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Abstract
This study aims at the application of a marine fungal consortium (Aspergillus sclerotiorum CRM 348 and Cryptococcus 
laurentii CRM 707) for the bioremediation of diesel oil-contaminated soil under microcosm conditions. The impact of 
biostimulation (BS) and/or bioaugmentation (BA) treatments on diesel-oil biodegradation, soil quality, and the structure of 
the microbial community were studied. The use of the fungal consortium together with nutrients (BA/BS) resulted in a TPH 
(Total Petroleum Hydrocarbon) degradation 42% higher than that obtained by natural attenuation (NA) within 120 days. 
For the same period, a 72 to 92% removal of short-chain alkanes (C12 to C19) was obtained by BA/BS, while only 3 to 65% 
removal was achieved by NA. BA/BS also showed high degradation efficiency of long-chain alkanes (C20 to C24) at 120 
days, reaching 90 and 92% of degradation of icosane and heneicosane, respectively. In contrast, an increase in the levels of 
cyclosiloxanes (characterized as bacterial bioemulsifiers and biosurfactants) was observed in the soil treated by the consor-
tium. Conversely, the NA presented a maximum of 37% of degradation of these alkane fractions. The 5-ringed PAH benzo(a)
pyrene, was removed significantly better with the BA/BS treatment than with the NA (48 vs. 38 % of biodegradation, respec-
tively). Metabarcoding analysis revealed that BA/BS caused a decrease in the soil microbial diversity with a concomitant 
increase in the abundance of specific microbial groups, including hydrocarbon-degrading (bacteria and fungi) and also an 
enhancement in soil microbial activity. Our results highlight the great potential of this consortium for soil treatment after 
diesel spills, as well as the relevance of the massive sequencing, enzymatic, microbiological and GC-HRMS analyses for a 
better understanding of diesel bioremediation.

Keywords Hydrocarbon biodegradation · Biostimulation · Bioaugmentation · Aspergillus sclerotiorum · Cryptococcus 
laurentii · Marine fungi

Introduction

Environmental contamination with diesel oil and other pet-
rochemicals endangers different ecosystems (Ugochukwu 
et al. 2013; Rakowska 2020). Diesel oil, which comprises a 
mixture of alkanes and aromatic compounds, is recognized 
worldwide as an important source of contamination by 
hydrocarbons (MacKinnon and Duncan 2013; Tribelli et al. 
2018). Hydrocarbons have been associated with neurological 
damage, as well as with a higher prevalence of cancer and 

mutagenicity in petroleum workers (Latif et al. 2010; John-
ston et al. 2019). In soil, accidental hydrocarbon spills can 
alter the physicochemical and biochemical properties, result-
ing in low fertility, changes in the microbiota, and ecologi-
cal imbalance (Desforges et al. 2016; da Silva et al. 2020). 
The risks and negative effects of the transport, production, 
and commercialization of petroleum and its derivatives have 
driven the interest in the development of remediation tech-
niques for these organic pollutants (Ugochukwu et al. 2013; 
Gaur et al. 2021).

Conventional remediation techniques using physical and 
chemical methods are economically impractical and often 
generate secondary contamination (Pandey et  al. 2009; 
Simon and Joshi 2021). For this reason, bioremediation has 
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been proposed as an efficient and eco-friendly strategy to 
mitigate environmental pollution (Tahri et al. 2013; Muthu-
kumar et al. 2022b; Bhatt et al. 2022). Several studies have 
indicated bioremediation as a promising approach for the 
restoration of soils contaminated with hydrocarbons (Lu 
et al. 2012; Shahsavari et al. 2013; Guarino et al. 2017; 
Nwankwegu and Onwosi 2017; Poi et al. 2017; Kim et al. 
2018). However, the possibility of applying bioremediation 
to treat soils contaminated with diesel oil is strictly related to 
microbial degradation capability. Therefore, it is important 
to identify microorganisms that are relevant for the degra-
dation of the target molecules to develop bioremediation 
strategies (Prathiba 2014).

Several bacteria have been reported to be able to use 
diesel as the sole carbon source (Shukor et al. 2009; Gao 
et al. 2021; Vidal-Verdú et al. 2022; Liu et al. 2022), and 
many fungi can also act as hydrocarbon degraders (Aranda 
et al. 2017; Park et al. 2019; Asemoloye et al. 2020; Pei-
dro-Guzmán et  al. 2021). Nonetheless, the biodegrada-
tion of complex hydrocarbons, such as crude and diesel 
oils, requires the action of different metabolic pathways to 
achieve its complete mineralization (Garrido-Sanz et al. 
2019). Ameen et al. (2016) reported that the degradation 
of diesel increased when five fungal strains were applied 
as a consortium, demonstrating the synergism among the 
species and indicating their ability to prosper when the 
energy source is limited to complex carbon sources. Simi-
larly, Ebadi et al. (2021) reported that a bacterial consortium 
was more efficient in the degradation of crude oil than the 
isolated species, having reached 51.6% of degradation after 
seven days of cultivation.

According to Abed et al. (2014) and (Ho et al. 2020), 
the efficiency of bioremediation can be improved using the 
following methodologies: (i) biostimulation: this approach 
involves changes in the environmental conditions (e.g., 
nutrient concentration, pH, moisture content, and oxygen) 
in order to enhance the degradative potential of native and 
inoculated microorganisms; (ii) bioaugmentation: this 
approach implies the inoculation of degrading microorgan-
isms in the environment/contaminated samples.

The effects on the soil microbial communities during 
biodegradation can help to expand the knowledge on this 
topic, providing subsidies for the improvement of the biore-
mediation processes (Sutton et al. 2013; Yadav et al. 2021). 
Nevertheless, due to the complexity of microbial activities in 
the soil, their influence on hydrocarbon degradation remains 
obscure (Kotoky et al., 2018). Thus, the combination of 
multidisciplinary and innovative approaches is necessary to 
elucidate and improve the understanding of these complex 
relationships.

In this context, the following objectives were established 
in this work: (i) to study the efficiency of a fungal consor-
tium in the bioremediation of soil contaminated with diesel 

oil under microcosm conditions, (ii) to analyze how the dif-
ferent soil bioremediation approaches change soil quality, 
and (iii) to evaluate the dynamics of the microbial com-
munity during diesel degradation, as well as to assess the 
potential of the community's function.

Material and methods

Soil Characterization

A soil sample collected at ‘Luiz de Queiroz’ College of 
Agriculture (ESALQ) located at University of São Paulo 
(Piracicaba, Brazil - coordinates −47° 38′ 57E, −22° 43′ 
31S) was used in this study. The soil was classified as a 
sandy clay loam Ferralsol (Baxter 2007). This type of soil 
has no records of hydrocarbon contamination. It was col-
lected at a depth of 0-20 cm and has the following charac-
teristics: 201 g  Kg-1 of clay, 11 g  Kg-1 of silt, and 788 g  Kg-1 
of sand, density of 1.29 g  cm3, 0.8% of total organic carbon. 
Prior to the experiments, the soil was air-dried and sieved on 
4 mm mesh. The initial chemical parameters of the soil are 
shown in Table S1 (Supplementary material).

