
Science of the Total Environment 618 (2018) 518–530

Contents lists available at ScienceDirect

Science of the Total Environment

j ourna l homepage: www.e lsev ie r .com/ locate /sc i totenv
Remediation of a soil chronically contaminated with hydrocarbons
through persulfate oxidation and bioremediation
Rocío Medina a,b, Pedro Maximiliano David Gara c, Antonio José Fernández-González d,e,
Janina Alejandra Rosso b, María Teresa Del Panno a,⁎
a Centro de Investigación y Desarrollo en Fermentaciones Industriales (CINDEFI), UNLP – CONICET, Calle 50 y 115, 1900 La Plata, Argentina
b Instituto de Investigaciones Fisicoquímicas Teóricas y Aplicadas (INIFTA), UNLP- CONICET, Diagonal 113 y 64, 1900 La Plata, Argentina
c Centro de Investigaciones Opticas (CIOp), CONICET – CIC - UNLP, Camino Parque Centenario e/55 y 508 Gonnet, C. C. 3 (1897), Gonnet, Argentina
d Université de Lorraine, Interactions Arbres–Microorganismes, UMR1136, F-54500 Vandoeuvre-lès-Nancy, France
e INRA, Interactions Arbres–Microorganismes, UMR1136, F-54280 Champenoux, France
H I G H L I G H T S G R A P H I C A L A B S T R A C T
• Effect of remediation chemical oxida-
tion coupled biological treatment was
evaluated.

• Spectroscopic analysis evidenced the
oxidative changes on soil organicmatter
(SOM).

• SOM oxidation promoted the develop-
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PAHs and aliphatic hydrocarbons
elimination.
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The impact of remediation combining chemical oxidation followed by biological treatment on soil matrix
and microbial community was studied, of a chronically hydrocarbon contaminated soil sourced from a
landfarming treatment. Oxidation by ammonium persulfate produced a significant elimination of polycyclic
aromatic hydrocarbons (PAHs) and an increase in PAH bioavailability. Organic-matter oxidation mobilized
nutrients from the soil matrix. The bacterial populations were affected negatively, with a marked diminu-
tion in the diversity indices. In this combined treatment with oxidation and bioremediation working in tan-
dem, the aliphatic-hydrocarbon fractions were largely eliminated along with additional PAHs. The chemical
and spectroscopic analyses indicated a change in soil nutrients. In spite of the high residual-sulfate concen-
tration, a rapid recovery of the cultivable bacterial population and the establishment of a diverse and equi-
table microbial community were obtained. Pyrosequencing analysis demonstrated a marked succession
throughout this twofold intervention in accordance with the chemical and biologic shifts observed. These
remediation steps produced different effects on the soil physiology. Spectroscopic analysis became a useful
tool for following and comparing those treatments, which involved acute changes in a matrix of such chron-
ically hydrocarbon-contaminated soil. The combined treatment increased the elimination efficiency of both
the aliphatic hydrocarbons and the PAHs at the expense of the mobilized organic matter, thus sustaining the
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recovery of the resilient populations throughout the treatment. The high-throughput–DNA-sequencing
techniques enabled the identification of the predominant populations that were associated with the chang-
es observed during the treatments.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Intensive petrochemical activities have for years led to an increase in
the contamination of soils around industrial facilities (Lemaire et al.,
2013a). Indeed, such accumulated petrochemical sludge has continually
needed the application of remediation treatments. According to the
residual-hydrocarbon levels present, the material to be remediated
canusually be handledwithin thepetrochemical area. After an agingpe-
riod, the residual contaminant nevertheless can persist in the soil or
remediated material depending on the pollutant's availability, mobility,
degradability, and/or reactivity (Huesemann et al., 2004; Stokes et al.,
2006; Oleszczuk, 2007; Sutton et al., 2013; Tsibart and Gennadiev,
2013; Abdel-Shafy and Mansour, 2015).

Former petrochemical plant sites that were originally located on the
outskirts of residential and business areas have now often become situ-
ated well within the limits of a city that has since developed. As a result,
these contaminated sites are in close proximity to residential and com-
mercial properties, municipal utilities, and roadway infrastructure. Con-
sequently, the hazardousness of these areas needs to be evaluated and
remediation interventions proposed.

Polycyclic aromatic hydrocarbons (PAHs) are pollutants ofmajor con-
cern because of their significant ecotoxicity, carcinogenicity, mutagenici-
ty, and general toxicity to humans (Gupta et al., 2015; Ranc et al., 2016;
Szczepaniak et al., 2016). The principal occurrence of PAHs in the environ-
ment is associated with anthropic activities such as petroleum and gas
manufacturing and coke production (Bamforth and Singleton, 2005;
Rivas, 2006; Gan et al., 2009). PAHs are strongly hydrophobic and thus
poorlywater-soluble, resulting in a long-term sequestration in various or-
ganic domains of the soil matrix (Sun et al., 2014).

In general, bioremediation has demonstrated success in eliminating
PAHs from contaminated soil (Viñas et al., 2005; Asquith et al., 2012).
The background information on the soil that has been studied, however,
has suggested that bioremediation becomes inefficient in lowering
long-term soil-hydrocarbon concentrations below the stringent
environmental–clean-up standards, leaving frequently more or less
complex residues (Plaza et al., 2009). Therefore, such situations require
a more aggressive intervention.

Chemical oxidation is a promising technology that could overcome the
current limitations on bioremediation. Different types of oxidants have
been investigated for the remediation of contaminated soil including hy-
drogen peroxide, Fenton's reagent, persulfate peroxymonosulfate, per-
manganate, and ozone (Osgerby, 2006; Lim et al., 2016). Persulfate is
increasingly being used for in-situ chemical oxidation -ISCO- of PAH-
contaminated soils and groundwater (Liu et al., 2014; Peluffo et al.,
2015). Stable at room temperature, persulfate can be activated via heat,
transitionmetals, ultraviolet light, or othermeans to form the highly reac-
tive sulfate radical, SO4•− (Tsitonaki et al., 2010; Matzek and Carter,
2016). Persulfate has been demonstrated to have a lower affinity for nat-
ural soil organics compared to other oxidants, therefore resulting in a
higher remediation efficiency (Usman et al., 2012; Lim et al., 2016). Cou-
pling chemical oxidation and bioremediation has produced successful re-
sults indicating improved remediation efficiencies compared with either
the in-situ chemical oxidation or the bioremediation alone (Kulik et al.,
2006; Valderrama et al., 2009; Mora et al., 2014). Nevertheless, the cou-
pling of the two strategies could be complicated because of the effects
on the autochthonous microbial community owing to the nature and de-
gree of oxidation. Sutton et al. (2014a) attributed the absence of biodeg-
radation to the high persulfate concentration originally applied in the
soil (about 10% in a slurry system) that did not allow the bacterial popu-
lation to recover. Richardson et al. (2011), applying about a quarter of that
persulfate concentration (2.7%) to a phenanthrene-contaminated soil in a
column experiment, observed the recovery of the overall microbial com-
munity and, more significantly, recorded the presence of specific PAH-
degrading bacterial groups during the bioremediation following persul-
fate treatment.

