10-C40 hydrocarbon concentration and removal efficiencies in microcosms LF (a) and BV (b),.
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Considering the reduction of low molecular weight HC fraction that 
was achieved during the biostimulation treatment within 120 days, the 
selected HC degrading consortium that was inoculated at day 120 
(bioagmentation) could probably be affected by the low availability of 
shorter n-alkanes. In fact, although the consortium components are 
known to degrade long chain n-alkanes up to C36, the short chain n-al
kanes could act as inducers of their catabolic genes (De Pasquale et al., 
2012).

3.4. Soil phytotoxicity and pH trend

The inhibition of seed germination by the hydrocarbons was inves
tigated in a series of germination trials using Lepidium sativum (garden 
cress) seeds. Fig. 3 shows the germination index (GI) of the initial soil 
sample, after 120 days (prior to bioaugmentation) and at the end of 
experiments (day 180) for microcosms LFBA and BVBA (Fig. 3a), LFNBA 
and BVNBA (Fig. 3b).

The GI of the untreated contaminated soil at day 0 was 45% 
compared to the control. In LFBA and BVBA, after the first 120 days of 
treatments, an increase in the soil GI was observed, presumably caused 
by the reduction of hydrocarbon concentrations (Fig. 3a). In the 
remaining part of the experiment, the GI value of microcosms LFBA and 
BVBA remained almost constant in both configurations, probably due to 
the lower reduction of hydrocarbon concentrations compared to the first 
120 days. In contrast, the presence of nutrients in LFNBA and BVNBA 
microcosms caused a significant GI decrease at 120 days. GI values then 
increased again, reaching values comparable to the soil before the 
treatments. The GI reduction in nutrient-treated soil could be related to 
the pH decrease in microcosms LFNBA and BVNBA registered immediately 
after the addition of nutrients, especially ammonium chloride (NH4Cl), a 
well-known acidifying agent on soils (Fig. 4).

3.5. Composition of the soil microbiota

High throughput sequencing of the 16S rRNA gene was performed to 
explore the composition of bacterial communities within HC contami
nated soil before and after the biostimulation with aeration and nutri
ents in microcosms at day 120 and after bioaugmentation at day 180. 
The untreated soil (US) displayed the highest richness (number of OTUs 
at 99% similarity) but lower diversity indices when compared to the 
microcosm soils. The lowest richness and low diversity indices were 
especially observed in the LFNBA microcosm after 120 days of bio
stimulation probably due to soil disturbance by manual turning and low 
pH following NH4Cl addition (Table 4). Fig. 5 shows the beta diversity 
results based on Principal Coordinates Analysis (PCoA) of microcosms 
and the untreated soil. All the treated soils are clearly distant from the 
US along Axis 2. LFNBA microcosm after 120 days of biostimulation was 
clearly separated from the other samples along Axis 1 and Axis 2. 
Overall, the PCoA confirms that biostimulation and bioaugmentation 
treatments significantly altered the microbial community structure 
compared to untreated soil.

The total soil microbial biomass (SMB) of untreated soil and micro
cosms was estimated using total soil dsDNA as a proxy (Table 4) 
(Dequiedt et al., 2011; Fornasier et al., 2014; Catania et al., 2022). The 
SMB was lower in microcosms with respect to untreated soil. The 
reduction of SMB was more evident in BV microcosms after 180 days.

The taxonomic analysis indicated that a more diverse bacterial 
community prevailed in the BV biostimulated microcosm compared to 
the LF microcosm at day 120 while the trend is reversed after the bio
augmentation treatment.

All sequences were assigned to the Bacteria domain, except for mi
crocosms subjected to bioaugmentation treatment, in which more than 
99% of the sequences were assigned to the Bacteria domain and only 
0.4–0.3% to the Archaea, Euryarchaeota Phylum.

Distribution of bacterial groups at the phylum level in untreated soil 
highlighted Proteobacteria and Acidobacteria as the major groups 

Fig. 2. Chromatograms of raw untreated soil (a) and microcosms soil at the end of experiments (180 days), LFST (b), LFBA (c), LFNBA (d), BVST (e), BVBA (f) and BVNBA 
(g), respectively.
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(28.3% and 21.3%, respectively), followed by TM7 (17.6%) and Bac
teroidetes (15.8%) (Fig. 6). The abundance of Acidobacteria and Bac
teroidetes groups drastically dropped after bioremediation treatments, 
while a concomitant enhancement (more than 10% compared to un
treated soil) of Proteobacteria, Firmicutes and Actinobacteria was 
observed in all the microcosms. Interestingly, the ventilation modality 
influenced the microcosm microbiota. The main differences observed 
among the treatments were concerning the TM7 Phylum, that was more 
abundant in the LF microcosm with respect to BV (28% vs 3.2%), and 
Actinobacteria, which was increased in BV treatment with respect to LF 
(25.5% vs 17.4). After the bioaugmentation treatment, Actinobacteria 
and Firmicutes increased and TM7 decreased in both BV and LF 
microcosms.