Experimental design: microcosms

The experiments were conducted using hermetically sealed 
glass flasks with a capacity of 1 L. The microcosms were 
assembled in triplicate with destructive repetitions, total-
izing 75 experimental units. A total of 250 g of soil were 
added to each flask and the field capacity was adjusted to 
60% with sterile distilled water. Subsequently, 20 g of diesel 
per Kg of soil (2%) was added. The diesel had been previ-
ously sterilized by filtration through a 0.22 μm membrane.

To assess the degradation of diesel oil, the following 
strategies were applied:

• (C) Control: soil without diesel oil.
• (T1) Natural attenuation: addition of 2% of diesel oil.
• (T2) Biostimulation: addition of 2% of diesel oil and 

nutrients (nitrogen and phosphorus sources).
• (T3) Bioaugmentation/biostimulation: addition of 2% of 

diesel oil, nutrients (nitrogen and phosphorus sources) 
and the marine fungal consortium.

• (T4) Bioaugmentation: addition of 2% of diesel and the 
marine fungal consortium.

The nitrogen and phosphorus sources added to the 
biostimulation experiments (T2 and T3) were composed of 
urea (250 mg  Kg-1 of soil) and  K2HPO4 (100 mg  Kg-1 of 
soil), respectively.

In this study, we used a microbial consortium com-
posed of two fungi isolated from marine invertebrates: 
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Aspergillus sclerotiorum CRM 348, which produces ligni-
nolytic enzymes (Bonugli-Santos et al. 2010) and is able to 
degrade pyrene, benzo[a]pyrene, and diesel-oil (Passarini 
et al. 2011); and the yeast Cryptococcus laurentii CRM 
707, which is able to degrade diesel-oil and produce lipases 
(Duarte et al. 2013) (Table 1). Additional data related to 
the microbial consortium used in the bioaugmentation treat-
ments (T3 and T4) are shown in Table 1.

For the inoculum preparations: i) the filamentous fun-
gus A. sclerotiorum CRM 348 was cultured in slant tubes 
with 2% Malt Agar (20 g  L-1 of malt extract and 20 g  L-1 of 
agar) for seven days at 28 °C. After this period, the spores 
(conidia) were removed and transferred to a 50 mL centri-
fuge tube and left for 12 h in saline solution (0.9% NaCl) in 
order to deplete the energy reserves; ii) the yeast C. lauren-
tii CRM 707 was cultured in 2% Malt Broth and incubated 
for 24 h at 28 °C under the agitation of 160 rpm. Subse-
quently, the cells were centrifuged at 5,000 rpm for 10 min 
and washed with 20 mL of sterile saline (this procedure was 
repeated three times). The cells were kept for 12 h in sterile 
saline in order to deplete the energy reserves. Fungal spores 
and yeast cells were suspended in sterile saline to a final 
concentration of  106 CFU spores or cells  Kg-1 of soil. These 
numbers of spores and cells were introduced in the bioaug-
mentation experiments at the moment of adjusting the field 
capacity (humidity) to 60%.

The microcosms containing the treatments and controls 
were incubated in the dark at room temperature and opened 
weekly to correct humidity with sterile distilled water, aera-
tion, and to analyze microbial respiration. Samples from 
each of the flasks were collected after 15, 30, 60, 90, and 
120 days for microbial and chemical characterization.

Microbial activity in microcosms

Enumeration of degrading microorganisms

The redox indicator method (2,3,5-triphenyltetrazolium) was 
applied to determine the most probable number (MPN) of 
microbial degraders using diesel oil as a carbon source. The 
preparation of the mineral medium with the redox indicator 

TTC followed the protocol proposed by Meyer et al. (2018). 
Firstly, the soil samples (1 g) were diluted (serial dilution). 
Aliquots of 100 μL of the respective dilutions were inocu-
lated into 96-well plates containing 100 μL of the minimum 
mineral medium (KCl 0.7 g  L-1,  KH2PO4 2 g  L-1,  Na2HPO4 3 
g  L-1,  NH4NO3 1  gL-1,  MgSO4 4 mg  L-1,  FeSO4 0.2 mg  L-1, 
 MnCl2 0.2 mg  L-1,  CaCl2 0.2 mg  L-1) and 10 μL of diesel oil 
in each well of the microplates. The plates were incubated 
at 28 °C for 14 days in the dark. Changes in the color of the 
medium indicated the presence of microorganisms that use 
diesel oil as carbon source and the results were compared 
with the table of MPN, according to the U.S. Food and Drug 
Administration protocol (U.S. Food and Drug Administra-
tion (FDA) 2001).

Enumeration of heterotrophic microorganisms

For the quantification of the heterotrophic microorganisms, 
the soil samples (1g) were serially diluted and aliquots of 
100 μL of the respective dilutions were inoculated into 
96-well plates containing 100 μL of BHI medium (brain 
heart infusion 8 g  L-1, peptic digest of animal tissue 5 g 
 L-1, pancreatic digest of casein 16 g  L-1, sodium chloride 5 
g  L-1, glucose 2 g  L-1, disodium hydrogen phosphate 2.5 g 
 L-1). The microplates were incubated for 48 h at 28 °C. The 
turbidity of the medium indicates the presence of microor-
ganisms. The results were compared with the table of most 
probable number, according to the U.S. Food and Drug 
Administration protocol (U.S. Food and Drug Administra-
tion (FDA) 2001).

Fluorescein diacetate (FDA) hydrolysis

FDA reflects the activity of lipase and esterase enzymes, 
which are associated with lipid degradation (Schnurer and 
Rosswall 1982). Fluorescein diacetate (FDA) hydrolysis 
was assessed according to Schumacher et al. (2015). Two 
grams of soil (fresh weight) were collected and added to 
15 mL of phosphate buffer (60 mM; pH 7.6) and 0.2 mL 
of fluorescein diacetate solution (1000 μg  mL-1). The mix-
ture was incubated at 30 °C for 20 min and 140 rpm. After 

Table 1  Microorganisms used in the bioremediation study

Microorganism Source/Site Properties Reference

Aspergillus sclerotiorum CRM 348
(= 8.2A; CBMAI 849; LAMAI 429)

marine cnidarian
Palythoa variabilis
(São Paulo north coast, 

Brazil)

Pyrene and benzo[a]pyrene 
degradation

Production of ligninolytic 
enzymes

Diesel-oil degradation

(Passarini et al., 2011)
(Bonugli-Santos et al., 2010)
Unpublished data

Cryptococcus laurentii CRM 707
(=L59; LAMAI 850)

Nacella concinna
(King George Island, 

Maritime Antarctica)

Production of lipases
Diesel-oil degradation

(Duarte et al., 2013)
Unpublished data
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incubation, 0.2 mL of chloroform was added to the flask. 
The tubes were centrifuged at 25 °C for 5 min at 10,000 
rpm. The supernatant was filtered and the absorbance of the 
filtrates was measured at 490 nm. Fluorescein concentra-
tion was determined applying a calibration curve (0-200 μg 
 mL-1) of fluorescein sodium salt. Soil samples without the 
FDA solution were used as control.