Few studies using persulfate oxidation under nonsatuating condi-
tions have been carried out on contaminated soil. Mora et al. (2014)
evaluated the feasibility of using a surface application of persulfate,
thus maintaining the natural moisture content of a phenanthrene-
contaminated soil. The authors evidenced an elimination of phenan-
threne upon applying a low persulfate concentration (b10 g·kg−1 dry
soil) after 2weeks;without any negative effects on the physicochemical
and biologic properties of the soil.

The soil organic matter (SOM) exerts a strong influence on the effi-
ciency of remediation treatments, not only because that parameter is re-
lated to the availability of the contaminants—which latter component is
limited by both soil sorption and sequestration (Jonsson et al.,
2007)—but also because an oxidant could interact with the SOM and
the reduced inorganic compounds. The solubilized compounds upon
partial oxidation could be assimilated by the resistant and/or condi-
tioned microbial populations during the following bioremediation,
thus enabling the recovery of that key biota. The oxidized molecules
could also, however, shorten the persistence of the oxidant and scav-
enge the radicals produced (Rivas, 2006; Deng et al., 2015). Sutton
et al. (2014a) observed the influence of the particular soil type on a
coupled chemical and bioremediation treatmentwith different oxidants
and emphasized the relevance of an adequate soil characterization to
the efficiency of given remediation.

Excitation-emission matrix spectroscopy has become ever more fre-
quently utilized for probing the composition, concentration, and dynam-
ics of fluorescent organic matter from various source materials such as
water, soil, and vegetables (Coble, 1996; Hudson et al., 2007; Cory et al.,
2010; D'Andrilli et al., 2013; Andrade-Eiroa et al., 2013). PAHs and
humic substances possess intrinsic fluorescence properties in the ultravi-
olet and blue spectral regions because of the constituent aromatic com-
pounds (Dabestani and Ivanov, 1999). Hence, the study of excitation-
emission spectroscopy of matrices constitutes a relevant modality for
monitoring such contaminants and the nature of the organic matter si-
multaneously as a result of the molecular interactions between PAHs
and the SOM(Fang et al., 1998; Akkanen et al., 2012; Ferretto et al., 2014).

Given the crucial necessity to maintain| soil functions, considerable
effort has been invested in the attempt to understand the response of
soil ecosystems to environmental changes and the resistance and resil-
ience of soil microorganisms (Griffiths and Philippot, 2013). Methods
based on the polymerase-chain reaction (PCR) are strong investigative
tools that do not depend on the growth of target organisms. Sutton
et al. (2014a), analyzing the fingerprinting of the 16S-rRNA gene frag-
ment by denaturing gradient gel electrophoresis (DGGE) and by band
sequencing, observed differences in themicrobial-community composi-
tion and diversity between different oxidative treatments. Next-
generation sequencing has rapidly become the method of choice,
owing to the high data yield and relatively low costs of data generation.
To date, several reports have been published on the microbial diversity
in contaminated soils analyzing the matrix's dynamics throughout dif-
ferent bioremediation processes via 16S-rRNA gene-fragment pyrose-
quencing (Lladó et al., 2013; Festa et al., 2016b).
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Within this context, the aim of the present work was to evaluate the
effect of a tandemremediation procedure combining ammonium-persul-
fate chemical oxidationwith biological treatment on PAHelimination and
the ecologic properties of soil material taken from a landfarming treat-
ment done about twenty years ago. That original site is still now under
natural attenuation at the petrochemical pole, Ensenada in La Plata.

It was hypothesized that a tandem oxidation-bioremediation treat-
ment at low doses of persulfate could recover the microbial diversity
and functionality of the oxidized soil. We decided to focus on a study
of the changes in the soil bacterial-community composition produced
during both steps, the persulfate addition and the bioremediation,
using PCR-DGGE and the pyrosequencing of PCR-amplified bacterial
16S-rRNA gene fragments. Furthermore, to evaluate the changes in
the organic matter and physiologic properties of the soil, the analysis
by fluorescence–excitation-emission matrices (FEEMs) and measured
the soil enzymatic activities were performed.

2. Materials and methods

2.1. Site description

The soil (S0) was sampled from a chronically hydrocarbon-
contaminated site, belonging to a petrochemical plant in a suburb of La
Plata city, where some twenty years ago a landfarming treatment had
been carried out. Approximately 20 kg of the first 20 cm of topsoil was
collected from that site. That sample was sealed in a plastic bag and
kept in the cold for transportation to the analytical laboratories so as to
maintain the originalmoisture and thuspreserve themicrobial communi-
ty. In the laboratory, the soil was thoroughlymixed and passed through a
2-mm sieve, then split into two samples for storage at 4 °C until the anal-
yses. The soilwas a loam(with 44.4% sand, 40.0% silt, and 15.6% clay along
with a water-retention capacity of 27.5%. A soil from the same region as
the S0 sample, but without hydrocarbon contamination and thus desig-
nated S, was also removed as a control to compare the physicochemical
properties with those of the contaminated soil.

2.2. Soil treatments

Two different treatments in the microcosms experiments were ap-
plied in the study.

2.2.1. Oxidative treatment with ammonium persulfate (OxS0)
The ammonium persulfate (PS) concentration was calculated from

the soil's oxidant demand (i. e., 0.1 kgPS·m−3 of dry soil; Osgerby,
2006) alongwith the amount of PS needed tomineralize each hydrocar-
bon species determined in S0. Approximately 15 kg of the contaminated
soil (S0) was oxidizedwith PS added as an aqueous solution by spraying
(three applications per week) to reach the concentration [PS]0 =
33 g·kg−1 after 3 doses. Following each PS application the microcosms
were mixed and then incubated at 30 °C for a further 7 days. The resid-
ual concentration of PSwas determined after 7 and 37 days of treatment
(Liang et al., 2008).

2.2.2. Bioremediation following oxidation (BOxS)
Of a sample from the oxidized soil (OxS0), 500 g was incubated at

25 °C for 12 months. Microcosms containing the same quantity of the
soil S0 before the oxidative treatment were prepared and incubated
for bioremediation in parallel as a control (BS). These two micro-
cosms were mixed manually twice a week and water was added to
maintain the moisture levels at 20–25% (v/w).

2.3. Soil analysis

2.3.1. Chemical and physical properties
The main physicochemical characteristics were analyzed according

to standard techniques (Sparks, 1996) and in the text are abbreviated
as follows where indicated: pH, electrical conductivity (EC), and the
contents of organic carbon, total nitrogen, available phosphorus
(P) and iron (Fe), and total iron and sulfate.