Relative change in the abundance of major genera was plotted to 
better understand the nature and involvement of microbial members in 
enhanced biodegradation (Fig. 7). More than 57% of bacterial se
quences, however, could not be assigned to a genus in the untreated soil, 
while the unassigned sequences were reduced to 37–30% in the treated 

soils. Among the identified genera only 4 were detected in all the sam
ples at different abundances, namely Pseudoxanthomonas, Bradyrhi
zobium, Salinibacterium and Thermomonas. Among the genera most 
represented in the untreated soil, Streptomyces and Parvibaculum were 
the most abundant with relative abundances of 9.7% and 4.3%, 
respectively. In other studies, these genera were found in soil contami
nated with hydrocarbons and shown to contain the gene alkB, which 
encodes alkane monooxygenase or dioxygenase for alkane and toluene 
degradation (Chikere et al., 2011; Pérez-de-Mora et al., 2011). After soil 
bioremediation treatments a clear shift in the abundance of some genera 
was recorded. Gordonia and Bacillus were significantly increased in all 
biostimulated microcosms with the exception of the LFNBA microcosm 
after 120 days incubation where a plethora of genera was exclusively 
detected. The genera exclusively detected in LFNBA soil after 120 days 
incubation included human skin borne microbes such as Enhydrobacter 
(11.4%), Propionibacterium (9.5%), Staphylococcus (8.4%), suggesting 
that periodic manual turning could have exposed the soil microcosm to 
environmental and human contamination more than the forced 

Fig. 3. Germination index of Lepidium sativum for soils from treatments LFBA and BVBA (a), LFNBA and BVNBA (b), (C representing the control configuration consisting 
of sand only).
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ventilation treatment. After bioaugmentation the abundance of genera 
affiliated to hydrocarbon degrading bacteria like Pseudoxanthomonas, 
Bradyrhizobium, Streptomyces, Parvibaculum, Phenylobacterium, Sphin
gobium, Sphingomonas, Gordonia, Bacillus, Halomonas, Massilia were 
increased significantly in LFNBA microcosm.

The dominant bacterial genera of soil samples subject to forced 
ventilation BVNBA after 120 days (prior to bioaugmentation) were 
mostly the same identified in the untreated soil (US) that were enriched 
by forced ventilation. The enriched indigenous bacterial genera were 
Phenylobacterium, Pseudoxanthomonas, Ralstonia and Sphingobium, which 
are generally capable of degrading hydrocarbons (Kuri et al., 2019; 
Klankeo et al., 2009; Quatrini et al., 2008; Seo et al., 2009). Additional 
60 days of biostimulation and bioaugmentation affected the composi
tion of microcosm BVNBA. An increment in the abundance of various 
hydrocarbon-degrading members belonging to the genera Streptomyces, 
Gordonia, and Bacillus was recorded in BVNBA at day 180.

Moreover, an enrichment of genera playing a critical role in 
degrading alkane hydrocarbons Caulobacter, Nocardia and Rhodococcus, 
was detected in BVNBA, these genera were much less abundant (<0.5%) 
in the untreated soil and in other treatments. Interestingly, the three 
genera of Actinobacteria Gordonia, Rhodococcus and Nocardia that were 

inoculated at day 120 were all detected in BVNBA at day 180 with Gor
donia being the most abundant genus in this microcosm (18%). Only 
Gordonia among the three inoculated genera, was detected in LFNBA 
(7%).

3.6. Viability of HC degraders within microcosms

The total number of HCs degrading bacteria at the end of experi
ments (day 180) from microcosm LFNBA and BVNBA was determined by 
plate count on BHSM supplemented with hexadecane as a unique carbon 
source. Biostimulated and bioaugmented samples from forced ventila
tion (BV) microcosm contained almost eight times higher HC degrading 
bacteria (2.4 × 107 CFU/g of soil) with respect to those from manual 
turning (LF) microcosms (4 × 106 CFU/g of soil) (data not shown). The 
biodiversity of isolated HC degraders was lower than that observed in 
the US at the beginning of the experiment (data not shown). The most 
abundant bacterial phenotypes were selected, and one isolate repre
sentative of each phenotype was isolated to pure culture and subjected 
to identification by 16S-rDNA analysis. The results are shown in Table 3.