Diesel oil degradation in soil microcosms

Total petroleum hydrocarbon (TPHs) analysis

Diesel degradation in the different treatments was assessed 
by gas chromatography according to the EPA methods (EPA 
1986; Environmental Protection Agency 2007; US EPA 
2007). The hydrocarbon extracted from the soil samples 
was injected in a gas chromatograph equipped with a flame 
ionization detector (FID) and capillary column VF-5MS (30 
mx 0.53 mm x 1.5 μm). The concentration of the total petro-
leum hydrocarbons was determined by external standardiza-
tion. Samples at 120 days of bioremediation were sent to the 
Company Eurofins (www. eurofi ns. com. br).

The value of TPH removal (%) was determined by Eq. (1):

Where T0 is the initial concentration of TPH in the soil 
(the moment of contamination with diesel) and T is the con-
centration of TPH in soil samples in the different treatments 
at each specific sampling day.

Non‑target screening analysis with a GC‑HRMS instrument

In parallel to TPH analysis, soil samples (from T0, T1, and 
T3) were also extracted for the non-target analysis of indi-
vidual diesel components. Sample treatment consisted of a 
straightforward extraction of 3 g of soil with 3 mL of diethyl 
ether using a Digital sonifier (Branson 250, 30% Amplitude, 
30 seconds) followed by centrifugation (5 min at 10.000 g). 
The supernatant was stored in a glass vial and the process 
was repeated three times to ensure complete extraction. QC 
samples were performed by pooling 50 μL of each sample 
extract. Blank samples were extracted following the same 
protocol, without the addition of soil samples.

Sample extract was directly injected into a GC-HRMS 
instrument, consisting of an Agilent 7890B gas chroma-
tograph (Palo Alto, CA, USA) equipped with a PAL RSI 
autosampler (CTC Analytics AG, Zwingen, Switzerland), 
coupled to a quadrupole time-of-flight mass spectrometer 
(Xevo G2-XS QTOF, Waters Corporation, Manchester, UK), 
operating in APCI mode. Chromatographic separation was 
performed using a fused-silica GC (DB-5MS) capillary col-
umn of 30 m × 0.25 mm i.d. and a film thickness of 0.25 

Removal (%) =
T0 − T

T0
x 100

μm (J&W Scientific, Folson, CA, USA). Oven temperature 
was programmed as follows: from 50 °C, 30 °C/min to 100 
°C (2.67 min); 10 °C/min to 300 °C (25 min); total runtime 
of 25 min. Splitless injections of 1 μL sample extract were 
performed at 250 °C. Helium was used as carrier gas at 1.4 
mL/min. The interface temperature was set to 310 °C and 
the source temperature, to 150 °C using  N2 as an auxiliary 
gas at 400 L  h-1, a make-up gas at 350 mL  min-1, and a cone 
gas at 150 L  h-1. The APCI corona pin was operated at 1.6 
μA with a cone voltage of 20 V. Xevo G2-XS QTOF MS was 
operated at a scan time of 0.4 s, acquiring the mass range 
m/z 50–650 with a resolution of 40,000 (FWHM) at m/z 614 
in a data-independent acquisition  (MSE) mode, acquiring a 
low energy full-scan function at 4eV collision energy and a 
high energy full-scan function using a ramp between 10-40 
eV. External calibration was performed with heptacose 
(PFTBA), while internal calibration was performed every 
30 seconds with octafluoronaphthalene. The samples were 
randomly injected, with a QC sample every 10 injections 
in order to control instrumental response variations. Blank 
samples were injected before and after the whole sequence, 
as well as a linear alkane solution, in order to control reten-
tion time variability.

Data treatment for GC‑HRMS data

The data generated from the instrument were converted to 
mzXML using the MSconverter platform tool (ProteoWiz-
ard) and processed using MZmine 2.10 for peak detection, 
peak filtering, chromatogram construction, chromatogram 
deconvolution, isotopic peak grouping, chromatogram 
alignment, and gap filling. The following parameters were 
used for data processing: noise level at 5 x  105 for MS1 and 
0 for MS2. The ADAP chromatogram builder was selected 
with the following parameter: a minimum group size in a 
number of scans of 4, a minimum height of  1x103, and m/z 
tolerance of 0.001 Da (or 10 ppm). Chromatogram decon-
volution was set as follows: wavelets (ADAP) were used as 
the algorithm for peak recognition, m/z and RT range for 
MS2 scan pairing were 0.3 Da and 0.1 min, S/N threshold 
was 50, minimum feature height was 5 ×  105, coefficient/
area threshold was 90, peak duration range was 0.02–1.5 
min, and RT wavelet range was 0.02–0.05. The chroma-
tograms were then de-isotoped by isotopic peaks using a 
grouper algorithm with an m/z tolerance of 0.001 Da and 
an RT tolerance of 0.05 min. Peak alignment was carried 
out using a join aligner, with an m/z tolerance set at 0.001 
Da, absolute RT tolerance at 0.05 min, and weight for m/z 
and RT at 30. The missing peaklist after the alignment was 
filled by gap filling of the same RT and m/z range gap filler 
module with an m/z tolerance of 0.001 Da. This resulted 
in a peaklist of 8350 features. Both peaklists were then 
exported to excel and used as input for MVA.
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In addition, linear alkanes, as well as the selected PAHs 
and cyclosiloxanes, were searched in a targeted way to 
observe variations along the different treatments directly in 
joined tables of GC exported data, ensuring their identity 
by manually checking the spectral similarity with reference 
standards, accurate mass measurements for parent and frag-
ment ions and kovats index (Table S3).

The total peak area of the alkanes, PAHs, and cyclosi-
loxanes detected was defined as the concentration of these 
compounds. The removal rate was calculated using eq. (2):

Where T0 refers to the total area of the peaks measured 
in the soil at the beginning of the experiment and T refers to 
the total area of the peaks measured in the soil samples in 
each treatment and at the specific sampling time.

Statistical analyses

All experiments were conducted in triplicate and the means 
and standard deviations (N-1) were calculated. The results 
were submitted to the Tukey’s means test using the statistical 
program (Minitab 17).

Illumina sequencing and diversity analyses

For the microbial community assessment, 0.5 g of micro-
cosm soil (from the treatment with the best degradation 
response, natural attenuation, and controls) was removed 
at times 0, 30, 60 and 120 days. The DNeasy PowerSoil 
kit (Qiagen) was used for DNA extraction, and the extrac-
tion process was performed according to the manufacturer's 
instructions.