2.3.2. Hydrocarbon content
Soil samples were extracted according to Environmental-Protection

Agency (EPA) method 3550b, and analyzed for the hydrocarbon content
by a gas chromatograph (Clarus 500, Perkin Elmer) equipped with a
flame-ionization detector and a 5HT PE column (Perkin Elmer; length,
30 m; internal diameter, 0.25 mm). For aliphatic-hydrocarbon determi-
nation, samples were injected (1 μl) in the split mode (split ratio, 1:2)
at 300 °C. The oven temperature was programmed from 60 °C (held for
2 min) to 170 °C at 10 °C·min−1, then from 170 °C to 250 °C (held for
5 min) at 5 °C·min−1. In addition, for determination of PAHs, the
operating conditions were: an injection in the splitless mode at 250 °C
with the oven temperature programmed from 80 °C (held for 1 min) to
140 °C at 25 °C·min−1, then from 140 °C (held for 15 min) to 290 °C at
10 °C·min−1. The temperature of the detector was 300 °C for both deter-
minations. Helium was used as carrier gas (at 1 ml·min−1 and
2 ml·min−1, respectively). Each hydrocarbon concentration was deter-
mined by calibration with the corresponding standard (AccuStandar).

The bioavailable-PAH concentration from the chronically contami-
nated soil (S0) was determined as previously described by Cébron
et al. (2013) with XAD2 resin being used as the sorbent.

Triplicate samples at the end of the treatments were extracted with
acetone/dichloromethane (1/1, v/v) as the solvent (Sayara et al., 2010)
and quantified by gas chromatography (Del Del Panno et al., 2005).

2.3.3. Spectrofluorometric analysis of dissolved organic matter
The SOMwas extracted according to Swift (1996) with minor mod-

ifications. The procedure stated in brief: 3 g of samplewas stirred for 1 h
with 15mL of 0.1 M NaOH. The sediment was then separated by centri-
fugation, filtered through amembrane of pore size 0.45 μm, and the sol-
uble fraction labelled as dissolved organic matter. These extracts were
used for absorption-spectra analysis (E4/E6 ratio) and determination of
the total dissolved carbon (DTC) and fluorescence–excitation-emission
matrices (FEEMs). DTC was measured with a Total Organic Carbon
Analyser Shimadzu, TOC5000 (Mora et al., 2009). The systems were
characterized by the FEEM spectra determined with a computer-
interfaced Near-IR Fluorolog-3 Research Spectrofluorometer (Birdwell
and Engel, 2010). FEEMs were generated by recording successive emis-
sion spectra from260 to 600nmat excitationwavelengths ranging from
240 to 540 nm, with a 5-nm scan step. Excitation and emission slits
were set to 5 nm (Bosio et al., 2008).

The parallel-factor analysis (PARAFAC) (Andersen and Bro, 2003)
deconvolutes the information contained in a set of FEEMs into threema-
trices A (scores), B (emission loadings), and C (excitation loadings) for
both quantitative and qualitative analysis (Su et al., 2015; Ballesteros
et al., 2017). The three matrices contain the relative contribution pro-
files (A), the normalized emission spectra (B), and the normalized exci-
tation spectra (C) for each of the factors that contribute to the observed
signals in the solutions analyzed. The analysis was conducted with the
MATLAB 7.7 software (Mathworks, Natick, MA) alongwith PLS_Toolbox
version 4.0 (Eigenvector Research, Manson,WA). Several preprocessing
steps were used before modeling to minimize the influence of scatter
lines and other attributes of the FEEM that are caused by the
background-solution matrix. A nonnegativity constraint was applied
to the parameters to allow only the chemically relevant results. The cor-
rect number of factors was assessed by analysis of the physical sense of
the spectral loadings and by evaluation of the distribution of residuals
and additional model diagnostics.

2.3.4. Bacterial population density
A counting of the cultivable heterotrophic bacteria (HB) was carried

out for each treatment. Samples (0.1 mL) at a 10-fold dilution were
spread on plates containing R2A agar (Reasoner and Geldreich, 1985).
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Inorganic phosphorus–solubilizing bacteria were counted after cultiva-
tion in phosphorus inorganic medium (Goldstein, 1986). Agar plates
were incubated at (24 °C) for 10 days. The most probable number of
aromatic- and aliphatic-hydrocarbon–degrading bacteria was deter-
mined in 96-well microtiter plates (Wrenn and Venosa, 1996) contain-
ing mineral-salts medium (Vecchioli et al., 1990), supplemented with
the corresponding source of carbon. The inoculated microtiter plates
were incubated at 24 °C for 21 days.

2.3.5. Enzymatic assays
Lipase (Margesin et al., 2002), urease (Kandeler and Gerber, 1988),

arylsufatase (Whalen and Warman, 1996), and phosphatase (Verchot
and Borelli, 2005) activities were determined before and after each
treatment.

2.4. Genomic analysis

2.4.1. DNA extraction
Total DNA was extracted from 1-g aliquots of soil from each

microcosmafter treatment, bymeans of the E.Z.N.A.™Soil DNA Isolation
Kit (Omega Bio-tek, Inc., Norcross, GA, USA) according to the
manufacturer's instructions. The quantity of DNA was measured with
the Quant-iT ™ PicoGreen® dsDNA Assay Kit (Invitrogen™, Carlsbad,
CA, USA).

2.4.2. 16S-rDNA, PCR, and DGGE analyses
A genetic-diversity analysis of the bacterial communities in the soil

microcosms was performed by the PCR amplification of bacterial 16S
ribosomal-DNA (rDNA) fragments followed by DGGE. The PCR was per-
formed in duplicate, with DNA extracted from replicate microcosms.
The 16S rDNA was amplified through the use of the eubacterial primers
GC-341F and 907R (Muyzer et al., 1998). The PCR reactions were carried
out as described (Festa et al., 2016a). The amplificationwas performed on
a Mastercycler® Eppendorf thermocycler (Eppendorf, Wesseling-
Berzdorf, Germany) by means of| a step-down PCR. The PCR products
were analyzed by electrophoresis on a 1.2% (w/w) agarose gel. The
DGGE was carried out on a DGGE-2401 instrument (C.B.S Scientific Co.,
Delmar, CA, USA). The gel contained a linear gradient of 45–70% denatur-
ant,with a 100%denaturant corresponding to 7Murea in 40% (v/v) aque-
ous formamide.

After electrophoresis the gel was stained for 30 min with SYBR Gold,
documented with a Chemidoc gel-documentation system (Bio-Rad, Her-
cules, CA, USA), and analyzed on the GelCompar II software package (Ap-
pliedMaths, Kortrijk 180 Belgium). The similaritymatrixwas obtained by
means of| the GelCompar II software as described (Festa et al., 2016a).

2.4.3. DNA amplification and pyrosequencing
The PCR amplification of the 16S–rRNA genewas performed on each

individual soil-DNA extraction with the universal bacterial primers,
Table 1
Characteristics of the microcosm soils before and after the treatments*.

