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Abstract
Bioremediation strategies apply environmental microbes to metabolize organic compounds and can be useful for the treat-
ment of oil-contaminated soils. In this study, different approaches of bioremediation were compared on a scale-up treatment. 
The defined microbial consortium was formulated with degrading microorganisms previously selected (Pseudomonas men-
doncina BPB 1.8, Bacillus cereus BPB 1.20, Bacillus cereus BPB 1.26, and Bacillus sphaericus BPB 1.35). Bioaugmen-
tation/biostimulation, biostimulation, and natural attenuation strategies were evaluated after 60 days of treatment by gas 
chromatography. The contaminant level remained elevated after the treatments using natural attenuation and biostimulation. 
However, the bioaugmentation with biostimulation treatment showed a satisfactory ability to degrade petroleum hydrocar-
bons (85%). Interestingly, no correlation was observed with the presence of hydrocarbon-degrading microorganisms and 
 CO2 production, and denaturing gradient gel electrophoresis exhibited no significant difference in the biodiversity of the 
treatments. Although, the results showed that the microbial consortium was imperative to the successful biodegradation of 
TPH-contaminated gas station soil.
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Introduction

Petroleum-based products are the principal energy source 
in the world. The main constituents belong to the satu-
rated hydrocarbons, aromatic hydrocarbons, resins and 
asphaltenes classes (Liang et al. 2012; Mahjoubi et al. 2018). 
These compounds are among the most harmful to both the 

environment and human health. Leaks and accidental spills 
occur regularly during the oil exploration and processing 
(Teng et al. 2013; Chen et al. 2015; Wang et al. 2018). In 
addition, cases of large or small spills remain undetected 
for long periods, resulting in inflammable gasses in the soil 
and potentially dangerous conditions for the environment 
(Almeida et al. 2010).

Bioremediation is one alternative for the decontamination 
of polluted areas, offering the potential for the degradation 
of toxic contaminants, primarily by using microorganisms 
with the metabolic and physiological capacity to use hazard-
ous organic compounds as a source of carbon and energy. 
Additionally, these technologies provide efficient results and 
simplified maintenance to reduce petroleum hydrocarbons to 
concentrations accepted by environmental agencies around 
the world, representing an attractive, cost-effective strat-
egy (Maier and Gentry 2015; Napp et al. 2018; Roy et al. 
2018). Indeed, the presence of microorganisms, which could 
potentially degrade petroleum hydrocarbons in contami-
nated and uncontaminated soil, has been well documented 
(Bento et al. 2005; Kaczorek and Olszanowski 2011; Fuku-
hara et al. 2013; Shankar et al. 2014), suggesting that the 
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autochthonous soil microbiota can be useful for stimulated 
degradation. In this case, the biostimulation consists of cor-
recting nutritional conditions in the contaminated environ-
ment, which accelerates the fuel degrading process through 
the activity and proliferation of the microbial population 
(Tyagi et al. 2011). An example of the application of the 
biostimulation strategy was that which occurred after the 
Exxon Valdez oil spill (1989). In an attempt to overcome low 
levels of N and P on the beaches of Prince William Sound 
in the Gulf of Alaska, large amounts of fertilizers (approxi-
mately 50,000 kg of N and 5000 kg of P) were added during 
the summers from 1989 to 1992 (Boufadel et al. 2010). Colla 
et al. (2014), investigated the effectiveness of successive bio-
augmentation, conventional bioaugmentation, and biostimu-
lation of biodegradation of blend diesel and biodiesel (B10) 
in soil. Nutrient introduction (biostimulation) promoted a 
positive effect on microbial populations and the total petro-
leum hydrocarbon (TPH) analysis indicated a biodegradation 
level of 35.7 and 32.2% for the biostimulation and successive 
bioaugmentation treatments, respectively.

On a laboratory scale, many isolated microorganisms 
can effectively degrade a single type of pollutant. How-
ever, when introduced into real field conditions with mul-
tiple types of contaminants, they often do not function as 
expected (Cerqueira et al. 2012; Sarkar et al. 2016; Wu 
et al. 2016; Ebadi et al. 2017; Roy et al. 2018). Associa-
tions of microorganisms increase their ability to utilize a 
large number of hydrocarbons as their sole source of carbon 
for survival (Napp et al. 2018). These microorganisms can 
completely mineralize the petroleum compounds through 
the metabolic actions of one or more strains. In this con-
text, the application of mixed cultures in the environments 
contaminated with petroleum presents characteristics more 
advantageous than the pure cultures, due to the effect of syn-
ergic and co-metabolic interactions between the members of 
the association. The complete degradation of hydrocarbons 
involves the use of microbial consortia. Besides that, large-
scale studies are limited concerning both the production of 
microorganisms and bioremediation treatment.