4. Discussion

Understanding the microbiological catabolic potential and commu
nity composition within contaminated soils is critical for bioremediation 
strategies. In this study, the intrinsic bioremediation potential of a real 
diesel-contaminated soil, and the effectiveness of biostimulation with 
ventilation and nutrients followed by bioaugmentation in microcosms, 
was evaluated. The physical-chemical and microbiological analysis of 
the untreated soil assessed a potential biodegradation ability indicated 
by the presence of culturable and unculturable HC degrading bacterial 
taxa, corroborated by the molecular detection of the key alkane mono
oxygenase encoding gene alkB in the soil DNA. The bacterial genera 
detected by cultivation on HC and those detected by the culture inde
pendent approach are thus responsible for the biodegradation of diesel 
oil hydrocarbons in the contaminated soil biostimulated with ventilation 
and nutrients in microcosms.

At the end of the experiment (after 180 days of incubation), all mi
crocosms showed a progressive reduction of hydrocarbon concentration, 
between 17 and 40%, with consistent, although lower, reductions 
observed in the sterilized control microcosms (LFST and BVST). The soil 
in sterilized microcosms, however, cannot be considered sterile as, after 
treatment with sodium azide, the microcosms were left open and thus 
susceptible to being colonized again. However, the higher degradation 
achieved in the biostimulated microcosms is likely related to the 

Fig. 4. Soil pH trend values for LF(a) and BV (b) microcosms during experiments.

Table 4 
Total reads, alpha diversity indices and number of bacterial taxa in the 
contaminated untreated soil and treated microcosm soils calculated on the 16S 
gene Illumina sequence analysis output. The total soil microbial biomass was 
estimated as total soil dsDNA. US: Untreated soil analysed before treatments; 
LFNBA and BVNBA were analysed after 120 days (before bioaugmentation) and 
180 days (60 days after bioaugmentation).

Sample_ID US LFNBA BVNBA LFNBA BVNBA

Day 0 Day 120 Day 180

Microbial biomass (dsDNA μg 
g− 1 soil)

13.3 3.4 10.5 5.5 2.7

Number of reads 41,872 34,968 24,303 13,653 5580
OTUs (99% identity) 184 53 146 145 86
Shannon_H index 3.529 2.956 3.711 4.019 3.553
Simpson_1-D index 0.9412 0.9018 0.9566 0.9679 0.9436
Equitability_J 0.6767 0.7444 0.7447 0.8075 0.7976

Number of bacterial taxa
Class 37 14 33 35 21
Order 57 23 48 51 26
Family 83 30 70 66 55
Genus 86 35 76 64 48
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occurrence of biological processes. At 120 days the microcosms bio
stimulated with ventilation and nutrient addition (LFNBA and BVNBA) 
before bioaugmentation, showed 2.5% higher degradation rate (as 
average) compared to ventilation only (LFBA and BVBA) (Jeong et al., 
2015; Guarino et al., 2017; Cui et al., 2020) confirming the need to 
fertilise HC contaminated soils. LF microcosms were more efficient in 

TPH removal than BV microcosms, likely due to an improved contact 
between bacterial population, oxygen, and nutrients related to the 
manual mixing operations carried out in this configuration. Consistent 
with this observation, recent studies have shown that turning-based 
aeration strategies generally enhance bioremediation efficiency 
compared to forced ventilation (Di Marcantonio et al., 2023; Sanjana 

Fig. 5. Principal Coordinates Analysis (PCoA) based on Bray-Curtis similarity of microbial communities in untreated soil (US) and microcosms LFNBA and BVNBA after 
120 days incubation (before bioaugmentation) and after 180 days incubation (60 days after bioaugmentation).

Fig. 6. Relative abundance in percentage of the major Archaeal and Bacterial phyla in untreated soil (US) and microcosms LFNBA and BVNBA after 120 days in
cubation (before bioaugmentation) and after 180 days incubation (60 days after bioaugmentation). Phyla at an abundance 0.5% were added up and included 
in ‘others’.

P. Greco Lucchina et al.                                                                                                                                                                                                                       Applied Soil Ecology 219 (2026) 106802 

9 



et al., 2024; Anekwe and Isa, 2024).
These studies demonstrated that regular manual turning promotes 

soil aeration, homogeneous oxygen and nutrient distribution, and 
moisture homogeneity, improving microbial activity and process sta
bility leading to enhanced biodegradation performance. In contrast, 
forced ventilation may result in uneven aeration and localized desicca
tion, potentially limiting microbial growth in certain zones.