The DNA extracted from the samples was used in PCR 
reactions to amplify: the regions V3 and V4 of the 16S subu-
nit of the bacterium rDNA, using primers 341F and 785 
R (Klindworth et al. 2013); and the ITS region for fungal 
analysis, using primers ITS1F (Gardes and Bruns, 1993) 
and ITS2 (White et al. 1990). The reaction tubes contained 
4 μL of Phusion™ High–Fidelity DNA Polymerase buffer, 
dNTPS (10 mM), 5 μL of each primer (1 pmol μL-1), and 
2.5 μL of DNA (15 ng μL-1). The quality and size of the 
bands were verified by agarose gel electrophoresis. The PCR 
products were purified using the PureLink PCR purification 
Kit  (Invitrogen®) and the triplicates were pooled in equal 
proportions. The pooled product was used to prepare the 
Illumina DNA library, and then the paired-end (2×300 bp) 
sequencing was performed by Macrogen Inc. (Seoul, Korea) 
using the  MiSeqTM platform (Illumina, San Diego, USA).

The sequences obtained as described above were pro-
cessed using QIIME (Quantitative Insights Into Micro-
bial Ecology) (Caporaso et al. 2010) following a modified 

Removal (%) =
T0 − T

C0
x 100

version of the protocols described in the Brazilian Micro-
biome Project (Pylro et al. 2014). All sequences were fil-
tered for quality (Q25) and demultiplexed. The sequences 
were then dereplicated, filtered for chimeras and singletons, 
and clustered into 97% similarity OTUs using vsearch. The 
taxonomic affiliation was performed within QIIME using 
the algorithm uclust. A representative sequence from each 
OTU was classified according to the database Silva v.132 
for 16S rRNA analysis and the database UNITE v8.0 for 
ITS sequences.

Subsequently, the 16S and ITS data were incorporated 
in the R environment using the phyloseq package, in which 
the data were rarefied to an even depth. The normalized 
data were used to quantify the alpha-diversity indexes on 
the Vegan package. The ANOVA test followed by Tukey 
HSD were performed on the agricolae package. The princi-
pal coordinates analysis was performed through Bray-Curtis 
distance matrixes in phyloseq. The differences among the 
communities were evaluated using PERMANOVA from 
the vegan package (Oksanen 2010). Taxa abundance plots 
were built by selecting the 10 most abundant taxa, which 
accounted for 42-82% of the bacterial community and 
35-90% of the fungal community, while the other 10 genera 
represent less than 5% of these communities. The selected 
taxa were then normalized based on their relative abundance 
and plotted using the ggplot2 package. Heatmaps were con-
structed based on the abundance of the 100 most abundant 
OTUs grouped at family level using heatmap.2 function of 
the gplots package. Data is available at the MG-RAST server 
under the project number mgp92922.

A summary of the methodology used in this study is 
shown in Fig. 1.

Results and Discussion

Diesel oil degradation (TPH and GC‑HRMS analysis)

Results from the TPH analyses of the biostimulation 
(T2) and bioaugmentation (T4) strategies after 120 days 
of microcosm incubation did not show significant dif-
ferences in relation to natural attenuation (3% and 10%, 
respectively). Nevertheless, 42% of the TPHs were 
depleted upon the combined application of the bioaug-
mentation/biostimulation strategies (T3) (Fig. 2). These 
results indicate the occurrence of a synergistic effect 
between nutrient amendments and consortium inocula-
tion, ultimately resulting in higher diesel oil degradation. 
Since biostimulation alone was not effective at remov-
ing TPHs, the inoculated microorganisms appear to be 
decisive to increase the rate of hydrocarbon degradation. 
Although nutrients are considered relevant for the per-
formance of microbial bioremediation (Roy et al. 2018), 
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the results from the present study suggest that the fungal 
consortium should be genetically adapted to the micro-
cosm conditions and could remain in this environment. 
Seklemova et  al. (2001) and Bento et  al. (2005) have 
found similar results on diesel oil degradation employ-
ing biostimulation. The authors have reported that after 
the addition of nutrients (nitrogen and phosphorus), no 
positive effects on the autochthonous microbiota were 

identified, which is in accordance with our findings. A 
possible explanation relates to the fact that the indigenous 
microbiota in these soils could not be naturally adapted 
to hydrocarbon degradation. This represents an important 
finding since accidental diesel spills are quite common in 
areas that have not been previously contaminated.

In order to observe the most reduced hydrocarbon 
species, an analysis was performed using a GC-HRMS 
instrument. The results obtained from these data are 
consistent with TPH results, indicating a low individual 
degradation of linear alkanes (from dodecane to pen-
tacosane) in natural attenuation (T1). In the case of 
short-chain alkanes (from C12 to C19) at 120 days, bio-
augmentation/biostimulation showed a reduction of 72 
to 92%, while treatment T1 removed 3 to 65% of these 
same compounds (Table 2). Possibly, the presence of 
short-chain alkanes was reduced in the soil of T1 over 
the 120 days due to their higher volatility (compared to 
the longer ones) (Koshlaf and Ball 2017), and not by the 
action of the autochthonous microbiota.

Bioaugmentation/biostimulation (T3) also showed a 
higher efficiency of long-chain alkane degradation (from 
C20 to C24), reaching 90 to 92% of icosane and heneicosane 
degradation, respectively. On the other hand, natural attenu-
ation showed a maximum of 37% of degradation for these 
alkane fractions. Pentacosane was the alkane with the low-
est rate of degradation by treatment T3, with no significant 
difference in relation to treatment T1 (Table 2). This pos-
sibly derives from its reduced bioavailability for the micro-
organisms caused by a lower solubility, considering that 

Fig. 1  Schematic illustration of the experimental design

Fig. 2  Total petroleum hydrocarbons (TPH) after 120 days of incu-
bation in contaminated soil at room temperature, employing the 
different bioremediation strategies. (T1) Natural attenuation; (T2) 
Biostimulation; (T3) Biostimulation/Bioaugmentation; (T4) Bioaug-
mentation. The means followed by different letters indicate a signifi-
cant difference among the treatments according to the Tukey's test (p 
<0.05) and the bars represent the standard deviation
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the solubility of alkanes decreases as the molecular weight 
increases (Rojo 2009).

In general terms, treatment T3 promoted a removal 
rate similar to that found by natural attenuation for the 
4-ringed PAHs benzo(a)anthracene and pyrene (from 15 
to 38%, respectively). For anthracene, a low molecular 
weight PAH with lower recalcitrance, natural attenua-
tion showed a higher removal efficiency (about 92% of 
degradation), while treatment T3 degraded approximately 
72% of this compound. Conversely, the 5-ringed PAH 
benzo(a)pyrene, which is considered the most toxic and 
recalcitrant PAH (Kuppusamy et al. 2017; Nzila and Musa 
2020), was significantly more removed in treatment T3 
in comparison to natural attenuation (48 vs. 38 % of bio-
degradation, respectively).