The present study aimed to evaluate the scale-up appli-
cation of a defined microbial consortium in total petroleum 
hydrocarbon (TPH)-contaminated gas station soil from 
South Brazil, in order to analyze the effects of different 
remediation strategies applied in situ, to generate an envi-
ronmentally safe alternative microbial formulation.

Materials and methods

Soil samples

Samples of soil contaminated with diesel oil were collected 
from the sand filters system of gas stations located in Porto 

Alegre, Rio Grande do Sul, Brazil. The filter system com-
prises a sandbox, oil separator and oil collector used to accu-
mulate the oil and to fractionate the solid waste generated at 
gas stations. This system separates water from oil coming 
from the wash, supply, fuel discharge and exchange of lubri-
cants for motor vehicles. The samples were placed in sterile 
bags, which had been hermetically closed and stored at 4 °C 
until further use. The physic–chemical soil characteristics 
were performed by Soils Analysis Laboratory at Federal 
University of Rio Grande do Sul (UFRGS-RS, Brazil).

Formulation of microbial consortia

The microbial consortium used in bioaugmentation was 
previously selected based on the hydrocarbon degradation 
capacity (Allebrandt et al. 2015), comprising four degrad-
ing microorganisms: Pseudomonas mendoncina BPB 1.8, 
Bacillus cereus BPB 1.20, Bacillus cereus BPB 1.26 and 
Bacillus sphaericus BPB 1.35. The production of microbial 
cells was conducted using nutrient broth (Cerqueira et al. 
2011) supplemented with soy protein (0.5%) under stirring 
at 37 °C. First, the pre-inoculum was generated in 10 mL of 
medium and incubated for 24 h. After, the pre-inoculum was 
transferred to 300 mL of the same medium and incubated 
for 12 h. In the third step, the inoculum was subsequently 
transferred to a 10 L reactor containing the culture medium 
with 0.02% of anti-emulsifying silicon (base poliglycol) and 
incubated for 15 h. In the last step, the content of the 10 L 
reactor was transferred to a 100 L reactor containing the 
medium with mineral solution  (MgSO4 0.05%,  CaCl2 0.01% 
and  MnSO4 0.005%) and 0.05% of the same anti-emulsify-
ing. After 24 h, the cells were centrifuged in an industrial 
centrifuge (5000 rpm for 2 h). Cell growth in the 100 L 
reactor was mixed and suspended in a solution containing 
sterile water, NaCl and xanthan gum. The final product (pat-
ent number BR 10 2014 024646) was stored at 4 °C until 
further use.

Scale‑up bioremediation strategies

The scale-up bioremediation treatments were carried out in 
three wooden boxes, with dimensions of 1 m × 1 m × 0.60 m 
(L × W × H), which were used to accommodate TPH-con-
taminated soil. Each box was set up in duplicate containing 
300 kg of soil, and the following remediation treatments were 
evaluated: natural attenuation (NA), biostimulation (BS) or 
bioaugmentation/biostimulation (BAS), adapted from Suja 
et al. (2014). The NA corresponds to condition with only the 
soil contaminated. The BS soil box was treated with 200 mL of 
nutrient solution (67 g  NH4SO4 and 15 g  KH2PO4), and BAS 
soil box was treated with 500 mL of the microbial consortium, 
containing 3.5 ×  106 cells  mL−1 of each microorganism and 
200 mL of the nutrient solution. The inoculum and nutrient 
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solution volumes added to the treatments were adjusted to 
maintain the soil field capacity at 80%, based on Suja et al. 
(2014). During 60 days of experimental analysis, the systems 
were performed at room temperature ranging from 15 to 30 °C.

Soil samples within the boxes were collected at four differ-
ent depths, ranging from 0.2 to 0.5 m, forming a representa-
tive composite sample to determine pH, bacterial diversity and 
TPH concentration. The treatments were performed at room 
temperature ranging from 15 to 30 °C. The pH of the soil in 
the quadrants of each box was determined with a digital pH 
meter (Beckman PHI 71 model).

