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Abstract One of the possible ways of recovering the
environmental quality of contaminated soils is the bio-
remediation process, in which soil pollutants are degrad-
ed using microorganisms. In this context, the evaluation
of the bioremediation process efficiency was evaluated
by preparing a consortium of autochthonous microor-
ganisms of the soil from an area contaminated by wood
preservatives. Subsequently, biodegradation experi-
ments were performed on microcosm scale, applying
bioaugmentation, enrichment and biostimulation tech-
niques in two inoculums. The experiments were moni-
tored by CO2 production and the presence of total
polycyclic aromatic hydrocarbons (PAHs). Organic ex-
tracts of this soil were prepared before and after being

submitted to bioremediation, in which the 16 PAHs
considered priority pollutants by USEPAwere analyzed,
and compared to the responses found for microbial
respiration. The initial concentration of the PAHs was
34 mg/Kg. All the treatments achieved a removal rate
above 60 %, and the mean degradation was 88 %.
Statistical analyses of the results of CO2 production
showed a significant difference between all treatments
for the control soil, except inoculum 1 (bioaugmented).
However, inoculums 1 and 2 present a more efficient
performance than the contaminated soil itself. When
inoculums 1 and 2 (bioaugmented, biostimulated, and
enriched) were compared, inoculum 2 presented a great-
er evolution of CO2 and a better performance in PAHs
degradation. Therefore, it was more efficient in the
experiment. Hence, as the best results were obtained
with the inoculum whose mixed culture had been
enriched, this technique definitely has a greater potential
for biodegradation in bioremediation processes with
these contaminants.

Keywords Biodegradation . Inoculum . Autochthonous
microorganisms . Enrichment . Respirometry

1 Introduction

Soil contamination is one of the main environmental
problems resulting from the mismanagement of existing
natural resources. Among the main classes of contami-
nants that are of environmental concern are the polycy-
clic aromatic hydrocarbons—PAHs. These compounds
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are present in thousands of contaminated areas world-
wide, 16 of them classified as priority pollutants by
USEPA. These substances are considered toxic and
persistent (Sayara et al. 2011; Mizwar and Triha 2015;
Posada-Baquero and Ortega-Calvo 2011), and their deg-
radation process in the soil is complex and not fully
understood (Serrano et al. 2009). One of the alternatives
for the remediation of contaminated areas by PAHs is
bioremediation. This technique is considered promising
and appears more sustainable than other decontamina-
tion technologies (Sayara et al. 2011; Moscoso et al.
2012; Sun et al. 2010; Trindade et al. 2005). However,
so far it has been applied in less than 10 % of the
recovery of soil quality (Gillespie and Philp 2013), and
it is necessary to perform laboratory-scale biodegrada-
tion experiments to strengthen the credibility of this
technique (Haritash and Kaushik 2009; Posada-
Baquero and Ortega-Calvo 2011).

Bioremediation can be developed by applying bio-
stimulation and bioaugmentation processes. In bio-
augmentation, there are added selected microorgan-
isms that can tolerate and metabolize the contami-
nants of interest (Li et al. 2009; Gillespie and Philp
2013), while biostimulation occurs by the addition of
nutrients or electron receptors aiming to increase the
autochthonous activity of soil. It also highlights that
the two techniques may be applied jointly. The use of
autochthonous microbiota as an inoculum is relevant,
since the microorganisms present will be pre-adapted
and supposedly capable of metabolizing the existing
contaminants. In this context, there are known ad-
vantages to using consortia of bacteria and fungi.
Through biodegradation synergy, they allow fungi
to break down aromatic rings, followed by the action
of bacteria on the metabolites generated (Sayara et al.
2011; Li et al. 2009). It must be considered that,
when employed alone, most microorganisms do not
have all the enzymes necessary to metabolize a xe-
nobiotic completely. Thus, in order to present the
action mechanisms that would be present in the nat-
ural environment, the metabolic pathways of micro-
organisms complement each other by microbial con-
sortia (Jacques et al. 2007; Gaylarde et al. 2005).

One of the strategies to evaluate the metabolic activ-
ity of microorganisms in soil in a bioremediation pro-
cess is to quantify the CO2 production resulting from
microbial respiration in soil. This parameter indicates
the biodegradation, allowing the total quantity of con-
taminants, such as PAHs mineralized by the action of

microorganisms to be estimated (Bartha and Pramer
1965; Mariano et al. 2009; Serrano et al. 2009).

Most of the studies on PAH biodegradation work with
the possibility of using autochthonous microorganisms
from the sites with related contaminants. However, most
use isolated microorganisms (Sun et al. 2010) or even
consortia to degrade not the group of PAHs—as they
would really present in contaminated environments—but
only a specific PAH or against two, three compounds
representing this chemical class (Li et al. 2008; Cerniglia
1992), in artificially contaminated soils. In this situation,
there are gaps in the investigation of bioremediation
considering the behavior of these complex mixtures in
soils that are truly representative of the environment after
long periods of contamination (Li et al. 2009). Further-
more, these practices do not reflect the degradation pro-
cess that occurs in natural environments in the presence
of bacterial communities (Sun et al. 2010).

The objectives of this study were (i) to prepare a
consortium of autochthonous microorganisms from
PAH-contaminated soils; (ii) to examine the effect of
bioaugmentation, enrichment, and biostimulation on
biodegradation; and (iii) to evaluate the efficiency of
the bioremediation of contaminated soil on a microcosm
scale through CO2 production as an indicator of micro-
bial metabolism and to quantify the concentrations of
total PAHs present.