Non‑target screening analysis with GC‑HRMS

Apart from alkanes and PAHs, which were investigated in a 
targeted way, cyclosiloxanes were revealed as biostimulation/
biodegradation markers (T3) after an untargeted approach 
(Table 3). It is known that cyclosiloxanes are added to die-
sel fuel (Amais et al. 2013) and used in petroleum refining 
industries as anti-foaming agents (Daâssi et al. 2021; Liu 
et al. 2021). In fact, the presence of these compounds in T0 
samples (the moment of contamination with diesel) showed 
levels around 120% higher in comparison to the blank sam-
ples. However, after 120 days, the levels of D4 to D8 species 
increased significantly from 216 to 866% in treatment T3, 
with a constant increase in 30 days (128-314%) and 60 days 
(193-764%). The increase in cyclosiloxanes in T3 could be 

Table 2  Main hydrocarbons 
identified and removal (%) 
in the different diesel oil 
bioremediation strategies. 
(T1) Natural attenuation 
and (T3) Bioaugmentation/
Biostimulation after 120 days of 
bioremediation

Values in lines followed by different letters indicate significant differences by Tukey’s test (p < 0.05).

Compound Molecular 
Formula

m/z Removal
(%)

T1 T3

Alkanes Dodecane C12H26 183.1742 65.69 ± 2.33 a 72.00 ± 0.65 a
Tridecane C13H28 197.1898 67.33 ± 1.85 b 86.18 ± 0.23 a
Tetradecane C14H30 211.2054 44.97 ± 7.96 b 80.79 ± 2.36 a
Pentadecane C15H32 225.2210 7.89 ± 5.04 b 77.34 ± 0.54 a
Hexadecane C16H34 239.2366 30.53 ± 2.37 b 91.43 ± 1.01 a
Heptadecane C17H36 253.2522 33.37 ± 1.82 b 89.13 ± 2.77 a
Octadecane C18H38 267.2678 12.18 ± 0 b 91.82 ± 0.19 a
Nonadecane C19H40 281.2834 3.76 ± 2.25 b 92.34 ± 0 a
Icosane C20H42 295.299 0 ± 0 b 92.88 ± 0.05 a
Heneicosane C21H44 309.3146 19.08 ± 0 b 90.93 ± 0.18 a
Docosane C22H46 323.3302 37.83 ± 12.56 b 87.41 ± 0.16 a
Tricosane C23H48 337.3458 7.16 ± 3.61 b 77.34 ± 1.23 a
Tetracosane C24H50 351.3614 11.51 ± 4.43 b 39.85 ± 0.78 a
Pentacosane C25H52 365.3770 30.56 ± 3.23 a 11.90 ± 8.59 a

PAHs Anthracene C14H10 178.0777 92.79 ± 1.26 a 62.75 ± 0.55 b
Benzo[a]anthracene C18H12 228.0933 38.93 ± 1.24 a 36.31 ± 0 a
Pyrene C16H10 202.0777 15.66 ± 4.46 a 29.29 ± 11.76 a
Benzo[a]pyrene C20H12 252.0930 38.07 ± 2.27 b 48.33 ± 0.35 a

Table 3  Mean areas for cyclosiloxanes identified over time in the different diesel oil bioremediation strategies. (T0) (moment of contamination 
with diesel); (T1) Natural attenuation and (T3) Bioaugmentation/Biostimulation

Compound name T0
Area (a.u x1000)

T1
Area (a.u x1000)

T3
Area (a.u x1000)

30 days 60 days 120 days 30 days 60 days 120 days

Octamethylcyclotetrasiloxane (D4) 98.1±10.8 99.9±13.8 84.7±1.3 99.0±2.0 308.2±13.5 749.5±9.2 849.6±48.1
Decamethylcyclopentasiloxane (D5) 322.8±31.6 237.0±22.1 219.8±1.6 261.0±4.1 624.2±9.5 1034.6±82.5 965.3±51.7
Dodecamethylcyclohexasiloxane (D6) 442.9±2.6 337.4±29.8 317.8±2.2 341.6±2.6 570.3±10.1 854.7±118.8 960.5±113.8
Tetradecamethylcycloheptasiloxane (D7) 309.9±33.3 267.5±11.0 328.3±0.0 308.9±13.4 812.9±60.0 1080.3±42.8 961.8±88.7
Hexadecamethylcyclooctasiloxane (D8) 164.6±0.0 65.0±3.8 81.5±9.6 135.5±7.0 386.9±9.0 591.8±82.2 633.1±68.2
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the result of microbial metabolism. Although little reported 
in the literature, some authors have identified a microbial 
production of cyclosiloxanes. Interestingly, Birdilla Selva 
Donio et al. (2018) reported a bioemulsifier produced by the 
halotolerant bacterium Haererehalobacter sp. JS1, which, 
after GC-MS analysis, was characterized as belonging to a 
siloxane-type compound (tetradecamethylcycloheptasilox-
ane, hexadecamethylcyclooctasiloxane, cyclononasiloxane, 
octadecamethyl, eicosamethylcyclodecasiloxane, cyclode-
casiloxane, eicosamethyl and 1H,15H-hexadecamethyloc-
tasiloxane). Additionally, Kumar et al. (2021) identified a 
new cyclic siloxane biosurfactant produced by the rhizobac-
terium Bacillus cereus BS14.

Biosurfactants are compounds that reduce the surface 
tension between two immiscible liquids, while an emulsi-
fier helps the dispersion of droplets from one immiscible 
liquid into another and prevents coalescence (Ferreira et al. 
2020). Although there are differences between surfactants 
and bioemulsifiers, both have properties that allow them 
to be used for the biodegradation of hydrocarbons, since 
these molecules play a specific role of binding tightly to dis-
persed hydrocarbons and oils, preventing them from merging 
together (Uzoigwe et al. 2015). Thus, the biodegradation of 
petroleum hydrocarbons can be significantly improved by 
increasing the solubility and bioavailability of these com-
pounds to microorganisms.

Microbial activity in microcosms

Considering the MPN for heterotrophic and degraders in 
the different bioremediation strategies over time, small dif-
ferences in the growth rate were found (Figs. 3A and B). In 
general, the number of microorganisms in the soil increased 
in the treatments in which nutrients were added (T2 and 
T3). In the case of heterotrophic microorganisms, the val-
ues obtained for biostimulation (T2) ranged from 5.4 to 6.0 
log MPN  g-1, whereas for bioaugmentation/biostimulation 
(T3) the values were between 5.1 and 5.2 log MPN  g-1. For 
diesel-degrading microorganisms, the values for treatment 
T2 were between 5.1 and 5.2 log MPN  g-1, while for treat-
ment T3, the values remained at 4.8 log MPN  g-1. In the 
control experiments, the lowest number of microorganisms 
were found: between 4.0 and 4.6 log MPN  g-1 for the het-
erotrophic microorganisms, and 3.6-3.9 log MPN  g-1 for the 
degraders.