Microbial activity evaluation

The microbial respiratory activity was evaluated using the 
respirometric method of Bartha (Bartha and Pramer 1965) by 
the cumulative release of  CO2. Microcosms with 300 g of the 
soil obtained from the bioremediation treatments (NA, BAS 
and BS) were monitored for 60 days. The amount of carbon 
dioxide produced was calculated using Eq. (1):

where VB and VA are the volumes of 0.1 M HCl used to 
titrate the blank and the treatment in mL, respectively; MC 
is the molar mass of carbon dioxide in g/mol; MHCl is the 
molar concentration of HCl standard solution in mol/L; FC 
is the correction factor for acid/base molarity (MHCl/MKOH); 
and m is the mass in kg of dry soil in the flask.

Quantitative analysis of hydrocarbons

TPHs were determined using the US EPA 8015 technique 
to analyze different fractions of organic compounds:  C8–C11 
(gasoline range organics),  C11–C14 (kerosene range organics), 
 C14–C20 (diesel range organics) and  C20–C40 (lubricating oil 
range organics). The soil sample was collected and extracted 
with methylene chloride at different treatment times (0, 30 and 
60 days) and injected into a gas chromatography with flame 
ionization detector (GC-FID). A capillary column HP Basic 
Wax (30 m, 0.53 mm i.d. × 1 μm film thickness) was used, and 
the samples were injected (1 µL) in split mode (10:1) and car-
rier gas (nitrogen) at a constant flow of 1 mL  min−1. The injec-
tor and detector temperatures were 270 and 350 °C, respec-
tively. The initial oven temperature was 50 °C for 0.5 min. The 
heating ramp was at the rate of 50 °C  min−1 to 350 °C, kept at 
this temperature for 15 min. The hydrocarbons identification 
of each range was based on their respective retention times 
based on analytical standards. Percentage of degradation was 
calculated by the following Eq. (2):

(1)
CO2 generated (mg∕kg soil)

= (VB − VA) ⋅ (MC∕2) ⋅ MHCl ⋅ (FC∕m)

Soil DNA extraction, sequencing and DGGE analysis

Total DNA was extracted from 300 mg of soil samples using 
the PowerSoil DNA Isolation Kit (MO BIO Inc., USA), 
according to the manufacturer’s instructions. A fragment of 
the V3 region of the bacterial 16S rRNA gene was amplified 
from metagenomic DNA using the primers BA338 F-GC 
(5′-278CGC CCG CCG CGC GCG GCG GGC GGG GCG GGG 
CAC GGG GGG ACT CCT ACG GGA GGC AGCAG-3′) and 
UN518R (5′-ATT ACC GCG GCT GCTGG-3′) (Ovreas et al. 
1997).

The amplification was performed in a reaction contain-
ing 20 ng μL−1 of DNA template, 1 U Platinum Taq DNA 
Polymerase (Invitrogen, São Paulo, Brazil), 3 mM  MgCl2, 
0.2 mM dNTP, and 5 pmol of each primer at a final volume 
of 25 μL. The amplification conditions were 5 min at 95 °C, 
followed by 30 cycles for 1 min at 95 °C, 1 min at 55 °C, and 
1 min at 72 °C with a final extension at 72 °C for 10 min. The 
polymerase chain reaction (PCR) amplicons were analyzed 
through denaturing gradient gel electrophoresis (DGGE) 
(Ovreas et al. 1997). An 8% polyacrylamide (acrylamide/
bis-acrylamide mix 37.5:1 wt.v−1) gel containing a 15–55% 
urea-formamide gradient was used. The electrophoresis was 
performed in TAE 1 × buffer at a constant 200 V for 3 h and 
30 min at 60 °C using the DCode TM System (Bio-Rad 
Inc., Hercules, CA, USA). After electrophoresis, the gel was 
stained with 3 μL Syber Green I (Invitrogen) in 300 mL of 
deionized water for 30 min. The images were acquired using 
a Kodak GL2200 photodocumentation system. The DGGE 
profiles were compared using Gel Compare software, fol-
lowed by visual analysis. The resulting patterns were used 
to estimate the diversity via the Shannon–Weaver (H′) index. 
Each band was considered an operational taxonomic unit 
(OTU). The data analysis was performed using the DivEs 
Species Diversity program, version 2.0. Dendrograms were 
produced after evaluating the binary array generated from 
the band profiles and subjected to statistical analysis using 
the Dice coefficient.