2 Material and Methods

2.1 Contaminated Area and Soil Sampling

The soil samples were collected in a contaminated area
in the municipality of Triunfo in the State of Rio Grande
do Sul, Brazil. There had been a wood preservatives
industry at that site for over 40 years which was no
longer active. Previously performed studies indicated
the presence of the contaminants pentachlorophenol,
creosote, metals (As, Cu, and Cr), and PAHs (Pohren
et al. 2012; FEPAM/CNPq 2010). In this study, PAHs
contamination from aged creosote-contaminated soil
was given priority.

A composite sampling (pool) was performed from
three areas (Fig. 1) with the highest values of pollutants
of interest: PAHs, based on previous studies (Pohren
et al. 2012). The sampling points to make up the pool of
soil samples collected in the area were georeferenced (S
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29° 52′ 17.13′′, W 51° 43′ 7.26′′; S 29° 52′ 17.27′′, W
51° 43′ 8.8′′; S 29° 52′ 17.94′′, W 51° 42′ 56.32′′).

The minimum period of 7 days without rain was ob-
served to perform the sampling, and the recommendations
of USEPA (1996) were followed. The samples were col-
lected at points 0 to 20 cm deep, consisting of three sub-
samples, homogenized to obtain a single sample for each
of the collection points, and after all the points placed
together and homogenized composing a representative
pool of the contaminated soil in the area (CS), which
was stored in dark glass flasks and kept at 4 °C until it
was used. The soil grain size analyses were performed
using the simple classification method, the water content
by gravimetry, and the field capacity according to
EMBRAPA (1997). The pH was analyzed by
DIGIMED/DM-22 potentiometry/pHmeter, organic car-
bon by the Walkley-Black method, total N Kjeldahl, ana-
lyzed as Standard Methods for the Examination of Water
Wastewater (1995), and basic digestion and hexavalent
ch romium by a co lo r ime t r i c method wi th
diphenylcarbazide. Its main properties of the collected soil
are as follows: texture: sand (48.3 %), silt (17.6 %), clay
(12.8 %), and gravel (21.3); pH 6.3; water holding capac-
ity, 24 %; organic matter (o.m.), 3.4 %; organic carbon,
2.4 %; total N, 0.042 %; and Cr6+, <1 mg/kg.

2.2 Chemical Mediums and Reagents

The PAHs phenanthrene, fluoranthene, pyrene, 1-
nitropyrene, 2-nitrofluorene (all with purity >98 %)
(Sigma-Aldrich) were selected and used in the degrada-
tion experiments. The stock solutions of individual
PAHs were prepared in chromatographic grade solvent
(acetone—Merck do Brasil) and used to form the pool
of PAHs employed in the experiments. After the pool
was applied to the soil, the solvent was evaporated under
an N2, resulting in a final concentration of 4 m/kg of
each PAH in the soil. The PAH pool added corresponds
to some representatives of the class of contaminants
present in the soil in the area of this study, including
high and low molecular weight, aiming to promote co-
metabolism and some PAH derivatives.

The following culture mediums were used: nutrient
agar (NA) 1.8 %, plate count agar (PCA) 39 g/L, agar
Sabouraud dextrose (SDA) 65 g/L, and BH medium—
Buschell Hass (Difco®), Blood agar, MacConkey and
Cromoagar UriSELECT 4 (Bio-Rad Laboratories,
Marnes-La-Coquete, France), containing (g/L) MgSO4,
0.2; CaCl2, 0.02; KH2PO4, 1.0; K2HPO4, 1.0;
NH4NO3, 1.0; FeCl3, 0.05; NaCl 0.85 %; KOH,
0.2 M; HCl, 0.1 M; and BaCl2, 0.5 M. After

Fig 1 Soil contaminated site indicating the pool of sampled soils
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preparation, the culture mediums and dilution solutions
were autoclaved at 120 °C for 20 min.

2.3 Presence of Microorganisms

The bacteria were cultured in general counting mediums
and selective mediums. In order to perform a general
count, the 10-g samples of contaminated soil (CS) were
placed in erlenmeyers containing 90 mL of sterilized
saline solution NaCl 0.85 %. The flasks were agitated in
a shaker at 140 rpm for 10 min, at a temperature of 28 ±
2 °C. Then, aliquots were diluted into decimal series and
submitted to plating. The rest was kept under refrigeration
for later use in preparing the inoculums for evaluation.

The PCA culture medium containing cyclohexamine
15μg/mLwas used to count the bacteria, and for counting
the filamentary fungi, the SDA medium with chloram-
phenicol 10 μg/mL was used, with a surface technique.
The plates in triplicate were then incubated for 48 h at
35 °C and 5 days at 28 °C, respectively for bacteria and
fungi. After incubation, the colonies were counted and
referenced as colony forming units per gram of dry soil
(CFU/g/ds). The morphologically identical colonies were
isolated and submitted to identification. After isolation, the
plates with PCA and SDAwere reserved to compose the
inoculums of the biodegradation tests.

A sample of 1 g of CS was added to 10 mL of sterile
saline solution at 0.85 %, to perform a count in selective
mediums and, after shaking, aliquots diluted in a deci-
mal series were inoculated into the selective mediums to
count the CFU per milliliter per gram. After 24 h, and
whenever necessary, up to 7 days of incubation, the
plates were analyzed for the number of CFUs. The
different morphological biotypes of the colonies were
identified by standardized biochemical tests in a labora-
tory of Dr. Carlos E Levy at UNICAMP/SP.

Bacteria and fungi counts were compared among
treatments using analysis of variance (ANOVA) with
Bonferroni correction for multiple tests. For these analy-
ses, data were transformed using log transformation. The
statistical programs used were the BStatistical Analysis
System^ (SAS), version 9.2, and Statistical Package For
The Social Sciences (SPSS/PASWSTAT), version 18.