Microcosmsa S0 OxS0

pH 8.8 ± 0.1 (a) 7.1 ± 0.1 (b)
EC [μS·cm−1] 634 ± 12 (b) 5110 ± 99 (a)
OC [%] 2.2 ± 0.8 (a) 2.4 ± 0.1 (a)
TN [%] 0.2 ± 0.1 (b) 0.519 ± 0.003 (a)
P
[mg·kgds−1]

8.3 ± 0.6 (c) 14.5 ± 0.7 (b)

Fe
[mg·kgds−1]

12.6 ± 0.3 (b) 54 ± 2 (a)

Sulfate
[mg·kgds−1

97 ± 6 (d) 8407 ± 16 (a)

For the same parameter, the mean values followed by different letters are significantly differen
a OxS0, original contaminated soil, S0, after oxidative treatment; BOxS original contaminated

bioremediation; S, uncontaminated soil from same region—these last two being controls for th
⁎ EC, electrical conductivity; OC, organic carbon; TN, total nitrogen; P, available phosphorus;
341Fbac (Muyzer et al., 1993) and 909R (Tamaki et al., 2011) as de-
scribed by Festa et al. (2016b) in order to amplify a 568-bp fragment
of the geneflanking theV3 andV5 hypervariable regions. The amplicons
from different samples were then mixed in equal concentrations and
purified through the use of| Agencourt Ampure beads (Agencourt Bio-
science Corporation, MA, USA). The samples were next sequenced in a
Roche 454 FLXwith titanium instruments and reagents, followingman-
ufacturer's instructions. This sequencing was performed at the Molecu-
lar Research laboratory (MR DNA; Shallowater, TX) based on
established and validated protocols (http://www.mrdnalab.com/).

2.4.4. Data analyses
The pyrosequencing datawere analyzed by theMothur software (ver-

sion v.1.34.0; Schloss et al., 2009). Sequences were excluded from the
analysis according to the criteria utilized by Fernández-González et al.
(2017): The remaining sequences were denoised and the chimeras and
contaminants removed by the Mothur software 454 SOP. The final se-
quence data were then clustered into Operational Taxonomic Units
(OTUs) split by 3% genetic distance by means of| the average-neighbor
method. The OTUs were then taxonomically classified against SILVA nr
119, a database of high-quality small-subunit rRNA sequences for all
three domains of life. In order to compare the relative differences
among the samples, a randomly selected subset of 767 sequences per
sample was performed for downstream analyses. For the statistical anal-
ysis of the data, Good's coverage index and theHill numbers (species rich-
ness [H0], the exponential of the Shannon diversity index [H1] and the
reciprocal of Simpson's index [H2]; Hill, 1973), as calculated by the
Mothur (version v.1.34.0) software (Liao et al., 2015), were used as mea-
surements of species richness and diversity in accordance with current
consensus (Jost, 2006; Chao et al., 2012). In order to analyze the changes
in themicrobial communities, a principal-component analysis (PCA) was
performed with STAMP Software (v. 2.1.3; Parks et al., 2014).

2.5. Statistical analyses

The effect of the indicators evaluated during the treatments were
interpreted by an analysis of variance (ANOVA) after the Tukey test
with XLStat (v.7.5.2), at a significance threshold of p b 0.05.

3. Results

3.1. Effect of the treatments on the physicochemical properties of the soil
and on hydrocarbon elimination

The pH, electrical conductivity and available P in S0were higher than
in S, but the organic carbon and total nitrogen contents were similar in
both soils (Table 1). The hydrocarbon contents determined for S0 were
214 mg·kgds−1 of PAHs and 2460 mg·kgds−1 of aliphatic hydrocarbons
(Table 2).
BOxS BS S

6.32 ± 0,02 (c) 7.6 ± 0,1 (b) 7.3 ± 0.2 (b)
5880 ± 396 (a) 549 ± 42 (c) 336 ± 1 (d)
2.6 ± 0.1 (a) 2.0 ± 0.9 (a) 2.4 ± 0.3 (a)
0.31 ± 0.04 (b) 0.2 ± 0.1 (b) 0.2 ± 0.1 (b)
22.0 ± 0.1 (a) 6.0 ± 0.3 (d) 3.67 ± 0.6 (e)

nd nd nd

4894 ± 15 (b) nd 154 ± 6 (c)

t (p b 0.05).
soil, S0, after oxidative treatment and bioremediation in tandem; BS, original soil after
e experimental treatment; ds, dry soil; nd, not determined.
Fe, iron; and sulfate.

http://www.mrdnalab.com/


Table 2
Concentrations of hydrocarbons extracted from the microcosm soils.

Microcosmsa S0 OxS0 BOxS BS

Total polycyclic aromatic hydrocarbons (PAHs) [mg·kgds−1]b 214 ± 21 (a) 151 ± 12 (b) 112 ± 4 (c) 223 ± 12 (a)
3-ring [%] 35.6 27.0 17.7 31.7
4-ring [%] 47.8 48.8 54.6 48.4
5-ring [%] 6.2 6.5 9.8 7.3
6-ring [%] 10.4 17.7 17.9 12.6
Available PAHs [%] 1 ± 1 (c) 19 ± 4 (b) 30 ± 2 (a) 1 ± 1 (c)
Total aliphatic hydrocarbons
[mg·kgds−1]c

2457 ± 246 (a) 2442 ± 182 (a) 826 ± 172 (b) 2978 ± 554 (a)

C9-C20 [%] 52.9 48.6 22.6 52.8
C20-C29 [%] 42.1 43.5 68.8 41.4
C29-C35 [%] 5.0 7.9 8.6 5.8

For the same parameter, the mean values followed by different letters are significantly different (p b 0.05).
a OxS0, original contaminated soil, S0, after oxidative treatment; BOxS, original contaminated soil, S0, after oxidative treatment and bioremediation in tandem; BS, original soil after

bioremediation—control for the experimental treatment; ds, dry soil.
b Soil PAH concentration and relative abundance of 2- to 6-ring PAHs in eachmicrocosm, percentage of available PAHs extractedwith the adsorbent XAD-2™ (sumof 16 US-EPA PAHs).
c Soil Aliphatic-hydrocarbon concentration and relative abundance of low-, intermediate-, and high-molecular-weight hydrocarbons (C9 to C20; C20 to C29, and C29 to C35, respectively).

Table 3
Dissolved total carbon (DTC) and E4/E6 ratios for alkaline extracts from each microcosm.

Microcosmsa S0 OxS0 BOxS BS S

DTC [mg·C·l−1] 96 ± 3 (c) 226± 2 (a) 57± 2 (d) 46.5± 0.8 (e) 151± 2 (b)
E4/E6 15.0 17.7 7.1 3.3 14.0

For the same parameter, themean values followed by different letters are significantly dif-
ferent (p b 0.05).

a OxS0, original contaminated soil, S0, after oxidative treatment; BOxS, original con-
taminated soil, S0, after oxidative treatment and bioremediation in tandem; BS, original
soil after bioremediation; S, uncontaminated soil from the same region—these last two,
controls for the experimental treatment.

Fig. 1. Fluorescence–excitation-emission matrix (FEEM) for alkaline extracts from each micr
(BOxS). D. Bioremediated soil (BS). E. Control soil (S). F. Aqueous solution of 16 PAHs.
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After oxidative treatment (OxS0) the soil pH was reduced by almost
one unit below the S0 value. A significant increase in the sulfate, total
available nitrogen, P, Fe, and EC was detected after the application of
PS (Table 1). The oxidative treatment produced an elimination of 29%
of the total PAHs, mainly represented by the 3-ring PAHs (Table 2).
Moreover, the PS treatment released benzo[g,h,i]perylene from the soil
matrix (data not shown) and increased the PAH bioavailability signifi-
cantly, from 1% to 19%; but no elimination of aliphatic hydrocarbons
was detected. After one month of the application, the PS concentration
fell below the limit of detectability.