Statistical analysis

Descriptive statistics were based on biological triplicates 
using ANOVA, followed by Boneferroni’s test with a con-
fidence level of 95%.

(2)
Degradation%

=
[

(TPH control − TPH treatment)∕TPH control
]

× 100
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Results and discussion

Microbial consortium formulation

The microorganism selection to formulate the microbial 
consortium used on the BAS approach was based on the 
reduction of 2,3,5-triphenyl tetrazolium chloride (TTC) 
and rhamnolipids production (Allebrandt et al. 2015). The 
16S rRNA gene sequencing revealed that two bacteria 
exhibited similarity to Pseudomonas mendoncina (98%) 
and Bacillus sphaericus (99%) and the other two microor-
ganisms presented 99% similarity to Bacillus cereus.

These genera are commonly found in hydrocarbon-
contaminated soils and have been described to potential 
bioremediation processes (Bento et  al. 2005; Das and 
Chandran 2011; Yu et al. 2014; Chaudhary et al. 2015; 
Obi et al. 2016; Napp et al. 2018). According to Yu et al. 
(2014), a strain of Bacillus spp. isolated from petroleum-
contaminated soil has been used for the bioremediation of 
the Shengli Oil Field, showing a crude oil removal rate of 
67.7% after 2 months.

Furthermore, Bento et al. (2005) and Dörr de Quad-
ros et al. (2016) also isolated Bacillus sp. from soil con-
taminated with diesel oil and petrochemical oily sludge, 
respectively.

Meyer et  al. (2018) evaluated natural attenuation, 
biostimulation and bioaugmentation as bioremediation 
strategies in a controlled microcosm simulating a sur-
face spill over soil with diesel/biodiesel mixtures, during 
60 days of incubation. The bacterial inoculum employed 
for biostimulation/bioaugmentation strategy consisted of 
Bacillus megaterium, Bacillus pumilus, Pseudomonas aer-
uginosa, and Stenotrophomonas maltophilia. The addition 
of the bacterial consortium and macronutrients contributed 
to 74.53% of biodiesel degradation (B100) in soil after 
60 days.

Additionally, Pacwa-Płociniczak et al. (2014) used a 
strain of Pseudomonas sp. isolated from soil contami-
nated with hydrocarbons and showed the degradation of 
crude oil fractions from components of light fuel oils, 
components of heavy fuel oils and hexadecane (27, 39, 27 
and 13% of hydrocarbons were degraded, respectively), 
while other authors also demonstrated the ability of Pseu-
domonas spp. to degrade a broad range of hydrocarbons, 
including crude oils, refined fuels, alkanes and polycyclic 
aromatic hydrocarbons (PAHs) (Arun et al. 2008; Kumar 
et al. 2008; Sopeña et al. 2013).

In this study, the microorganisms used in bioaugmenta-
tion treatment were isolated from TPH-contaminated gas 
station soils (diesel and gasoline), which probably enabled 
microbial adaptation to environments with high hydro-
carbon indices (Maier and Gentry 2015; Abbasian et al. 

2016). The microorganisms were separately cultivated in 
industrial-scale reactors (Fig. 1) and used to formulate the 
microbial consortium.

Evaluation of scale‑up bioremediation treatments

Contaminated soils used in scale-up trials were analyzed 
based on their physical–chemical characteristics (Table 1). 
The analyses were performed separately for each treatment 
used and the soils showed similar features. The soil used in 
the experiment was slightly acidic with a pH range of 6.4 to 
6.7. The most prevalent metals were K (78–158 mg  dm−3), 
S (88–134  mg   dm−3), Zn (60–187  mg   dm−3) and Cu 
(32–106 mg  dm−3). Moreover, the sample of soil collected 
exhibited low contents of organic matter (2.8–5%) and clay 
(7–12%). The soil collected at the gas station can be char-
acterized as a soil that suffered weathering (variations in 
temperature, pressure, humidity) losing part of its original 
characteristics. Weathering works through mechanisms that 
modify the physical properties of minerals and rocks (mor-
phology, resistance, texture) and its chemical characteris-
tics (chemical composition and crystalline structure). In our 
case, the soil samples composed of analyzed soils reflected 
the different contents of clay and organic matter. According 
to Moschini et al. (2005), the environmental diagnosis of 
risks associated to potential leaking in underground stor-
age tanks is highly dependent on the way fuels behave in 
different types of soils, which is influenced by the physical 
and chemical properties of liquid fuels (density, viscosity, 
solubility and vapor pressure) and by the characteristics of 
the soils through which these fuels migrate.