2.4 Preparation of Inoculums for Biodegradation Assays

For the biodegradation assays, inoculums 1 and 2 were
prepared from soil suspensions made for the general
count of microorganisms. Among the plates containing

decimal dilutions, colonies were selected with different
biotypes predominant in the mediums. These colonies
were later used to compose Binoculums 1 and 2^ by
transfer to a sterilized saline solution. Plates with the
CS suspension were also prepared without dilution, and
the microorganisms grown to compose the inoculum
were leached.

Leaching was done by scraping the bacteria and
fungi with a glass blade, using NaCl 0.85 %. Of the
resulting liquid fraction, rich in soil microorganisms,
300 μL were inoculated into an erlenmeyer containing
BH medium. The microorganisms, which composed a
mixed culture of fungi and bacteria, received the joint
addition of counting suspensions of the microorganisms
and also of the representative colonies. This resulted in a
pool of autochthonous microorganisms composing the
so called Binoculum 1.^ This consortium was incubated
at 28 ± 2 °C in a shaker at 200 rpm for 7 days.

The Binoculum 2^ was formed adding 10 mL of
inoculum 1 90 mL of the BH medium, adding 2 mL of
the PAH pool. The BH medium also received 0.05 g of
glucose and 0.05 g of yeast extract. Inoculum 2was kept
in a shaker under agitation for 7 days at 28 ± 2 °C, for
the microorganisms to adapt to the PAHs.

2.5 Bioremediation Experiments

2.5.1 Microbial Metabolic Activity

The laboratory-scale bioremediation experiments were
performed using Bartha and Pramer respirometers, ac-
cording to the biodegradation methodology described in
Standard NBR ABNT 142831 and Technical Standard
CETESBL6.350 (Bartha and Pramer 1965; NBR 14283
1999; CETESB 1990). The tests were performed at
UNESP—Rio Claro/SP. Fifty grams of CS were added
to the respirometry flask with moisture level adjusted to
60 % of soil water holding capacity. Each flask of
microcosm received 0.2 mL of inoculum containing
1 × 107 CFU/mL in the corresponding treatments. Ta-
ble 1 shows the experimental protocol performed in
triplicates.

High values of C/N lead to slow degradation pro-
cesses. This required the addition of materials to aid in
soil biodegradation process, such as fertilizers and or-
ganic compounds. Thus, the addition of materials such
as fertilizers and organic compounds was necessary to
improve the soil biodegradation process. An already
stabilized solid compound from composting (0.5 %)
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was added to treatments 5CS and 7CS, and liquid fer-
tilizer from the agricultural degradation of vine residue
(0.5 %) was added to 6CS and 8CS. The microcosm soil
was adjusted to maintain the 60 % FC of the soil.

The respirometers were incubated at 28 ± 2 °C (dark)
for 60 days and examined periodically for the CO2

content as an indicator of the microbial respiration in-
volved in the degradation of organic compounds in soil.
The CO2 produced during the experiment is neutralized
in a solution of KOH (0.2 M) located in the respirome-
ter. The amount of gas released is quantified by the titer
of the residual KOH with HCl and addition of BaCl2.
During this procedure, the respirometers were aerated
through filters with soda lime with replacement of a new
solution of KOH. Every day of the evaluation of CO2

evolution during biodegradation, a blank test was per-
formed in a Becker containing 10 mL of a solution of
KOH, phenolphthalein, and BaCl2.

In order to perform the calculations, the production of
CO2 of the respirometer used as control was subtracted
from the mean production of the others in the experi-
ment. The CO2 was quantified by the daily production
and referenced by the accumulated evolution for each of
the treatments. The equation used was μmol CO2soil =
(A − B) × 50 × f

HCl
, where A = volume of HCl 0.1 M to

titrate KOH of the CS/Control, in mL; B = volume of
HCl 0.1 M to titrate KOH of the respirometer with the
soil of treatments in mL; 50 = factor to transform equiv-
alent into μmol of CO2; and fHCl = correction factor of
the HCl 0.1 M solution.

After the incubation period of the respirometers, the
CS of the triplicates was joined together and submitted

to microbial counting and to organic extraction to re-
cover the residual PAHs in order to look at bioremedi-
ation efficiency.

The data on accumulated production of CO2 pro-
duced during 60 days in the different treatments were
submitted to analysis of variance (ANOVA) for repeat
measures and Bonferroni’s test for multiple compari-
sons. Pearson’s correlations were performed to look at
the relation between CO2 production and the concentra-
tion of the different PAHs. The statistical programs used
were the Statistical Analysis System (SAS), version 9.2,
and Statistical Package For The Social Sciences
(SPSS/PASWSTAT), version 18.

2.5.2 Evaluation of the Total PAHs Present in the Soil

The organic extracts of soils before and after performing
the respirometric assay for biodegradation were obtained
according to the USEPA—U.S. Environmental Protection
Agency (2007; 1996a, b) method; 15 g of soil were
homogenized and dichloromethane (DCM) solvent was
added, submitted to extraction using ultrasound. These
extracts were filtered in a chromatographic column of
sodium sulfate and celite. They were then concentrated in
a rotavapor and stored under refrigeration. The PAHs were
quantified by gas chromatography coupled to the mass
spectrometer (GC/MS Perkin Elmer model Clarus 600
quadrupole system in SIR mode) focusing on 16 species
classified as priority pollutants by USEPA: acenaphthene,
acenapthylene, anthracene, benzo(a)anthracene,
benzo(a)pyrene, benzo(b)fluoranthrene, benzo(b)perylene,
indeno(1,2,3-cd)pyrene, benzo(k)fluoranthrene, crysene,
dibenzo(a,h)anthracene, phenathrene, fluoranthrene,
fluorene, naphthalene, and pyrene, according to the
USEPA SW846/8270-D method. The results were
expressed as total PAHs present.