The combined treatment in tandem (BOxS) produced a decrease in
the pH value; while a reduction in the total nitrogen and sulfate content
ocosm. A. Contaminated soil (S0). B. Oxidized soil (OxS0). C. Bioremediated oxidized soil



Fig. 2. Percent contribution of different fluorophores determined in the alkaline extract
from each microcosm, including the control soil (S) and an aqueous solution of 16 PAHs
(mix PAH).
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was observed, with the available P content being increased and the EC
remaining high (Table 1). About 26% of the PAHswere further eliminat-
ed in BOxS microcosms, mainly with respect to the 3- and 4-ring PAHs
(Table 2). Moreover, the dibenzo[a,h]antracene released from soil ma-
trix became detectable (data not shown). The bioavailable-PAH fraction
also increased, reaching 30%. A remarkable elimination of aliphatic hy-
drocarbons of around 66% was also detected, mainly owing to a de-
crease in the C9–C20 fraction (Table 2).

The bioremediation of the original contaminated soil (BS) had not
produced changes in the properties of that soil, with the exception of
a slight reduction in the pH and the available-P content. No significant
changes in the content of either the aliphatic hydrocarbons or the
PAHs were observed (Tables 1 and 2).

3.2. Spectroscopic properties of soil alkaline extracts

Table 3 lists the DTC and the E4/E6 ratio from the absorption spec-
trum of each alkaline extract. Fig. 1 depicts the FEEMs of the extracts
from the S0, OxS0, BOxS, and BS microcosms. The FEEM of the extract
of S (Fig. 1.E) and a solution of PAHs (Fig. 1.F) were included to identify
the precedence of the fluorophore families.
Fig. 3. Dynamics of populations of cultivable soil. A: Colony-forming units (CFUs) of heterotrop
probable number (MPN) of polycyclic-aromatic-hydrocarbon–degrading bacteria. D: Most pro
The peaks at λexc 250–320 nm and λem b 380 nm (designated
Region I) are related to PAHs (Vatsavai et al., 2008; Goicoechea et al.,
2012; Merdy et al., 2014), while the peaks at λexc N 280 nm and λem

N 380 nm (designated Region II) are assigned to humic acids from the
soil (Bosio et al., 2008; Chen et al., 2003).

To analyze the contribution of each fluorophore family to the FEEM,
a parallel-factor analysis was done. An optimal number of 13 factors
were found to correctly describe the whole fluorescence set, with the
lack offit being lower than 1%. The shapes of the excitation and emission
spectra for the deconvoluted factors are shown as SupplementaryMate-
rial (Fig. S1). Fig. 2 summarizes the contribution of the fluorescence of
each fluorophore family.

The FEEM from S0 contained two regions with high fluorescence in-
tensity, which can be associated with PAHs (Region I) and humic acids
(Region II), as presented in Fig. 1.A. The DTC content of S0 was slightly
lower than that of of S, and both soils showed similar E4/E6 ratios
(Table 3).

The FEEM fromOxS0 (Fig. 1.B) indicated that the oxidative treatment
decreased the PAH-associated fluorescence (Region I), and consequent-
ly the contribution to the total fluorescence (by b10%, cf. Figs. 2 and S2).
These microcosms manifested a significant increase in the DTC in com-
parison to S0, as the result of a nonspecific oxidation of the organic mat-
ter, without causing a significant change in E4/E6 ratio (Table 3).

A significant reduction in the DTC content was recorded in the BOxS
microcosms as judged by an increase in the fluorescence of Region II
(Fig. 1.C). Although the subsequent bioremediation modified neither
the proportion of PAHs nor the contribution of the SOM to the totalfluo-
rescence, a different fluorophore distribution of the families within the
SOMwas obtained (Fig. 2).

Although Region II of the FEEM from BS was less intense than those
of the other soil extracts (Fig. 1.D), a fluorophore distribution similar to
that of S0 was observed. In addition, both the DTC content and the E4/E6
ratio of the BS group were at the lowest values of all the microcosms
(Table 3).
3.3. Effect of the treatments on the bacterial-population density and enzy-
matic activities of the soil

Fig. 3 shows the effect of the different treatments on the cultivable
bacteria.
hic bacteria. B: Colony-forming units (CFUs) of phosphorus-solubilizing bacteria. C: Most
bable number (MPN) of aliphatic-hydrocarbon–degrading bacteria.



Table 4
Enzymatic activities determined for each microcosm.

Microcosmsa S0 OxS0 BOxS BS

Lipase
[μg pNP·gds−1]

189 ± 4 (b) 267 ± 6 (a) 114 ± 14 (c) 174 ± 3 (b)

Arylsulfatase
[μg pNP·gds−1]

33 ± 1 (a) 35 ± 1 (a) nd nd

Alkaline phosphatase
[μg pNP·gds−1]

175 ± 24 (b) 84 ± 3 (c) 157 ± 10 (b) 303 ± 15 (a)

Acid phosphatase
[μg pNP·gds−1]

103 ± 20 (a) 51 ± 6 (b) nd 42 ± 29 (b)

Urease
[μN-NH4

+·gds−1]
23 ± 6 (b) nd 204 ± 57 (a) 17 ± 2 (b)

For the same parameter, the mean values followed by different letters are significantly different (p b 0.05).
a OxS0, original contaminated soil, S0, after oxidative treatment; BOxS, original contaminated soil, S0, after oxidative treatment and bioremediation in tandem; BS, original soil after

bioremediation; ds, dry soil; nd, not detected.

524 R. Medina et al. / Science of the Total Environment 618 (2018) 518–530
A dramatic decrease of about three orders of magnitude was ob-
served in theHBpopulation and in the PAH-degrading bacteria original-
ly in S0 after the oxidative treatment of the OxS0microcosms.Moreover,
the population of phosphorus-solubilizing bacteria became undetect-
able. In contrast, a significant increase in the population of AH-
degrading bacteria occurred (Fig. 3).

After the oxidative treatment, the only enzymatic activity signifi-
cantly increased was the lipase. In contrast, the arylsulfatase activity
was not affected,while the alkaline- and acid-phosphatase activities be-
came diminished. The loss of urease activity was attributed to the prod-
uct inhibition effect by the ammonium persulfate addition (Table 4).

A fast recovery of the HB population was observed during the com-
bined treatment (BOxS, Fig. 3.A). The population reached a density sim-
ilar to that detected in the BS microcosms in a month, and temporarily
surpassed that value at about 100 days. Evidence of the phosphorus-
solubilizing capability of the bacterial population was registered during
the first week of the bioremediation treatment (BOxS). Later, that activ-
ity increased and remained higher than in the BS microcosms during
nearly the next fourmonths (Fig. 3.B). The significantly reduced popula-
tion of PAH-degrading bacteria after the oxidation never recovered
throughout the following bioremediation (Fig. 3.C), whereas the initial-
ly increased population of aliphatic-hydrocarbon–degrading bacteria
subsequently declined during the next two months of bioremediation
and remained low thereafter (Fig. 3.D).