From a statistical point of view, as above mentioned, ANOVA was 
applied to verify if TPH decrease during time was statistically significant 
for each single treatment. All tests presented a significance level well 
below the significance value set at 0.05. In details, concerning the LF 
microcosms, P-values of 0.00012, 0.000042, and 0.000007 were ob
tained for LBST, LFBA, and LFNBA, respectively. Referring to BV mi
crocosms, the p-values were equal to 0.000446, 0.047866 and 0.000316 
for BVST, BVBA and BVNBA, respectively.

On the other hand, pairwise t-test were performed to assess if the 
differences observed across the different treatments were statistically 
significant. Microcosm LST was chosen as benchmark. The results high
lighted in general good reliability in terms of p-value, with values equal 
to 0.002776 for LFBA, 0.0000013 for LFNBA, 0.147796072 for BVST, 
0.04447 for BVBA and 0.000169265 BVNBA, respectively. The only dif
ference statistically not significant derived from the comparison among 
LST and BVST; nevertheless, this result is reasonable, since in the con
ditions of the two treatments were similar, with the only difference 
represented by aeration mode, manual in the former while forced in the 
latter case.

A mesocosm study conducted by Brown et al. (2017) on the appli
cation of LF with added nutrients for the remediation of a soil artificially 
contaminated by petroleum hydrocarbons showed a removal rate of 
53% in 16 weeks of treatment. In a similar study, Guarino et al. (2017)
compared three different treatment configurations for a soil contami
nated by petroleum hydrocarbons: natural attenuation, landfarming and 

landfarming coupled with bioaugmentation. The results obtained 
showed that LF made it possible to achieve higher removal efficiencies 
compared to natural attenuation (respectively 70% and 57%) and that 
the coupling of bioaugmentation with LF increased efficiency up to 86%.

The overall HC removal in our microcosms was lower than that 
observed by other authors and did not allow to meet the the numerical 
limits set by the Italian Regulation (Lgs Decree no 152/06, 2026). This 
result could likely be related to the fact that the contamination was not 
recent and thus the easily biodegradable hydrocarbons were already 
removed, while the remaining hydrocarbon classes were more recalci
trant (Avona et al., 2022). The removal rates in our microcosms, in fact, 
progressively decreased during the first 90 days of experiments, after the 
removal of low-medium weight (LMW) fractions; Liu et al. (2023), 
investigating the effect of nitrogen on hydrocarbon degradation in a 
historically petroleum-contaminated soil, achieved removal rates 
ranging from 32.30 to 35.84%, which is very similar to what reported in 
the present study.

The hydrocarbon removal achieved in the present study compared to 
previous results (Wu et al., 2016, 2017; Zeneli et al., 2019; Cui et al., 
2020) highlights that site-specific features of the contaminated soils are 
crucial for the success of a bioremediation intervention. For instance, the 
high concentrations of heavy metals detected in the investigated soil 
could have partially inhibited the proper development of the biological 
processes (Igiri et al., 2018; Yin et al., 2019; Li et al., 2020). Moreover, 
the solubility of heavy metals such as Al and Fe is influenced by soil pH 
(Chuan et al., 1996; Martínez and Motto, 2000). The observed pH 
decrease following nutrients addition in microcosms LFNBA and BVNBA 
may therefore have contributed to soil phytotoxicity, reflected in the 
reduction of GI (Sethy and Ghosh, 2013; Bae et al., 2016; Baruah et al., 
2019), and slowdown of biodegradation activity (Varjani, 2017).

At a closer examination, as previously mentioned, the decrease in pH 
is most likely associated with the addition of NH₄Cl as supplied nutrient 