In general, during the 120 days of the bioremediation, an 
increase in the soil microbial community abundance was not 
evidenced. Nonetheless, for the treatments with biostimu-
lation (T2) and bioaugmentation/biostimulation (T3), an 
enhanced microbial activity was found during the period 
of microcosm incubation (Fig. 4). According to Miethe 
et al. (1994), the microbial counts of an environment do 
not always correlate with biological activity, because many 

microorganisms may be dormant or uncultured under labo-
ratory conditions. Additionally, pollutant degradation is not 
always necessarily related to microbial growth rates (Mont-
gomery et al. 2010).

The positive correlation between FDA and microbial bio-
mass has been used to indicate microbial activity in soils. 
In addition, FDA reflects the activity of lipase and ester-
ase enzymes, which are associated with lipid degradation 
(Schnurer and Rosswall 1982). In the treatment in which the 
microorganisms and nutrients were added (bioaugmentation/
biostimulation, T3) (Fig. 4, times 15, 30, and 60 days), a 
significant difference in the activity of these enzymes in rela-
tion to the other treatments was observed (0.28; 0.23; and 
0.33 μg of fluorescein/g-1 of soil, respectively). Addition-
ally, an increase was observed in these enzymatic activities 

Fig. 3  Count of the heterotrophic microorganisms (a) and diesel 
degraders (b) by the MPN over time employing the different diesel 
oil bioremediation strategies. (C) Control; (T1) Natural attenuation; 
(T2) Biostimulation; (T3) Bioaugmentation/Biostimulation; (T4) Bio-
augmentation. The means followed by different letters indicate a sig-
nificant among the between treatments according to the Tukey's test 
(p <0.05) and the bars represent the standard deviation
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over time, and after 90 days of incubation, the biostimula-
tion (T2) treatment reached enzymatic values close to the 
bioaugmentation/biostimulation (T3) treatment (0.5 μg of 
fluorescein  g-1 of soil). These data suggest that biostimula-
tion may have caused an increase in the activity of the indig-
enous degrading microbiota, although this was not reflected 
in terms of the degradation of TPHs (Fig. 2), alkanes and 
PAHs (Table 2). The lack of hydrocarbon degradation in the 
biostimulation treatment could be related to the delay in the 
natural selection of microorganisms with greater degradation 
capacity in relation to the treatment in which the consortium 
was added, involving higher FDA values at the beginning 
of the process. Yuan et al. (2018) reported a higher FDA 
activity in the treatment with a microbial consortium, along 
with the degradation rate of crude oil in culture conditions. 
Martínez Álvarez et al. (2017) also found enhanced FDA 
activity in biostimulated soils (nitrogen and phosphorus) in 
comparison to the control.

An increase in microbial activity in the biostimulation 
(T2) and bioaugmentation/biostimulation (T3) treatments 
was observed over time, whereas in natural attenuation (T1) 
and bioaugmentation (T4) the overall microbial activity in 
the soils remained low during the 120 days. Although the 
microbial activity of the biostimulated soil (T2) showed high 
microbial activity, hydrocarbon degradation did not occur. 
Therefore, it is reasonable to believe that the autochtho-
nous microbiota of the soil, even with biostimulation and 
enhanced microbial activity, did not present a metabolic sup-
port for hydrocarbon biodegradation.

These results highlighted the efficiency of the consortium 
composed of two marine-derived fungi (A. sclerotiorum and 

C. laurentii) in degrading diesel oil from contaminated soils. 
In the study reported by Huarte-Bonnet et al. (2018), the 
expression of genes responsible for aromatic hydrocarbon 
oxidation (cytochrome P450 - CYP53 family) was sig-
nificantly induced when Aspergillus niger was cultured in 
the presence of phenanthrene. Filamentous fungi from the 
genus Aspergillus have high proportions of CYP genes in 
their genomes, a phenomenon that may be related to new 
physiological processes (Chen et al. 2014). Additionally, 
Schwarz et al. (2018) reported that representatives of Basidi-
omycota were dominant in the fungal community obtained 
from phenanthrene-contaminated soil, including the genus 
Cryptococcus. Members of this yeast genus have also been 
reported as biosurfactants (Kamyabi et al., 2017) and lipase 
producers (Aarthy et  al., 2018), and pyrene degraders 
(Kamyabi et al. 2017).

Diversity and composition of the fungal 
and bacterial communities

All samples were properly assessed, as evidenced by the 
good coverage indices obtained, which were higher than 
99% (Table S2). Table S2 presents the microbial richness 
expressed by the Chao1 index. Both the T1 and T3 treat-
ments revealed changes in fungal/bacterial richness. A 
decreasing trend in fungal richness can be observed over 
the period of bioremediation for treatments T1 and T3, 
being more pronounced in treatment T3. Bacterial richness 
increased in treatment T1 and decreased in treatment T3 in 
comparison to the control.

The results of the Shannon and Simpson indices suggest 
that microbial diversity decreased in response to the addi-
tion of diesel in the soil (Table S2). Bell et al. (2013), Jung 
et al. (2016) and Sutton et al. (2013) reported similar results. 
Apparently, the bioaugmentation/biostimulation (T3) treat-
ment inhibited some autochthonous fungal and bacterial 
microbiota over time or promoted the propagation of specific 
groups of microorganisms, making them more pronouncedly 
represented in all treatments.

In the first 30 days of bioremediation there was a drop in 
bacterial diversity, mainly in treatment T3. The analyses at 
60 and 120 days revealed that diversity increased, but did not 
reach the initial values. In natural attenuation (T1), a lower 
fungal and bacterial diversity occurred throughout the biore-
mediation period. However, a lower diversity of both fungi 
and bacteria was observed in treatment T3 (bioaugmenta-
tion/biostimulation), concomitantly with the greater diesel 
degradation rate. These results may indicate an increase in 
the populations responsible for hydrocarbon metabolism 
during soil incubation, which could have promoted an inhi-
bition in the native microbiota. Although hydrocarbons pro-
vide carbon sources for many microorganisms, they may be 

Fig. 4  FDA activity over time employing the different diesel oil 
bioremediation strategies. (C) Control; (T1) Natural attenuation; (T2) 
Biostimulation; (T3) Bioaugmentation/Biostimulation; (T4) Bioaug-
mentation. The means followed by different letters indicate a signifi-
cant difference among the treatments according to the Tukey's test (p 
<0.05) and the bars represent the standard deviation
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toxic to others and their use requires specific adaptations of 
the microbiota (Bell et al. 2013).