The percentage reduction was calculated as
%BiodPAHs = [(CHi −CHf)/CHi] × 100, where CHi is
the initial concentration of the PAHs and CHf is the final
concentration of the PAHs (Sayara et al.; Sun et al. 2010).

3 Results and Discussion

3.1 Bacteria and Fungi Present in the Contaminated Soil

The number of bacteria and fungi present in CS before
the experiments was 5.35 × 107 CFU/g/ds and
1.25 × 104 CFU/g/ds, respectively. When the same soil

Table 1 Experimental protocol of biodegradation in the
respirometers

Treatments Respirometric experiments

1CS Contaminated soil—control

2CS Soil + inoculum 1

3CS Soil + PAH pool

4CS Soil + inoculum 1 + PAH pool

5CS Soil + solid compound

6CS Soil + liquid fertilizer

7CS Soil + inoculum 1 + solid compound

8CS Soil + Inoculum 1 + liquid fertilizer

9CS Soil + inoculum 2

10CS Soil + inoculum 2 + PAH pool

CS contaminated soil
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in the region, used as reference, was evaluated, the
following was found, respectively, for bacteria and fun-
gi: 1.2 × 106 and 1.4 × 102 CFU/g/ds. This difference in
the number of microorganisms may indicate that some
organic substrate is being used.

A diminished number of CFU/g/ds of bacteria were
recorded in all treatments, when the counts in CS are
compared before and after the end of the biodegradation
experiments (Fig. 2). Thus, it is noted that even in the
treatments where nutritional stimuli were added, not all
microorganisms benefitted and increased their popula-
tions. This means that some of the bacteria and fungi
present were unable to access the necessary nutrients
and/or minerals, or diminished their number by compe-
tition or other limiting factors. Although this reduction
occurred, in terms of contaminant degradation, the re-
sults show that no inhibitory effects on the bacterial
population were presented, that could degrade the con-
taminants of interest. Even with these variations regard-
ing the initial population, numerically, the autochtho-
nous microorganisms were enough to promote biodeg-
radation. In studies performed with respirometers of
Bartha and Pramer (Mariano et al. 2009), often, the
number of microorganisms obeys the Gauss curve. Out-
standing among the possible reasons are competition,
depletion of nutrients, production of antagonic metabo-
lites, and the condition of the respirometers themselves.

In the control soil (1CS), as well as in the other
treatments, the number of bacteria diminished after
60 days. The development of the autochthonous pop-
ulation was restricted indicating the need to provide
nutrients and/or enrichment to keep the population
viable.

As to the CS, there was a similar count of bacteria
and fungi (Fig. 2) in treatments with bioaugmentation
and/or biostimulation (2CS and 9CS), possibly indicat-
ing the need for some additional source of carbon to
promote population development, since the soil is poor
in organic matters (o.m.). In bacteria counts, a signifi-
cant difference was observed between the treatment 1CS
and all others, except 7CS, with p value < 0.001. As for
the treatments with inoculums, 2CS and 9CS, they
differed only from 1CS and 3CS with p < 0.001.

According to the values of the fungi found in CS 1, 2,
and 9, the increase of inoculums did not have much
influence, no significant difference between treatments.
In the other treatments with biostimulation and enrich-
ment, the values were higher and may be associated with
the growth of the present population itself because of the
addition of nutrients, although not statistically significant.

These results further clarify the responses obtained,
since a statistical analysis of data on CO2 production
showed a significant difference between all treatments
in relation to the control soil. However, when inoculum
1 (bioaugmented) and inoculum 2 (bioaugmented,
biostimulated, and enriched) are compared, it is found
that inoculum 2 presented a greater evolution of CO2

and better performance in the degradation of the con-
taminants of interest.

In the case of the soil that received the contribution
from the PAH pool (3CS), more bacteria and fungi
developed compared to the other treatments, with
p values ranging from 0.001 to 0.05. This result indicates
that even with the concentration of the PAH pool added
to the CS, there was no inhibition of growth of the native
microbiota, rather, it was stimulated. This proportion

Fig 2 Mean quantification of
bacterial and fungal CFU/g/ds
after respirometric treatments
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which is outstandingly superior in 3CS indicates that
other treatments may have favored some species of bac-
teria/fungi, or have presented more limited conditions for
the development of the same number found in the control
soil. The greater number of microorganisms may be
considered the result of the autochthonous population
well adapted to the type of contaminant used for enrich-
ment. Hence, it can be said that the bacteria and fungi
found in the soil of the contaminated area managed to
adapt to the new concentration of PAHs. This response
pattern indicates that the soil has, naturally, a resistant
population adapted to the contaminants of interest in the
study and detected during the time of the experiment.

After seeding microorganisms in the selective me-
diums, the bacteria were identified from the plates inoc-
ulated with diluted aliquots of 1 × 103 for bacteria and
1 × 102 for fungi. The colonies isolated in the selective
mediums were identified and inserted in Table 2.

The bacterial and fungal strains with the capacity to
degrade PAHs often reported in the literature are Pseu-
domonas sp., Bacillus, Burkholderia, Sphingomonas,
Actinetobacter sp., Flavobacterium sp., among others
(Jacques et al. 2005; Haritash and Kaushik 2009;
Cerniglia 1992), as well as some fungi, such as Asper-
gillus, Cladosporium, Fusarium, Trichoderma,
Phanerochaete, Lentinus, etc. (Serrano et al. 2009;
Haritash and Kaushik 2009; Giraud et al. 2001).