Fig. 7. Relative abundance in percentage of the identified bacterial genera in the contaminated untreated soil (US) and microcosms LFNBA and BVNBA after 120 days 
incubation (before bioaugmentation) and 180 days incubation (60 days after bioaugmentation). Only genera at an abundance >1% are represented. Asterisks 
indicate genera that include known HC-degrading bacteria reported in the literature (see text).
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(Guo et al., 2023). In this regard, it should also be considered that the 
leachability of many heavy metals found in the present study (Table 1) 
increases as pH decreases. Under the observed pH values, this generally 
occurs for cadmium, copper, lead, nickel, zinc (Król et al., 2020). In this 
light, it should be recalled that water was periodically added in order to 
maintain soil moisture between 60% and 80% of the soil maximum 
water holding capacity. Noteworthy, previous studies highlighted that 
some of the mentioned heavy metals (i.e., copper, lead and nickel) may 
exert phytotoxic effects (Osman and Fadhlallah, 2023; Bożym and 
Rybak, 2024; Yu et al., 2024). Altogether, these factors may explain 
why, in an apparently counterintuitive manner, biostimulation through 
nutrient addition resulted in a decrease of GI. As shown in Fig. 4, the pH 
initially decreased and then gradually increased again. In parallel, under 
biostimulation, the GI reached its minimum after 120 days, coinciding 
with the lowest pH values, which were lower than those recorded both at 
day 0 and after 180 days (Fig. 3).

Considering the differences between the BA versus NBA microcosm, 
the different phytotoxic effect observed was significant (t-test p value 
<0.0007). On the other hand, when comparing the differences between 
microcosms characterized by different aeration modes (LF or BV), in 
terms of phytotoxic effect, no significant differences were observed (t- 
test p value <0.712). After microcosm incubation for 120 and 180 days, 
the relative abundances of bacterial taxa were altered significantly. 
Compared with the abundance in the soil before treatment (US), the 
relative abundances of Proteobacteria, Actinobacteria and Firmicutes 
were significantly increased after treatments. All the three phyla have 
been previously reported as the most dominant in hydrocarbon-rich 
environments, and their members were known to be involved in the 
degradation of diverse hydrocarbon compounds (Head et al., 2014; Tan 
et al., 2015). At the genus level, the predominant taxa were extremely 
different between LF and BV microcosms, thus suggesting that the 
different aeration mode might favour different taxa although both as
semblages were similarly efficient in HC removal. BV seemed more 
favourable to the proliferation of the inoculated actinobacterial con
sortium compared to LF.

The bioaugmentation treatment with the selected consortium of 
hydrocarbon (HC) degrading Actinobacteria was, however, less effective 
than expected. The bioaugmentation treatment was applied after 
observing a reduced rate of HC degradation of some microcosms be
tween day 60 and day 90. Although isolation and metagenomics data 
confirm the survival and proliferation of the inoculated consortium 
(identified by 16S rRNA gene partial sequencing), one possible reason 
for their low efficiency is the low availability of shorter n-alkanes that 
can act as inducers of the catabolic genes involved in biodegradation of 
long chain n-alkanes (De Pasquale et al., 2012).

The bioaugmentation process could be optimized by anticipating the 
inoculum of the selected consortium or by supplementing the micro
cosms, prior to or at the time of bioaugmentation, with a mixture of 
short and medium chain n-alkanes to induce the catabolic genes of the 
inoculated bacterial strains. In fact, for some n-alkanes degraders, the 
substrates of catabolic enzymes such as alkane hydroxylases and cyto
chrome P450 monooxygenases, are not always the ligands of their reg
ulators (Nie et al., 2014). This approach could enhance the activity of 
the inoculated consortium and overcome the limitation posed by the low 
availability of short-chain n-alkanes that have been degraded in the first 
incubation period.

The combined biostimulated and bioaugmented conditions not only 
promoted the abundance of native taxa including HC degraders but also 
maintained viable the inoculated actinobacterial consortium.

5. Conclusions

The results of the present study demonstrated an effective strategy 
for the bioremediation of diesel contaminated soil, using a combined 
biostimulation-bioaugmentation approach. Biostimulation- 
bioaugmentation treatments resulted in a native microbial community 

shift that promoted the abundance of hydrocarbon degraders. Bio
venting and landfarming had a consistent effect on microbial commu
nity shift but did not result in particularly different biodegradation rates.

A possible suggestion from the experimental results in view of 
application at full scale is that bioremediation might be accomplished by 
indigenous bacteria in the early stage of the process, with the removal of 
easily biodegradable compounds, while afterwards a bioaugmentation 
process with specialized bacterial species could be carried out consid
ering the opportunity to start bioaugmentation before LMW HC have 
completely degraded. Further studies testing different timings of bio
augmentation are needed to confirm whether anticipating bio
augmentation guarantees higher degradation efficiency, and to 
determine the optimal inoculation timing.

The addition of nutrients resulted in an increase in the biodegrada
tion yield compared to simple aeration, especially in the LF microcosms 
that simulated a landfarming treatment; however, soil pH must be 
strictly controlled in order to avoid phytotoxicity phenomena, especially 
in the presence of heavy metals in the contaminated soil.
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