Data from this study indicate that the degradation of 
hydrocarbons by the soil microbial community may not 
be directly connected to higher richness and diversity, but 
rather to the selection of specific groups of degrading micro-
organisms. Additionally, the toxicity of diesel oil and the 
metabolites derived from the microbial degradation could 
have affected microbial community composition, causing a 
decrease in richness and diversity.

PCoA analyses clearly showed the separation and vari-
ation in the fungal community composition in the different 
treatments, explaining 95% of the total variability (Fig. 5A). 
It was possible to verify that samples within the same treat-
ment were clustered together, showing the role of bioaug-
mentation/biostimulation (T3) in the soil fungal community 
structures. Regarding the bacterial community (Fig. 5B), 
there were contrasting separations of diversity, mainly in 
treatment T3 in relation to the control and natural attenua-
tion (T1), explaining a total of 76.4% of the variability. The 
PCoA plot also shows different trajectories of the bacterial 
community in different treatments over time. In treatment 
T3, the abundance of each group varied according to the 
successional time. The data from the PCoA analyses indi-
cate that the diesel oil degradation processes were performed 
by distinct fungal/bacterial groups, which may have had a 
determining role in the bioremediation process.

Figure 6A shows the heatmap comparing the influence 
of the different bioremediation treatments (T1 and T3) in 

relation to the control, considering the different incubation 
times of the 100 most abundant fungal OTUs at the family 
level. Based on this data, two distinct clusters appeared: the 
first one composed of soils from the different incubation 
times of treatment T3, and the second composed of natural 
attenuation (T1) and control (C), although the control soil 
was distinctly segregated from treatment T1. The group-
ing pattern of the different treatments was consistent with 
PCoA (Figs. 5A and B), indicating that the soils from treat-
ment T3 presented a fungal community considerably dis-
tinct from the other treatments. The fungal community was 
drastically affected by diesel addition. In the control, we 
can see a high abundance of fungi from the families Ple-
osporaceae and Psathyrellaceae, in addition to unidentified 
families. In natural attenuation (T1), there was an increase 
in the families Chaetomiaceae, Hypocreaceae, and Nectri-
aceae. Regarding the bioaugmentation/biostimulation (T3) 
treatment, there was a pronounced increase in the families 
Trichocomaceae and Microascaceae (Fig. 7). The increase 
in the family Trichocomaceae was already expected, since 
the spores of the fungus A. sclerotiorum CRM 348 were 
inoculated in this treatment.

In the heatmap of the bacteria (Fig. 6B), the separation 
of the community into two clusters was also observed: the 
first group was composed of treatment T3 (times 30 and 60 
days), and the second was composed of the treatments C 
and T1 (30, 60, and 120 days) and T3 (120 days), although 
T3 (120 days) was separated from the others, indicating less 
similarity. The control soil (C) presented a high abundance 

Fig. 5  Principal coordinate analysis (PCoA) based on the profiles of 
the fungal (a) and bacterial (b) communities found in the soils under 
the different bioremediation treatments at the genus level. (C) Con-

trol; (T1) Natural attenuation and (T3) Bioaugmentation/Biostimu-
lation. The values in the axis indicate the percentage of variance 
explained by the principal coordinate
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of Bacilli, Verrucomicrobiae, and subgroups 5 and 25. These 
bacterial classes decreased in both treatments T1 and T3. In 
the natural attenuation (T1 30 days), there was an increase 
in the representatives of the classes Negativicutes, Metha-
nomicrobia, Bacteriodia, Alphaproteobacteria, and Gam-
maproteobacteria in relation to the control. On the  60th day 
of incubation, the most abundant taxonomic groups were 
Chlamydiae, Leptospirae, Methanomicrobia, and Acido-
bacteria, very differently from the  120th day of incubation, 
which showed a greater abundance of Saccharimonadia, 
Anaerolineae, Blastocatellia, and Leptospirae. In treatment 
T3, there was a reduction in Anaerolineae, Bacilli, Verru-
comicrobiae, Blastocatellia, Bacterioidia, and subgroups 5 
and 25 on the  30th day, whereas an increase in Negativicutes, 
Clostridia, and Gammaproteobacteria occurred. On the  60th 
day of incubation, there was an increase in representatives 
of the classes Clostridia, Alphaproteobacteria, Deltapro-
teobacteria, Actinobacteria, and interestingly, a decrease in 
Gammaproteobacteria. On the  120th day of incubation, the 
bacterial community of treatment T3 markedly differed in 
comparison to the  30th and  60th days. Deltaproteobacteria 
and Actinobacteria were the most abundant classes, whereas 
Gammaproteobacteria continued to decline. Furthermore, 
there was an increase, although less pronounced, in the 
classes Anaerolineae, Acidobacteria, Methanomicrobia, 

and Alphaproteobacteria. It is evident that treatment T3 
stimulated the dominance of certain classes, mainly Del-
taproteobacteria, Gammaproteobacteria, and Actinobacte-
ria. Although Gammaproteobacteria was the most domi-
nant class at the beginning of the bioremediation process, 
lower proportions of that class were verified over time, 
accompanied by higher proportions of Actinobacteria and 
Deltaproteobacteria. These data corroborate the findings 
of a previous study reported by Yergeau et al. (2012), in 
which an increase in Actinobacteria and lower proportions 
of Gammaproteobacteria during bioremediation was veri-
fied. Several families of hydrocarbon-degradation enzymes, 
including alkane monooxygenases, ring-hydroxylating diox-
ygenases, and cytochrome P450 oxidase, are distributed in 
Proteobacteria and Actinobacteria (Fuentes et al. 2014).

The patterns of fungal and bacterial abundance at the 
genus level (10 most abundant) during bioremediation were 
also investigated (Figs. 7A and B). These genera represent 
between 42-82% of the bacterial community and 35-90% 
of the fungal community, while the other 10 genera Srep-
resent less than 5% of these communities. The fungal com-
munity of the control soil (C) had a greater abundance of 
unidentified fungi (65%), followed by representatives of the 
genus Gibberella (18.3%), while in natural attenuation (T1) 
the representatives of the genus Fusarium were the most 

Fig. 6  Hierarchically clustered heatmap of the distribution of the top 
100 fungal OTUs from the different communities at the family level 
(a) and bacterial OTUs at the class level (b). (C) Control; (T1) Natu-

ral attenuation and (T3) Bioaugmentation/Biostimulation. The abun-
dance z-score of each OTU is color-coded according to the legend 
above the heatmaps
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abundant (53 to 62%), followed by unidentified fungi (19 to 
33%) at all incubation times. The fungal community present 
in the bioaugmentation/biostimulation (T3) treatment dif-
fered considerably from the initial soil community, as well 
as from the fungal community of natural attenuation (T1). 
The abundance of several groups was negatively affected 
(Giberella, Humicola, Fusarium, Penicillium, and Bionec-
tria) in response to the treatment, in addition to an evident 
decrease in fungal diversity, probably due to the induction 
in the growth of other fungal and bacterial species. In treat-
ment T3, an increase in representatives of the genus Pseu-
dollescheria (71.6 to 90%), Scedosporium (5 to 13.3%), and 