In biodegradation studies, the inoculation of mixed
cultures is outstandingly relevant—associating species
of fungi and bacteria. These mixed cultures will use
different strategies that are, however, complementary

in the degradation of substrates, including the PAHs.
Among the bacteria identified Pseudomonas sp.,
P. putida and P. aeruginosa are known to present a high
potential for degradation compared with crysene, fluo-
ranthene, pyrene, and benzo(a) anthracene in supple-
mented mediums (Trzesicka-Mlynarz and Ward 1995).
Another bacteria among those that were identified,
Burkholderia cepacia can degrade fluoranthene and
benzo(a)anthracene, and also fluorene in PAHs originat-
ing in creosote (Juhasz et al. 1997). For the oxidation of
phenanthrene, according to Kim et al. (2009),
Acinetobacter baumanni was able to degrade phenan-
threne; concordant results were also found in a study by
Aitken et al. (1998) for genera Burkholderia and Pseu-
domonas, among others shown by the study mentioned.

The dominant fungi colonies were isolated and iden-
tified as: Cladosporium sp., Penicillium sp.,
Trichoderma sp., Fusarium sp., and Aspergillus
fumigatus. Among these, the action of genera
Cladosporium, Aspergillus sp., and Fusarium is well
known to biodegrade some types of PAHs, such as
benzo(a)anthracene and benzo(a)pyrene (Giraud et al.
2001; Serrano et al. 2009; Haritash and Kaushik 2009;
Lladó et al. 2013a). Besides these, some species of
Trichoderma are known for the capacity to metabolize
naphthalene, phenathrene, crysene, pyrene, and
benzo(a)pyrene (Zafra and Cortés-Espinosa 2015).

Although the microbial identification is simple, it
enables a view of the richness of this soil with such a
diverse contamination and submitted to pollutants for
decades in a real environment, which does not occur in
most studies to evaluate the bioaugmentation and bio-
stimulation techniques when experiments are performed
with artificially contaminated and/or sterilized synthetic
soil samples (Semple et al. 2007).

3.2 Evaluation of the Efficiency of Inoculums 1 and 2

The continuous quantification of CO2 during the exper-
iment shows the metabolic activity of the microorgan-
isms, so that it is possible to compare the performance of
the consortia prepared. It was found that the production
curve of CO2 did not present the Bphase lag^ (Fig. 3)
that would indicate the period of adaptation of the
microorganisms to the substrate added. Figure 2 indi-
cates that the microorganisms were able to metabolize
the PAH molecules present in the soils of the respirom-
eters. According to the pattern of CO2, evolution curves,
the microbial metabolism obeyed a constant evolution

Table 2 Mean quantification of the CFU/g/ds of bacteria identi-
fied in the contaminated soil

Microorganisms Final count

Bacillus sp. 8.0 × 106

Acinetobacter baumannii 5.8 × 107

Pseudomonas sp. 3.0 × 107

Pseudomonas putida 1 1.6 × 107

Pseudomonas putida 2 1.1 × 107

Pseudomonas aeruginosa 2.3 × 107

Enterobacter cloacae >107

Pantoea sp. >107

Burkholderia cepacia 2.0 × 106

Enterobacter aerogenes 3.8 × 104

Serratia sp. 1.8 × 104

Klebsiella pneumoniae 7.0 × 104
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of CO2 and was completely consumed during the
66 days in which the experiment was followed.

The CO2 production responses were significantly
different from the amount generated by the control soil
(1CS), except the response for the 2CS treatment (soil
bioaugmented with inoculum 1). It should, however, be
mentioned that inoculum 2 (treatment 9CS) significant-
ly improved biodegradation. As the days go by, howev-
er, the difference in the production of CO2 between
treatments 2 and 9 (with the inoculums) grows, favored
by the addition of microorganisms and by biostimula-
tion. Inoculum 2 shows a greater generation of
biodegraded carbon already from the beginning of the
experiment, when the degradation of some more labile
substances may have occurred; the evolution continued
parallel and continuously in relation to inoculum 1. The
microorganisms of inoculum 2 were previously exposed
to the PAHs. This enrichment may have induced a pre-
adaptation or selection of microorganisms more tolerant
to PAHs than those of inoculum 1. Until the 24th day,
the CO2 production curves presented a similar behavior.
However, treatment 1CS indicated a decrease in CO2

production. Considering the experimented projected
over time, probably the curves of inoculums 1 and 2
would tend to stabilize, indicating behaviors similar to
those of the prepared inoculum, toward the contaminat-
ed soil—differently from what would happen with the
control treatment of the area itself (1CS) that tends to
stabilize faster, as indicated in Fig. 3.

The control soil (1CS) can be considered as a site
submitted to natural attenuation. However, evaluating
CO2 production in the microcosm experiments, higher
production was observed where microbial enrichment
occurred in the samples to be biodegraded, and it can be
inferred that the soil in the area benefits from the inoc-
ulums added. It should be highlighted that inoculums 1
and 2 (treatments 2 and 9, respectively) have a similar
metabolic performance, more efficient than the contam-
inated soil itself (1CS). This demonstrates that the in-
creased quantity of pre-adapted organisms in the sub-
strate favors faster degradation of the contaminants, as
recorded at 2CS, 7CS, and 8CS. In this experiment, it is
emphasized that the solid compound and liquid fertilizer
are stabilized products, and the response found in 6CS
and 8CS—treatments that received these nutrients—
reflects the degradation of the contaminants present in
the soil of the contaminated area, whose difference to
each other was not statistically significant. It is found,
however, that the action of the nutrients offered by the

fertilizer associated with the inoculum added favored
the evolution of CO2 (Fig. 3). The soil to which only the
liquid fertilizer was added responded with a lower pro-
duction of CO2. It should be pointed out that this be-
havior of inoculum 1 in relation to the addition of liquid
fertilizer is justified since this inoculum did not receive
the input of yeast extract and glucose, and despite this,
the microbial community remained viable. However,
the possibility should be considered of increased bio-
degradation due to the input of humic material that can
make the desorption of PAHs easier (Sayara et al. 2011;
Semple et al. 2007).