After the combined in-tandem treatment of the BOxS0 micro-
cosms, the lipase activity decreased during the bioremediation to a
value lower than that in BS microcosms, whereas the urease and
alkaline-phosphatase activities were recovered. The arylsulfatase ac-
tivity was not detected in either the BOxS0 or the BS0 microcosms
(Table 4).
Fig. 4. The neighbor-joining tree based on a distance-matrix analysis of 16S–rDNA DGGE
bands was constructed by means of the GelComparII software package.
3.4. Effect of the treatments on the soil bacterial community

3.4.1. Community structure
The comparison of the DGGE patterns revealed significant changes

in the structure of the bacterial-communities in the oxidized soil during
the coupled bioremediation treatment (Fig. 4). One change was charac-
terized by a clustering of the patterns from the oxidized soil briefly ex-
posed to bioremediation (similarity of 82%) and represented the early
changes in the soil-bacterial community. The other by a clustering of
the patterns from the oxidized soil exposed to a longer time of bioreme-
diation (similarity of 70%), representing the later changes in the soil-
bacterial community. The patterns from OxS0 were clustered with that
representing the earlier changes, and the patterns from the S0 were
grouped with that representing the later community changes.

On the basis of these dendrograms, different times during the biore-
mediation were selected from which the pyrosequencing analyses of
the bacteria from the soil microcosms were performed.
3.4.2. Bacterial composition: General analysis of the pyrosequencing data
set

The taxonomic composition and diversity of the bacterial communi-
ties of the microcosm OxS0 and after 1, 5, 9, and 12 months of subse-
quent bioremediation were profiled by pyrosequencing. Soil samples
from the S0 and BS microcosms were also analyzed for comparison as
controls.

The pyrosequencing-based analysis and subsequent statistical infer-
ence provided 17,944 prokaryotic sequences (at an average length of
389 bp) after the data trimming. The sequence file was submitted to
the National Center for Biotechnology Information Sequence Read Ar-
chive (www.ncbi.nlm.nih.gov/sra) and is available at the accession
number SRP068448.

The Good's coverage in all the sampleswas over 84%. The rarefaction
curves corresponding to samples from BOxS taken at 9 and 12 months
and samples from S0 and BS did not approach saturation, indicating

http://www.ncbi.nlm.nih.gov/sra
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that their microbial communities were highly complex (Fig. 5.A). These
rarefaction curves estimating theOTU richness confirmed the difference
between the soil samples from the S0, and experimental microcosms
after the various treatments (Table 5), where S0 and BOxS (at 9 and
12 months) were predicted to have a higher degree of microbial-
species richness than the other soil samples.
Fig. 5. A. Rarefaction analysis constructed by means of the Mothur v.1.34.0 software. In the fi
diagrams illustrating the relative phylotype frequency at the level of order as revealed by pyr
against a curated Ribosomal Database Project (RDP). The orders with b5% reads belonging to e
A dramatic decline in species richness (H0) was observed in the
OxS0 microcosms. The new community contained an uneven assem-
blage (H2) with less species diversity (H1). This pattern was exacer-
bated as a result of the subsequent bioremediation over the first five
months. Although the diversity (H1) and equitability (H2) indices
were recovered in the soil community after the ninth month of
gure, the rarefaction curves for the S0, OxS0, BOxS, and BS microcosms are plotted. B. Pie
osequencing. The affiliation was determined by using the classifier command of Mothur
ach class were grouped in the sector labelled Other.



Fig. 6. Principal-component-analysis (PCA) plot. Comparison of the bacterial-community
taxonomic profiles from each microcosm at the level of order, including those of the
microcosms of BS. The analysis based on the relative abundance of orders was made
with the STAMP software (v 2.1.3).
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bioremediation, the combined treatment failed to recover the spe-
cies richness (H0; Table 5).

The diversity and richness estimators described byHill (1973) in the
soil community from the BSmicrocosms suggested that the bioremedi-
ation treatment had resulted in—after a year's time—the selection of a
less rich communitywith a similar, though somewhat lower, species di-
versity; but the most common species were nevertheless present in a
slight prevalence, albeit at an unequal assemblage.

3.4.3. Effect of the treatments on bacterial diversity
All the sequenceswere found to be classifiedwithin the domain Bac-

teria. Fig. 5.B summarizes the relative abundance of the different orders
identified in each microcosm.

Members of the orders Actinomycetales (40.5%) and
Sphingomonadales (12.0%) represented the bacterial community of S0,
with Nocardioides, Mycobacterium, Actinophytocola, and Sphingomonas
being the most representative genera.

The oxidative treatment produced a loss of species richness leaving a
community dominated by members of Actinomycetales (57.6%), with
Streptomyces as the most abundant genus. In the microcosms of OxS0,
however, the orders Bacillales (20.0%) and Clostridiales (9.3%) were
also detected in a lower proportion.

Successional changes in the soil's resident community occurred dur-
ing the course of the bioremediation treatment in BOxS. After one
month, the abundance of members of Actinomycetales order increased
up to a value of 89.5%, with a predominance of members of the genus
Cellulosimicrobium. The low species richness and uneven assemblage,
however, remained until the fifth month, though with
Pseudomonadales as the predominant order (71.2%) and Acinetobacter
as the major genus.

A notable recovery of richness and diversity from the bacterial com-
munity resulted after 9 months represented by members of the orders
Pseudomonadales (24.3%) and Ohtaekwangia (20.2%), but with mem-
bers of the Acinetobacter genus still remaining as predominant. The
high profile of Acinetobacter continued until 12months, with the genera
Sphingomonas and Bacillus being present in lower proportions by that
time.

The pyrosequencing analyses from the BS microcosms revealed a
predominance of members of Ohtaekwangia (22.9%) along with
Pseudomonadales (22.5%) and Sphingomonadales (20.6%).
Acinetobacter and Sphingomonaswere themost abundant genera identi-
fied in this microcosm.

Fig. 6 represents the PCA from the bacterial community at the taxo-
nomic level of order of S0, BS, OxS0, and BOxS along with the sampling
time during the subsequent bioremediation treatment in the last of
those microcosms. An explained variance of 93.1% was obtained. The
figure indicates that the S0, OxS0, and BOxS (1-month) microcosms
Table 5
Pyrosequencing-based analysis of the different communities studied*.