The pH was monitored during the 60 days in the boxes. 
The values remained between 6.2 and 7.2 in all bioreme-
diation strategies. However, these differences were not sta-
tistically significant. The pH directly affects the activity of 
microorganisms through the effect of H + ions on enzymatic 
activity and cellular permeability, thereby indirectly influ-
encing the availability of macro- and micronutrients (Al-
Hawash et al. 2018). The small variations observed in the 
present study did not show a negative effect on microbial 
growth because the pH values remained neutral as a favora-
ble condition for microbial growth. These results corroborate 
with Horel and Schiewer (2009), which previously reported 
adequate physical and environmental conditions for micro-
bial growth and activity.

The total hydrocarbon degradation in contaminated soils 
is shown in Table 2. The initial values of the contaminants 
presented variations between treatments due to the origin of 
the contaminated soil and the difficulties in homogenization, 
reflecting the high volume of soil used in the treatments 
(300 kg). In the NA treatment, the TPH was 3.621 mg  kg−1, 
whereas in BS and BAS treatments, contamination was 
1.586 mg  kg−1 and 6.703 mg  kg−1, respectively.
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As shown in Table 2, TPHs were markedly reduced in 
the BAS treatments from 6.703 to 969 mg  kg−1 (85%). In 
addition, the light, intermediate and heavy fractions  (C8–C14, 
 C14–C20 and  C20–C40, respectively) were also analyzed at 0 
and 60 days (Table 3). Regarding the initial time, the light 
and intermediate fractions were detected at a higher con-
centration in BAS soil (1146 and 1605 mg  kg−1), potentially 
reflecting the high initial TPH concentration present in the 
soil used for the BAS treatment when compared with the 
other treatments. For the NA and BS treatments, the ini-
tial concentrations in these fractions were similar (134 and 
76 mg  kg−1; 480 and 357 mg  kg−1, respectively) (Table 3). 
The concentration of light fraction was reduced to levels 
lower than the quantification limit after 60 days of treatment 
in all remediation strategies, demonstrating that all reme-
diation strategies used were reasonable in decreasing the 
concentration of hydrocarbons.

The results concerning the intermediate fraction 
 (C14–C20) showed the highest reduction after 60 days in BAS 

treatment (88.7%) (Table 3). The BS treatment decreased 
the intermediate fraction level by 59%. However, the NA 
treatment showed only 11% of biodegradation. For the 
heavy hydrocarbon fraction  (C20–C40), no reduction was 
detected through NA or BS treatments. Interestingly, BAS 
soil treatment showed again higher hydrocarbon reduction 
of 3.465–788 mg  kg−1 (77.3%) (Table 3).

Independent of the hydrocarbons fraction assessed (light, 
intermediate or heavy) and bioremediation treatments 
applied, changes to the level of soil contamination were 
observed. In summary, these results demonstrate that BAS 
treatment obtained a higher degradation rate of contaminants 
in all fractions compared with other treatments.

The light fractions were degraded after 30 days, while the 
heavy fractions were better degraded within 60 days, infer-
ring that the successive addition of the consortium favored 
degradation.

The sequential biostimulation with bioaugmentation 
strategy was also described by Tahhan et al. (2011) as the 

Fig. 1  General scheme of the fermentation process used for the formulation of the microbial consortium
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most effective treatment. The indigenous population did not 
overcome the exogenous inoculum, and the periodic BAS 
addition increased the bioremediation activity. In addition, 
the BS treatment was not as effective as a bioremediation 
process, demonstrating that the addition of adapted micro-
organisms was indispensable to hydrocarbon degradation. 
Bento et al. (2005) reported that treatment with concomi-
tant bioaugmentation and biostimulation for three months 
obtained 72.7% and 75.2% of degradation of light and heavy 
fractions, respectively. Also, natural attenuation treatment 
was more effective than biostimulation.