The presence of the nutrients from liquid fertilizer
added to the soil in the area (8CS) changes the response
pattern of the action of inoculum 1, with a rapid evolu-
tion of CO2 from the sixth day onward. The presence of
micronutrients of this product may have favored the
growth of the microorganisms that are originally in the
soil, making biodegradation easier in the first 6 days.
Experiments with the addition of compounds and fertil-
izers may mean the presence of humic materials which
induce increased stability, acting as surfactant and re-
leasing PAHs sorbed into the soil (Megharaj et al. 2011;
Sayara et al. 2011), the liquid fertilizer used in the
experiment having a concentration of 6.4 % of humic
acids. In this study, mixed microbial cultures that are
potential producers of biosurfactants were inoculated—
even though this was not analytically evidenced. This
inoculation together with the addition of liquid fertilizer
may induce the natural formation of molecules as
biosurfactants. The presence of biosurfactants induces
mobility and bioavailability of insoluble compounds,
favoring pollutant biodegradation (Rahman et al. 2003).

Likewise, when a substrate is enriched with nutrients
that can be metabolized by microorganisms, respiratory
activity will be associated with this biostimulation.
Therefore, the introduction of the PAH pool for the
microbial consortium in the soil—even when it does
not undergo adaptation resulting from manipulation in
the laboratory—showed that it contributes to the greater
evolution of CO2, as recorded by the response of treat-
ment 3CS. This demonstrates that the autochthonous
microorganisms present in the soil collected, despite
not being bioaugmented, over time can degrade the
contaminants under the conditions of the experiment
and are helped by the natural adaptation of microorgan-
isms to the PAHmolecules. During the follow-up period
of CO2, production, treatments with a PAH pool pro-
duced more CO2 than the control soil. No inhibition of
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metabolic activity was found, and from the continuous
CO2 production, contaminant degradation can be con-
sidered to have occurred.

Inoculum 2 with the pool—enriched and adapted
10CS—pointed to a greater evolution of CO2 compared
to the previously bioaugmented inoculum 1 (4CS). In
treatments 3CS, 9CS, and 10CS, a greater CO2 produc-
tion was detected compared to 1CS, and also found for
biodegradation in the same type of microcosmwith soils
artificially contaminated with PAHs (Serrano et al.
2009). Although the percentage reduction with the ad-
dition of the PAH pool increased compared to 1CS,
when compared to the soil with the addition of the
PAH pool, the inoculums do not increase biodegradation
of the treatments. However, under conditions in which
the experiment lasts longer, the microorganisms could
achieve greater adaptation and show differentiated
effects.

As observed, the metabolic activity of the microor-
ganisms may vary during biodegradation. According to
the study that evaluated the degradation of TPHs in
recently contaminated soil (Trindade et al. 2005) sub-
mitted to bioaugmentation and biostimulation, de-
creases are probably due to the beginning of the degra-
dation of another profile of molecules, the more recal-
citrant ones, as in the case of the high molecular weight

PAHs, with four or more aromatic rings. Slowdowns
during the process may indicate the difficulty of micro-
organisms present in the microcosm to continue their
metabolic routes of degradation of the available pollut-
ants. Many factors could be associated with this pattern
of microorganism behavior in degradation, and this may
be related to limitations regarding the transfer of con-
taminants, with greater sorption of hydrophobic organic
contaminants—such as PAHs—to the soil matrix,
diminishing the percentage and extent of biodegrada-
tion, because they prevent the bioavailability of the
existing contaminants (Kottler and Alexander 2001;
White et al. 2007).

Soil properties, such as o.m. content and the predom-
inant grain size fraction, play a decisive role in contam-
inant biodegradation. The PAHs are hydrophobic, and
therefore, they tend to sorption in the solid phase of soil
(Haritash and Kaushik 2009). Therefore, the fraction
that is sorbed becomes inaccessible to microorganisms.
The presence of sand (48.3 %) may have influenced the
biodegradation of the main PAHs analyzed, although it
was not expressed in the conversion to CO2—since
other degradation products may have been generated.
The ability of soil to desorb the pollutants determines its
susceptibility to microbial degradation and the effective-
ness of bioremediation, and the pollutants and other

Fig 3 Accumulated production of CO2/day in the biodegradability tests using Bartha’s respirometry
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substrates must be available (Megharaj et al. 2011).
Since it is a sandy soil, the pollutants present are more
accessible and available for biodegradation (Guerin
1999; Trindade et al. 2005). This situation can be con-
firmed by the approach involving the low o.m. concen-
trations present, which may have made it easier for the
microorganisms to perform metabolization.

In this study, the best results were obtained using the
bioaugmented and biostimulated inoculum. This shows
a greater potential for biodegradation in bioremediation
processes.

3.2.1 Analysis of PAHs

The initial total concentration of the 16 PAHs was
34 mg/kg (Fig. 4). All the treatments reached a per-
centage reduction of PAHs in soil above 60 %, and
the mean degradation efficiency was 88 %. This
performance provides an indicator of effective poten-
tial to be used in bioremediation. The highest per-
centage of degradation detected after performing the
respirometric tests was observed in treatment 8CS
(soil + inoculum 1 + liquid fertilizer), presenting a
lower residual value of 1.58 mg/kg of total PAHs,
which is in accordance with the response of greater
respiratory activity, as demonstrated by CO2 produc-
tion in this treatment in the assay of biodegradation in
microcosms.