Microcosmsa Total
sequences

Observed
OTUs

Good's Coverage
[%]

H0 H1 H2

S0 5984 215 84 449 61 44
OxS0 3404 92 97 112 28 10
BOxS (1 m) 4878 44 97 65 6 3
BOxS (5 m) 1094 57 97 71 8 4
BOxS (9 m) 959 213 88 286 64 49
BOxS (12 m) 767 194 91 234 60 40
BS (12 m) 858 160 92 216 47 28

⁎ The number of total sequences, observed OTUs clustered at a 97%-similarity level,
Good's coverage (i. e., Hill numbers), H0 (species richness), H1 (the exponential of the
Shannon diversity) and H2 (the reciprocal of Simpson's index) for the different communi-
ties studied, were calculated through the use of a randomly selected subset of 767 se-
quences per sample. The bioremediation of the original soil (BS) was taken as control
treatment.

a OxS0, original contaminated soil, S0, after oxidative treatment; BOxS original
contaminated soil, S0, after oxidative treatment and bioremediation in tandem; BS,
original soil after bioremediation.
shifted to the right of the PC1 axis, thus implying the abundance of
members of Actinomycetales and Pseudomonadales orders. The pres-
ence ofmembers of the order Ohtaekwangiamainly pointed out the dif-
ference between the bacterial communities from OxS0 up to the fifth
month (constituting the early changes) from those incubated after
nine months until the end of the bioremediation treatment, including
BS (consisting in the later changes) on the PC2 axis.

4. Discussion

4.1. Implications of the oxidative treatment

Few studies on the remediation of PAH-contaminated soil through
the direct application of PS to the soil have been recently published (e.
g., Mora et al., 2014). In the one cited, however, the authors, applied
the oxidative treatment tomicrocosmshaving soil thatwas contaminat-
ed with only one PAH (i. e., phenanthrene). The batch (slurry) (Lemaire
et al., 2013b; Sutton et al., 2014a; Peluffo et al., 2015; Pardo et al., 2015)
and the continuous-flow column (Richardson et al., 2011; Lemaire et al.,
2013a) have been the most frequently studied systems to evaluate the
efficiency of chemical oxidation on soil-hydrocarbon elimination. In ad-
dition, a variety of protocols have been applied, making a comparison of
the results difficult.

Applying a PS dose similar to that used in the present work,
Richardson et al. (2011), however, did not observe a PAH elimination
from a chronically PAH-contaminated soil. The authors attributed that
failure to the reduced soil-PAH availability and severely questioned
the applicability of PS to the oxidation of highly weathered contami-
nants. Conversely, from our results, the low PAH bioavailability deter-
mined in S0 did not hamper the elimination of PAHs after the
oxidative treatment.

Moreover, after PS addition the bioavailable fraction increased along
with a significant enhancement in the available nutrients such as DTC,
Fe, and P. Numerous studies have suggested that the chemical oxidation
of the SOM releases nutrients (Westersund et al., 2006; Sirguey et al.,
2008; Sutton et al., 2014b; Sutton et al., 2014c) and in so doing develops
a new environment for the surviving microbial community. In contrast,
alkaline extracts from the soil after the oxidative treatment exhibited an
E4/E6 ratio similar to that of S0,-soil extracts, thus suggesting that no re-
markable changeswere produced in the nature of the humic substances
by the PS oxidation. Nevertheless, the fluorescence analysis manifested
the disappearance of the region assigned to PAHs as part of a major
change in the fluorophore profile; while, in addition, a desorption of
PAH from the soilmatrixwas suggested by an increase in the concentra-
tion of benzo[g,h,i]perylene.

Furthermore, after PS addition a differential effect on the
hydrocarbon-degrading populations was observed in the form of a re-
duction in the PAH degraders along with an increase in the aliphatic-
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hydrocarbon degraders, pointing to a resistance to the negative effects
of chemical oxidation in the latter. The decrease in the sensitive popula-
tion and the increase in DTC could confer a competitive advantage on
the aliphatic-hydrocarbon degraders in that oxidized soil, while the in-
crease in lipase—the only enzymatic activity that was stimulated—was,
for its part, an indicator of hydrocarbon biodegradation (Margesin
et al., 1999). Nevertheless, the higher sulfate concentrations remaining
in that soil certainly could influence microbial rebound.

4.2. Implications of the combined treatment

The bioremediation following the oxidative treatment produced an
additional PAH elimination along with an increase in the bioavailable
fraction. This pattern suggested that a dynamic of hydrocarbon desorp-
tion driven by the microorganisms had enabled a new PAH fraction to
become available. In addition, an increase in the dibenzo[a,h]antracene
content and the higher contribution of SOM to the relative fluorescence
(as part of a newfluorophore profile), in comparison to those properties
in the BS soil, indicated that changes in the soil matrix produced by the
microbial process had occurred throughout the bioremediation after the
oxidation.

As Shirshova et al. (2006) suggested, the E4/E6 ratio is indicative of
themolecular size, condensation, and aromatization of humic acids. Ac-
cordingly, the lower E4/E6 ratio determined after the combined treat-
ment would be associated with the characteristic of a high relative
molecular size and degree of condensation in the organic compounds,
which feature implied a maturation of the SOM.

The DTC mobilized during the oxidation was consumed throughout
the aliphatic-hydrocarbon degradation (principally owing to the low-
molecular-weight fraction), thus suggesting that cometabolic effects
could have promoted the hydrocarbon elimination. The activities of li-
pase, alkaline phosphatase, and urease detected after a year of bioreme-
diation could be related to that microbial activity. Similar results were
observed by Sutton et al. (2014a), who concluded that the biologic uti-
lization of mobilized nutrients conditions the success of bioremediation
coupled oxidation treatments.

The reduction in both the total hydrocarbons and the DTC after the
combined treatment were accompanied by changes in the bacterial
populations. The heterotrophic and the phosphorus-solubilizing bacte-
ria were increased during the first months of the treatment, evidencing
their resilience behavior as active generalist consumers in the autoch-
thonous soil community. Unlike this response, the PAH degraders failed
to recover during bioremediation, suggesting amarked sensitivity to the
oxidative treatment; while the aliphatic-hydrocarbon degraders alone
manifested a tolerance to PS oxidation. Through quantitative PCR,
Richardson et al. (2011) had observed a similar response pattern and ar-
gued that resilience might be a function of group-specific tolerance to
oxidative conditions.

4.3. Inferences from the dynamics of soil bacterial diversity

With the objective of bypassing the limitations of bacterial cultiva-
tion in the attempt to understand the contribution of themicrobial com-
munity to the different treatments, the analysis by DGGE of the
community profiles and taxonomic compositions during the bioremedi-
ation following the oxidative treatment were done.

The early changes in the community structure after oxidative treat-
ment correlated with a successive reduction in the diversity indices,
suggesting the loss of richness and species diversity characteristic of
the S0, alongwith the establishment of a community with few predom-
inantmembers. At about the sixthmonth, a gradual shift in the bacterial
community reverted to an arrangement similar to that observed before
the oxidative treatment (i. e., constituting the later changes). The spe-
cies richness, however, became reduced to 50% of that in the original
soil (S0), and a similar reduction in the number of species was recorded
in the soil after a year of bioremediation (BS), but a less diverse and less
unequal arrangement was reached. Since the contaminated soil, S0 was
the same in both the BOxS and BS, microcosms, the similarity in H0

values (species richness) of those two soils reached towards the end
of the bioremediation in the former evidenced the resistance and resil-
ience of the soil-community members that had been subjected to that
oxidative stress.