However, Couto et al. (2010) demonstrated that natu-
ral attenuation was more effective as bioaugmentation 
and biostimulation strategy in an oil refinery. This obser-
vation could be associated with the age of the soil and 

physiologically adapted indigenous microorganisms, which 
can be useful in the degradation of the pollutants (Sabaté 
et al. 2004; Bento et al. 2005).

The initial biodegradation of organic compounds usu-
ally follows a period of adaptation or acclimatization of the 
microorganisms, in which the duration depends on the struc-
ture of the pollutant. Previous exposure to a contaminant 
by repeated applications or frequent oil spills consequently 
provides an environment in which the degradation path-
ways are maintained within an adapted community (Maier 
and Gentry 2015; Abbasian et al. 2016). The adaptation of 
microbial populations occurs most commonly through the 
induction of enzymes required for biodegradation, followed 
by an increase in the population of biodegradable organ-
isms (Peixoto et al. 2011; Maier and Gentry 2015). Differ-
ent microorganisms provide distinct degrees of hydrocarbon 
degradation. In this context, the application of mixed cul-
tures in environments contaminated with petroleum presents 
more advantageous characteristics, when compared to pure 
cultures (Kostka et al. 2011; Napp et al. 2018). Thus, BAS 
treatment showed the potential for large-scale use and could 
be tested in hydrocarbon-contaminated environments.

Microbial activity analysis

Along with an evaluation of the pollutant’s biodegradation 
levels, a microcosm experiment was simultaneously per-
formed in order to detect the release of  CO2. The  CO2 pro-
duction is a parameter for quantifying the microbial activity 
in the soil, demonstrating that microorganisms are capable 
of assimilating hydrocarbons or other carbon source (Cer-
queira et al. 2011). Figure 2 shows the values of  CO2 accu-
mulated during 60 days in the NA, BS, and BAS treatments.

Table 1  Physical–chemical characteristics of diesel oil-contaminated 
soils

NA natural attenuation; BS biostimulation; BAS bioaugmentation/
biostimulation

Parameters Treatment

NA BS BAS

Organic matter (%) 2.8 4.1 5
Clay (%) 12 7 7
pH 6.5 6.7 6.4
P (mg  dm−3) 30 40 47
K (mg  dm−3) 158 80 78
S (mg  dm−3) 134 88 108
Zn (mg  dm−3) 60 141 187
Mn (mg  dm−3) 40 47 29
Cu (mg  dm−3) 32 86 106
B (mg  dm−3) 0.5 4.3 2.5
Al  (mmolc  dm−3) nd nd nd
Ca (mmolc  dm−3) 10.1 12.9 8.5
Mg (mmolc  dm−3) 2.8 2.2 1.3
Al + H (mmolc  dm−3) 1.5 1.0 1.0
Ca/Mg 3.5 6.0 7.0
Ca/K 25 63 45
Mg/K 7 11 7

Table 2  Evaluation of total petroleum hydrocarbon degradation in 
diesel oil-contaminated soils

NA natural attenuation; BS biostimulation; BAS bioaugmentation/
biostimulation

Time (days) Treatment

NA BS BAS

0 3.621 1.586 6.703
30 8.675 4.828 3.111
60 4.057 1.625 969

Table 3  Evaluation of the hydrocarbon fractions degradation in diesel 
oil-contaminated soils

Hydrocarbon concentrations are expressed in mg/kg soil. Values * < : 
less than the limit of quantification
NA natural attenuation; BS biostimulation; BAS bioaugmentation/
biostimulation

Time (days) Treatment

NA BS BAS

Fraction C8–C14
0 134 76 1146
60 < 55.8* < 57.5* < 25.5*
Fraction C14–C20
0 480 357 1605
60 427 146 181
Fraction C20–C40
0 3007 1153 3465
60 3630 1479 788
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The behavior of microbial communities showed higher 
levels of  CO2 production in all treatments. Notably, the NA 
treatment showed similar levels of  CO2 emissions as the 
soils subjected to the addition of inoculants and nutrients 
(BS and BAS), suggesting that adequate abiotic soil condi-
tions stimulated the growth and metabolism of the resident 
flora. It is also reasonable to conclude that these treatments 
showed a similar profile in the oscillation of the values and 
experienced an adaptive phase during the initial period of 
the experiment, namely between 1 and 5 days. The simi-
larities between the BAS and NA treatments demonstrated 
that the addition of autochthonous microorganisms in con-
taminated soil did not increase the rate of cellular respiration 
in the contaminated soil. Interestingly, no correlation was 
found between hydrocarbon-degrading microorganisms and 
 CO2 production.