The values obtained in the treatments that received
the inoculums prepared presented the greatest reduction
of target pollutants. This was proved when the percent-
ages of degradation of the sum of total PAHs in soil were

compared before bioremediation and after the treat-
ments (Table 3).

The degradation of the more recalcitrant PAHs,
particularly those with a higher molecular mass, is
facilitated by the presence of the slow growing pop-
ulations. These microorganisms are prevalent when
nutrients are scarce (Johnsen and Karlson 2007).
Although in 1CS compounds with high molecular
weight predominate as remnants (Table 3), there is a
considerable percentage of biodegradation. This re-
sponse should be noted since the soil has not received
any input. This shows that microorganisms of the
contaminated area after a long time of adaptation to
this contaminant profile manage to biodegrade con-
taminants or more recalcitrant metabolites. The re-
sponses obtained show the need for bioaugmentation,
biostimulation, and also enrichment even in soils
exposed for a long time to contaminants in order to
maximize the efficiency of bioremediation processes.
The lowest percentage biodegradation for recalcitrant
PAHs (from five to six rings) occurs in the control
soil, without nutritional addition or bioaugmentation.
On the other hand, the treatments that were
biostimulated with a pool of PAHs presented a high
percentage of degradation. This indicates through
another mechanism, that enrichment favors the acti-
vation of the autochthonous microorganisms. This
biostimulation may have activated the microbiota
that are resistant to metabolizing PAHs of different
molecular masses, including those with a high MW.
This was also found in the study of Li et al. (2009)
with low concentrations of PAHs in soils of a long-
time contaminated area, where one of the possibilities

Fig 4 Concentration of total
PAHs before and after
biodegradation experiments
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considered was the contact favored between fungus
mycelia and contaminants due to the long time of
contamination.

Consortium is bacterial-fungus are more likely to
promote more effective biodegradation (Boonchan et al.
2000; Lladó et al. 2013b; Li et al. 2008). Fungi such as
Coriolopsis, Bjerkandera, Penicillium, and others have
proved efficient in relation to biodegradation of high
molecular mass PAHs. Fungal exoenzymes are consid-
ered more efficient than bacteria in the initial attack of
more complex PAHs. The fungal exoenzymes can go
further in disseminating and reaching the compounds.
In natural environments, these microorganisms coexist
in soil and there is catalytic and synergistic cooperation
between them. As in this work, in other studies
(Boonchan et al. 2000; Li et al. 2009; Li et al. 2008) high
rates of degradation of high molecular mass biodegrada-
tion were found after the inoculation of autochthonous
microorganisms. These studies suggest that the inocula-
tion the inoculation of mixed cultures from contaminated
soil may have been responsible for the bioavailability and
consequently the decrease of PAHs concentration. It is
considered that the respirometer conditions can make
contact easier between existingmicroorganisms, between
the contaminants, humidity, and electron acceptors, lead-
ing to efficient bioremediation.

According to a correlation analysis, it was observed
that only the following PAHs, crysene, naphthalene,
acenaphtylene, anthracene, phenanthrene fluorine, and
pyrene, appeared to be related to CO2 production, with

r = 0.76502, 0.72567, 0.75951, 0.81288, 0.81081,
0.78288, and 0.80677 values, respectively. Hence, it
could be considered that the recalcitrant PAHs (five
and six rings) are not associated with the generation of
CO2 measured; the biodegradation of these compounds
appears to generate intermediate by-products instead of
reaching the integral mineralization route.

Considering the PAHs individually in relation to the
initial concentration in CS (Table 4), it was found that
the highest percentage of degradation occurred for naph-
thalene (99.6 %). Due to the physicochemical proper-
ties, because it is a light PAH, this compound has high
rates of degradation under the action of adapted micro-
biota. It is underscored that in the cases of compounds
such as naphthalene and other light compounds, given
their physicochemical characteristics, their high rates of
degradation are possibly influenced by loss due to the
volatility inherent to these molecules. The high rates of
degradation were also observed by Lladó et al. (2013a),
in a study on soils that had suffered the impact of
creosote for many years, where high molecular mass
PAHs such as phenanthrene, for instance, presented a
degradation of 95 % under fungal action.

Other compounds with the highest rates of degra-
dation were benzo(k)fluoranthene, with 99 % (five
rings), pyrene with 98.8 % (four rings), crysene with
98.7 % (four rings), and benzo(g,h,i)perylene with
97.5 % (six rings). In another study, also with au-
tochthonous microbial cultures in soil from an area
contaminated by PAHs (Sun et al. 2010), high rates
of degradation were also found for compounds such
as pyrene and fluoranthene, 82.8 and 96.2 %, respec-
tively. It should be highlighted that this performance
shown for recalcitrant PAHs may be the result of co-
metabolism. In this process, the compound is not
used directly as a nutrient or source of energy; the
intermediary metabolites produced by some organ-
isms will serve as substrates for the growth of others
(Serrano et al., 2009; Li et al. 2008). Consequently,
this may lead to partial degradation if there are no
enzymes that can transform the metabolites generat-
ed. In this case, the co-metabolizing population de-
grades the substrate, but does not benefit for its
growth, with no increase of the microbial population.
This is evidenced by the diminished number of mi-
croorganisms estimated by counting.

The co-metabolic processes are more likely since
there is an increase in the number of aromatic rings,
i.e., in the degradation of high molecular weight PAHs.