The abundance of Actinomycetales in S0 was replaced in OxS0 by
members of the Streptomyces genus (high-GC-content group) and
members of the orders Bacillales and Clostridiales (low-GC group) in a
lower proportion. This selection suggests a degree of sensitivity on the
part of the microorganisms to oxidative conditions and to exposure to
reactive oxygen species. Therefore, those bacteria had to have devel-
oped different strategies to cope with the oxidative stress. Streptomyces
coelicolor has been extensively studied with respect to the role of the
species's sigma factors in coordinate gene expression in response to en-
vironmental conditions in order to confront osmotic and oxidative
stress (Lee et al., 2005). Recently, a novel strain Streptomyces antioxidans
MUSC164T recovered from soil displayed potent antioxidative and neu-
roprotective activities against hydrogen peroxide (Ser et al., 2016). In
addition, members of Bacillales and Clostridiales have been described
as possessing, in addition to their sporulation capability, a variety of
mechanisms to confront adverse environmental conditions such as
acid, osmotic, and oxidative stresses (Zuber, 2009; Venkataramanan
et al., 2013).

The initial abundance of the Actinomycetales order gradually in-
creased during the first months of tandem bioremediation, but the
Streptomyces dominance was replaced by members of
Cellulosimicrobium genus. A notable shift in the order of dominance
was detected after the fifth month represented by members of
Acinetobacter (Pseudomonadales), maintaining an unequal community
arrangement.

These successional changes could be explained through the so-called
r-K scheme (Atlas and Bartha, 1998). In the presence of high concentra-
tions of resources, as suggested by the increased levels of DTC, only re-
sistant bacteria could survive when faced with oxidative-stress
conditions. Contrary to the usual assumption that Streptomycetes
tend to bemore successful in resource-limited situations as K strategists
(Lebeau, 2011), the prevalence of that order after the oxidative treat-
ment could be attributed both to the resistance capability of Streptomy-
ces and to the lack of competition. Species from the genus
Cellulosimicrobium have been isolated from different environments, in-
cluding soil (Yoon et al., 2007). Antony et al. (2009) isolated a
C. cellulans strain from Antarctic soil, which isolate evidenced a highly
flexible metabolic activity with a greater preference for utilizing com-
plex, high-molecular-weight carbon substrates. Those properties
would confer a competitive advantage on Cellulosimicrobium cells dur-
ing the early phase of bioremediation, thus enabling the inclusion of
that genus in the K-strategist category.

The rebound of members of the Acinetobacter genus signalled a
change in the community from the K to an r strategy after five months.
Acinetobacter strains are frequently isolated from both pristine and con-
taminated soils (Chen et al., 2012; Jung and Park, 2015). Owing to a
great catabolic versatility, the abundance of species of this genus has
suggested their active participation in the nutrient cycle during biore-
mediation. Considering that the heterotrophic nitrifying microorgan-
isms are widely distributed in the soil it is possible to assume that
Acinetobacter strains could have contributed to a reduction in the soil ni-
trogen content because of their denitrifying capability even under oxic
conditions (Zhu et al., 2012).

The dominance of Acinetobacter was slowly decreasing, while the
presence of taxa from other phyla—such as Ohtaekwangia,
Rhodospirillales, and Actinomycetales—determined the establishment
of a more equitable community towards the end of the treatment.
Ohtaekwangia appeared as a relevant order from the time of the ninth
month of bioremediation after oxidative treatment and increased up
to an abundance of 23% at the end of one year. Ohtaekwangia strains
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have been investigated as potential petroleum-hydrocarbon degraders,
and one strain was reported to be involved in PAH degradation
(McGenity et al., 2012). Moreover, Rhodospirillales became increased
in relative abundance (up to ~10%) towards the end of this treatment.
Members of the Rhodospirillales have demonstrated the ability to per-
form an aerobic phototrophic sulfate reduction in addition to exhibiting
heterotrophy (Madigan, 2005; Rodrigues-Diaz et al., 2008). The higher
sulfate concentration remaining after the oxidation could well consti-
tute a negative feature of the oxidative treatment, but the relative abun-
dance of members of the Rhodospirillales order, along with other
recognized sulfate reducers under oxic conditions, could have contrib-
uted to a decrease in the sulfate observed during the bioremediation.
Moreover, two genera of Rhodospirillales (Azospirillum sp. and
Phaeospirillum sp.) have been found in hydrocarbon-contaminated
soils (Abbasian et al., 2016).

The abundance of the Sphingomonadales in the soil of the solely
bioremediated microcosm BS revealed the difference between this mi-
crocosm and the one subjected to the combined treatment, BOxS. In
spite of the abundance of the recognized hydrocarbon-degradingmem-
bers of the Sphingomonas (Coppotelli et al., 2008; Jouanneau et al.,
2016) andAcinetobacter (Seo et al., 2009) genera, that BSmicrocosm ev-
idenced no elimination of hydrocarbons, suggesting that the low PAH
bioavailability and the organic-matter content were not sufficient to
promote active hydrocarbon biodegradation. Instead, the significant
DTC consumption and the evident organic-matter transformation indi-
cated an active microbiologic contribution to the biogeochemical cycle
of the organic matter.

The changes in the diversity and ratios of the microorganisms after
the coupled treatment denoted a shift into the physiology of themicro-
bial community throughout the tandem bioremediation, with that pro-
cess becoming more diverse towards the end of the treatment.
According to ecological and evolutionary theory, diverse communities
provide a larger contribution to ecosystem functions and service com-
pared to the less diverse counterparts (Bell et al., 2005). Although the
bacterial-soil richness was partially recovered in both the microcosms
BOxS and BS, the arrangement of relatively greater equality observed
in the BOxS suggests a contribution of a higher number of species to
the organic-matter cycling, as a result of the input of available nutrients
produced by the oxidative treatment.

5. Conclusion

The results of applying PS to a long-term contaminated soil from a
landfarming unit, indicated a significant PAH elimination in soil-
microcosm experiments.

Although a significant impact on the microbial community was evi-
denced, a subsequent bioremediation treatment in tandem enabled the
microbial population to recover along with an additional elimination of
PAHs and aliphatic hydrocarbons. The reduction in the E4/E6 ratio from
the DTC-mobilized fraction demonstrated the active metabolic capabil-
ity of the resistant populations during the coupled bioremediation.
Moreover, themobilized nutrients and the increased PAHbioavailability
promoted a cometabolic elimination of the hydrocarbons. Even though
the combined treatment resulted in a loss of richness, the final
established community was found to be similar to that observed when
only the bioremediation treatment had been applied, suggesting that
the higher sulfate concentration after the oxidative treatment would
not be an impediment to the recovery of the bacterial community.

Spectroscopic analysis became a useful tool to follow and compare
the different remediation treatments involving acute changes in the
matrix of chronically hydrocarbon-contaminated soils. The high-
throughput–DNA-sequencing techniques enabled an identification of
the population dynamics of the predominant taxa that could be associ-
ated with the changes observed as result of the treatments.

These findings prompt a consideration of the coupling other kinds of
bioremediation strategies—such as composting; which approach,
through the input of an active biomass and organic material, could pro-
mote an enhancement in hydrocarbon elimination and a faster recovery
of the soil's properties.
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