Colla et al. (2014) demonstrated that during the bioreme-
diation experiments in soil contaminated with diesel–bio-
diesel, the  CO2 evolution did not show no significant differ-
ence in soil microbial activity between biostimulation and 
bioaugmentation treatments.

In addition, the BS treatment obtained a higher microbial 
activity when compared with other treatments, in contrast 
with other studies, where the rate of  CO2 production was 
higher in BAS treatments (Colla et al. 2014; Meyer et al. 
2014; Szulc et al. 2014).

Bacterial community dynamics and structure 
analysis

To understand how bioremediation influences the micro-
bial community composition and the diversity of microor-
ganisms DGGE analyses were performed for all treatments 
during different periods (0, 30 and 60 days). Four samples 
were additionally analyzed through DGGE, representing 

the enrichment cultures used in bioaugmentation (BPB 
1.8, BPB 1.20, BPB 1.26 and BPB 1.35) (Fig. 3).

The BAS treatment initially formed a cluster with the 
four microorganisms added in the consortium (Fig. 3). 
This cluster can be associated with the addition of the 
microbial consortium (10 × cell   mL−1), justifying the 
stronger presence of the consortium in relation to indig-
enous microorganisms already presents in the contami-
nated soil. Thus, during the process of DNA extraction, 
and subsequent PCR amplification highlighted the con-
sortium of microorganisms, for the detriment of the native 
microorganisms.

The BE and NA treatments were similar (72.57%) 
throughout the experiment (0, 30 and 60 days). However, for 
the BAS treatment with successive additions of the consor-
tium for 30 days, the inoculum of microorganisms showed 
higher growth compared with the natural soil community. 
The Shannon–Wiener diversity index, presented in Table 4, 
shows that there was no significant difference in the biodi-
versity of the treatments, suggesting that the native micro-
biota acted synergistically with the microorganisms inocu-
lated in the bioaugmentation treatment. The combination 
between the addition of microorganisms and the biostimu-
lation strategy to affect the removal of TPH is shown to be 
an effective form in terms of bioremediation. In the present 
study, DGGE analysis (Fig. 3) shows that the addition of 
microorganisms reinforced the microbial population, does 
not replace or negatively interfere in the competition pro-
cess, and together with nutrient supplement promotes further 
degradation of TPH.

Colla et al. (2014) evaluated the structure of bacterial 
community by DGGE, during bioremediation experiments in 
soil contaminated with blend B10. The results showed bacte-
rial community changes in soil bioremediated with different 
strategies over 32 days.

Fig. 2  Cumulative  CO2 production assessed through respirometry in soil contaminated with hydrocarbons after incubation for 60 days. NC nega-
tive control; NA natural attenuation; BAE bioaugmentation/biostimulation; BE biostimulation
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Zeneli et al. (2019) have found that the combination 
of bioaugmentation-biostimulation and native microbial 
communities accelerates the bioremediation process of oil 
refinery sludge, while promoting a superior performance 

of degradation of PAHs. Roy et al. (2018) correlated the 
higher TPH bioremediation in refinery sludge with an 
increase in bacteria from genera described as hydrocarbon-
degrading, such as Bacillus, Achromobacter, Rhodobacter, 
Pseudomonas, when they applied the bioaugmentation 
and biostimulation strategies in combination. The results 
observed in the present study, and the annotations already 
made in the literature show that the bioaugmentation with 
microorganisms that have the potential to degrade hydrocar-
bons and their stimulation with nutrients were the critical 
determinants for the successful removal of TPHs.

Conclusion

The application of a microbial consortium (BAS) showed 
potential for bioremediation when compared with the other 
strategies in 60 days. The results suggest that the degrada-
tion of hydrocarbons can effectively be achieved through the 
formulation and application of autochthonous microorgan-
isms, depending on the treatment time and characteristics of 
the contaminated area. Also, the scale-up strategy showed 
satisfactory results in real field conditions. According to the 
present knowledge, this is one of the first studies to report 
scale-up successful bioaugmentation of TPH-contaminated 
soil in Brazil.
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