Table 3 Degradation of PAHs (BiodPAHs) in each of the treat-
ments regarding the CS before bioremediation and percent of
PAHs remaining after microcosms (CS)

BiodPHAs
(%)

% high
MW

% low
MW

8CS + inoculum 1 + liquid
fertilizer

95.5 34.8 65.2

9CS + inoculum 2 95.5 44.5 55.5

4CS + inoculum 1 + PHAs
pool

93.0 51.7 48.3

2CS + inoculum 1 92.3 54.1 45.9

6CS + liquid fertilizer 90.8 53.3 48.7

10CS + inoculum 2 PAH pool 88.8 42.9 57.1

1CS control 78.0 66.5 33.5

3CS + PAH pool 69.8 17.2 82.8

MW molecular weight
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This occurs because few microorganisms can use these
compounds direct ly as a source of carbon.
Benzo(a)pyrene, for instance, presented 93.5 % of deg-
radation; its biotransformation by bacteria is described
as possible whenever co-metabolism occurs: bacteria
can develop in pyrene, and can degrade benzo(a) pyrene
by co-metabolism (Boonchan et al. 2000; Kanaly and
Bartha 1999). The presence of the consortium, instead
of a pure culture, is an advantage, since when inoculat-
ing co-cultures, the actions between their metabolic
routes are complementary. These results agree with
work on soil contaminated by oily sewage (Li et al.
2008), in which high rates of degradation were found
for PAHs, including PAHs with five aromatic rings
when using a consortium of bacteria and fungi.

The aromatic compound with the lowest percentage
reduction of PAHs in soil, 62 %, was phenanthrene, a
known molecule with a potential for risks. According to
Kiyohara et al. (1994), naphthalene and phenanthrene
are degraded by the same metabolic route, and there
may have been competition that limited the rates of
degradation for phenanthrene. Possibly, the initially
existing concentrations were toxic to some native or-
ganisms. However, after a longer time of adaptation, the
populations that could degrade them were established
with evolutionary success to the point that the treatments

in general presented a satisfactory performance in
degrading the 16 PAHs.

As observed by Trindade et al. (2005) because
the mineralization phenomenon is slower than the
incomplete transformation route of organic com-
pounds, the efficiency of biodegradation identified
by CO2, production will be lower than the chem-
ical concentrations detected analytically. Therefore,
when analyzing the results of PAH degradation,
the different aspects of transformation must be
considered, since there may also be the formation
of polar intermediate compounds (Trindade et al.
2005; Lundstedt 2003). Besides that, on the time
scale of the experiment, the correspondence be-
tween CO2 production and the magnitude of PAHs
biodegradation may not be sufficiently well
quantified.

This study confirmed that 9CS, with inoculum
2, showed considerable action on the class of
contaminants researched in this field regarding
their initial concentration, before the soil was sub-
mitted to the microcosm-scale degradation experi-
ment, even with a CO2 production that is not as
significant. These results further clarify the re-
sponses obtained, since a statistical analysis of
data on CO2 production showed a significant

Table 4 Initial concentration of
PAHs in contaminated soil before
biodegradation in the respirome-
try assays and final percentage
reduction of individual
biodegradation

Compound N° rings mg/kg Biodegradation rate (%)

Acenaphthne 3 0.0971 94.12

Acenaphtylene 3 0.2337 79.62

Anthracene 3 0.3357 88.63

Benzo(a)anthracene 4 2.7873 91.12

Benzo (a)pyrene 5 2.1496 93.54

Benzo(b)fluoranthene 5 5.8541 92.93

Benzo(g,h,i)pyrilene 6 2.9744 97.54

Benzo(k)fluoranthene 5 3.6323 99.03

Crysene 4 3.8234 98.68

Dibenzo(a,h)anthracene 5 3.2359 95.86

Phenanthrene 3 0.4929 61.82

Fluoranthene 4 3.6776 91.50

Fluorene 3 0.1621 93.15

Indeno(1,2,3,c,d)pyrene 6 0.8687 83.52

Nafthalene 2 0.6800 99.59

Pyrene 4 3.6957 98.75

Sum total – 34.0205 –
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difference between all treatments in relation to the
cont ro l so i l . However, when inoculum 1
(bioaugmented) and inoculum 2 (bioaugmented,
biostimulated, and enriched) are compared, it is
found that inoculum 2 presented a greater evolu-
tion of CO2 and better performance in the degra-
dation of the contaminants of interest.

4 Conclusions

The relevance of using microorganisms native to the
contaminated area can be underscored, since the prepa-
ration of adapted inoculums showed a better perfor-
mance when associated with enrichment and biostimu-
lation. It is undeniable that a potential for PAH degra-
dation in the soil itself is found, without any experimen-
tal intervention, indicating that the soil of the contami-
nated area may be undergoing a process of natural
attenuation, since the microbial communities in the con-
taminated area proved active in degrading the contami-
nants investigated. However, it became clear that with
the input of nutrients and bioaugmentation, the capacity
of the autochthonous microbiota to biodegrade is opti-
mized, establishing it as an efficient and sustainable
process.

It should also be emphasized that the use of consortia
improves the bioremediation processes, since the con-
ventional isolation method for later use can employ only
a fraction of the various degrading microorganisms
present in the environment, and in our experiments,
given the high percentage of degradation, possibly oc-
curred complementation between the metabolic path-
ways. Hence, when we use the integral microbiota in
the form of bioaugmented and/or biostimulated/
enriched consortia, it is possible to promote an effective
action of microorganisms for the biodegradation of
compounds of interest—PAHs, indicating their potential
use for bioremediation.
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