Aspergillus (4.1%) was observed in relation to the control 
(C) and natural attenuation (T1). It is important to high-
light that Scedosporium is the anamorphic state of the genus 
Pseudallescheria (Gilgado et al. 2008). These results suggest 
that the fungal inoculum remained in the soil, although over 
time fungi from the genus Aspergillus decreased in abun-
dance, reaching close to zero on the  120th day of incubation 
(Fig. 7A). This data corroborates those presented in Fig. 6A, 
which showed a greater abundance of the classes Tricho-
comaceae and Microascaceae in treatment T3. Greco et al. 
(2019) reported a significantly higher degradation of polycy-
clic aromatic hydrocarbons in an experiment with the addi-
tion of a fungal consortium composed of Pseudallescheria 
boydii, Talaromyces amestolkiae, and Sordaria fimicola. In 
the study conducted by Morales et al. (2017), the complete 
genome of one representative of Scedosporium apiosper-
mum was characterized and a group of gene families related 
to hydrocarbon degradation was found (e.g. dioxygenases 
and cytochrome P450). Zafra et al. (2016) used a functional 
metagenomic approach to investigate the effects of bioaug-
mentation (with a microbial consortium) and biostimulation 
on the bioremediation of hydrocarbon-contaminated soil. 
The authors reported changes in the abundance of aromatic 
genes, including those related to dioxygenases, laccases, pro-
tocatechuate, salicylate, and benzoate-degrading enzymes.

Figure 7B illustrates the relative abundance of the bac-
terial community at the genus level for each treatment at 
different incubation times. Diesel seems to affect the gen-
eral diversity and the dominance of certain phyla, such as 
Proteobacteria, which was found in higher abundance after 
the application of the pollutant. In the control soil (C), the 
most abundant organisms were uncultured bacteria (70%), 
followed by Bacillus (18.3%) and Sphingomonas (8.3%). 
Soil bacterial community during natural attenuation (T1) 
differed significantly from the control, with less abundance 
of uncultured bacterium and Bacillus. In addition, after the 
exposure of the soil to diesel, representatives of the gen-
era Acinetobacter, Pseudomonas, and Cupriavidus showed 
a notable increase. In the bioaugmentation/biostimulation 
(T3) treatment, the bacterial community in the first 30 days 
of bioremediation was dominated by representatives of the 
genera Pseudomonas (46.6%) and Acinetobacter (40%). In 
contrast, the abundance of Bacillus, Sphingomonas, and 
uncultured bacterium decreased dramatically in this period 
in comparison to the control soil (C). These results indicate 
that bacteria of these genera may have a relevant function in 
the degradation of diesel. The genus Pseudomonas has been 
largely studied and proven to be efficient in the degradation 
of hydrocarbons. Previous studies have reported the presence 
of the monooxygenase genes alkB (Muriel-Millán et al., 
2019) and almA (Muriel-Millán et al. 2019), as well as sur-
factant production (Muriel-Millán et al. 2019; Elumalai et al. 
2021; Muthukumar et al. 2022a) in the genus Pseudomonas. 

Fig. 7  Relative abundance of fungal (a) and bacterial (b) groups at 
the genus level in (C) Control; (T1) Natural attenuation and (T3) Bio-
augmentation/Biostimulation
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Roy et al. (2018) used bioaugmentation/biostimulation for 
the degradation of hydrocarbons from the oil of refinery 
sludge and reported an increase in the population of Pseu-
domonas accompanied by 75% of TPH degradation in 120 
days of bioremediation. Similarly, members of the genus 
Acinetobacter are often regarded as hydrocarbon degraders 
(Tiralerdpanich et al. 2018; Elumalai et al. 2021; Parthipan 
et al. 2022) and as carriers of the gene almA (Throne-Holst 
et al. 2007).

After 60 days of bioremediation, although Pseudomonas 
(30%) and Acinetobacter (25%) were still the most abun-
dant groups in treatment T3, their abundance decreased in 
comparison to the  30th day. Concomitantly, there was an 
increase in the abundance of Caulobacter (16.7%), Rhodoc-
occus (11.6%), and Anaeromyxobacter (3.6%). The bacterial 
population of the soil under the bioaugmentation/biostimula-
tion (T3) treatment changed dramatically over the incuba-
tion time (120 days). This soil showed a marked decrease in 
the genera Pseudomonas (1.6%) and Acinetobacter (1.6%). 
Similarly, Yergeau and collaborators (2012) showed that 
the genus Pseudomonas was predominant in a diesel-con-
taminated soil during the initial bioremediation period, but 
representatives of this genus decreased when the residual 
soil hydrocarbons were depleted. In the present study, the 
decrease in the abundance of Pseudomonas was associated 
with an enrichment of representatives of the genera Rhodo-
coccus (31.6%), Caulobacter (25%), and Anaeromyxobacter 
(13.3%). These data corroborate the information shown in 
Fig. 7B, in which an increase in the groups Proteobacteria 
and Actinobacteria in treatment T3 was observed. The role 
of Rhodococcus in hydrocarbon degradation is well known. 
In the study reported by Gielnik et al. (2019), representatives 
of the genus Rhodococcus were dominant in the bacterial 
community associated with the highest diesel degradation 
rate. The increase in the population of this bacterium over 
the bioremediation treatment may be related to the particular 
genetic characteristics of this genus, since most strains have 
the gene alkB (Brzeszcz and Kaszycki 2018), which encodes 
the enzyme alkane hydroxylase, responsible for the degrada-
tion of linear and branched alkanes. Many of these strains 
have multiple copies of the gene alkB (Orro et al. 2015) 
or homologous genes in their genomes (Nie et al. 2014), 
which can effectively enhance the range of alkane degrada-
tion (Amouric et al. 2010), resulting in high bioremediation 
efficiency.

Conclusions

Results from this study indicate that the marine fungal con-
sortium played a decisive role in the degradation of diesel 
oil in the contaminated soil. The bioaugmentation/biostimu-
lation strategy caused a decrease in the total soil microbial 

diversity and an increase in the abundance of specific micro-
bial groups. The changes in the structure of the fungal and 
bacterial communities can explain the reduction in TPHs, 
PAHs, and alkanes in the bioaugmentation/biostimulation 
treatment. In addition, the higher presence of cyclosilox-
anes in the bioaugmentation/biostimulation treatment may 
be related to their biosynthesis by the microbial community, 
acting as a biosurfactant/bioemulsifier and enhancing the 
bioavailability of hydrocarbons. Furthermore, the use of a 
combined approach (massive sequencing, enzymatic activ-
ity, microbiological analyses, and advanced methods like 
GC-HRMS) reinforces the importance of a polyphasic study 
to improve the understanding of organic pollutant mitigation 
in soils, providing a better overview of this complex system.
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