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A B S T R A C T

Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous organic pollutants that contaminate large areas. They are mainly released to environment by anthropogenic
activities principally due to the petrochemical industry. The low biodegradation rate characteristic of PAHs in aged contaminated soils could be overcome trough the
chemical oxidation. In this study, composting with the soil and stimulation with mature compost were the strategies applied in soil microcosms after chemical
oxidation with ammonium persulfate in a PAHs chronically contaminated soil.

A 29% of PAHs elimination and an increase of their bioavailability were found after chemical oxidation with ammonium persulfate. Due to the oxidative treatment
the total bacterial and the gram-positive population PAH dioxygenase genes were significantly reduced and no gram-negative PAHs degraders were detected.

The following application of organic amendments produced a higher increase in total bacteria and recovery of the degrading population of GP PAH after one year
of treatment, in comparison with the pre-oxidized soil bioremediation, only promoted by irrigation and aeration. Also a significant increase in the content of
bioavailable PAHs was observed. However, from both composting strategies only the stimulation with mature compost led to a net PAHs removal. Taking into
account the residual dissolved total carbon and humification degree (E4/E6 ratio), it was attributed to the preferential consumption of more easily degradable
compounds than hydrocarbons the low removal efficiency observed after one year of treatment.

Due to the high bioavailable content of PAH and the residual sulfate, long-term treatments will require careful monitoring to reduce environmental risks.

1. Introduction

The Status of the World's Soil Resources Report identified soil pol-
lution as one of the main soil threats affecting global soils (Rodríguez-
Eugenio et al., 2018).

One of the main anthropogenic sources of soil pollution is pollutants
associated with petroleum and petrochemical activities (Lemaire et al.,
2013). Of these pollutants polycyclic aromatic hydrocarbons (PAHs)
constitute one of the most important groups of organic compounds. The
PAHs are comprised of two or more fused benzene rings which are
strongly hydrophobic and chemically stable (Fetzer, 2007). These

properties reduced their degradation and consequently result in their
accumulation in long-term contaminated sites. Due to its recalcitrance
and strong mutagenic/carcinogenic properties, this pollutant group is
of great concern for human health and the environment (Suman et al.,
2016; Wang et al., 2017).

In this context, the development of remediation technologies for
organic-contaminated soil is a priority to protect public health and the
environment. Although several soil microorganisms are capable of
metabolizing PAHs, their low mass transfer and reduced availability in
the soil make the design of effective bioremediation strategies a chal-
lenge (Cai et al., 2007; Sayara et al., 2009). As a result, a great number
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of chemically-based strategies for soil remediation have been success-
fully implemented to reduce PAH pollution. Of these, oxidative treat-
ments appear to have the greatest effect on PAHs availability (Mora
et al., 2014; Sutton et al., 2014a; Medina et al., 2018).

Among several oxidants (permanganate, ozone and Fenton's reagent
(Fe(II)–H2O2), persulfate (PS) has increasingly been used over the last
few decades (Mora et al., 2014; Kakosová et al., 2017; Medina et al.,
2018; Peluffo et al., 2018). Some of its properties, such as ease of
handling, high aqueous solubility, high stability and relatively low cost
give it a competitive advantage to be selected as an emerging oxidant
for In Situ Chemical Oxidation (Liang et al., 2003; Huling and Pivetz,
2006; Lominchar et al., 2017).

Persulfate decomposition can be initiated by heat, UV light, high pH
or transition metals, generating sulfate radical (SO4

-•) (Osgerby, 2006;
Tsitonaki et al., 2010) which can react with not only available con-
taminants, but also the soil organic matter and the soil microbial
community (Sutton et al., 2011; Zhou et al., 2019). Although oxidant
addition is an aggressive treatment for the microbial community, the
application of an oxidant could increase the efficiency of hydrocarbon
removal when followed by bioremediation treatment. Therefore, the
partial chemical oxidation facilitates the biodegradability of con-
taminants, generally through the cleavage of large organic compounds
into smaller ones (Valderrama et al., 2009; Liao et al., 2019). The
compounds released during the partial oxidation can then be assimi-
lated by populations resistant to the oxidative stress, allowing the soil
to recover.

The combination of persulfate oxidation with biological treatment
can be a promising strategy. Medina et al. (2018) applied an oxidative
treatment with low concentration of ammonium persulfate under un-
saturated conditions in an aged PAHs contaminated soil which led to
the PAHs removal and the increase in the content of available PAH
along with the mobilization of the soil nutrients. After one year of
biological treatment, additional PAHs and total aliphatic hydrocarbon
were eliminated. In a field experiment, Bajagain et al. (2018) showed
that bioremediation after using a persulfate foam spraying technique
removed 77% of total hydrocarbons in diesel-contaminated unsaturated
soil.

Composting has been a successful bioremediation strategy in soils
contaminated with PAHs, as well as with other pollutants, by providing
organic substrates that stimulate the growth of potential microbial
degraders and enhancing soil properties and quality (Antízar-Ladislao
et al., 2006; Scelza et al., 2008; Covino et al., 2016; Jednak et al., 2017;
Cipullo et al., 2019; Liu et al., 2019). However, few studies have con-
sidered composting or the addition of organic matter amendments to
stimulate the microbial soil community, as a bioremediation strategy
applied after the oxidative step (Satapanajaru et al., 2017).

The distribution of PAHs in soil is strongly affected by the organic
matter. Humic acids from the dissolved organic matter are mainly in-
volved in the storage and degradation mechanism of pollutants in soil
(Liao et al., 2019). Depending on the way in which the PAHs are

available, free crystals or associated to solid phase, the dissolved humic
acids may cause no effect, stimulation or inhibition on the biode-
gradation of PAHs (Tejeda-Agredano et al., 2014). In addition, the
aliphatic content of the dissolved organic matter was suggested to play
a more important role in sorption of PAHs (Ilani et al., 2005). Even
though these findings make difficult to predict the effect of organic
amendment, it might provide an alternative strategy to recover the
oxidized soil matrix after persulfate treatment.

To evaluate the efficiency of combined treatments on PAHs elim-
ination, persulfate oxidation followed by composting or stimulation
with mature compost was applied to a chronically PAH contaminated
soil.

It was hypothesized that composting strategies applied after oxi-
dation with persulfate allow for a more efficient recovery of the po-
tential PAH degrading capacity and soil microbial diversity, enhancing
the effect of the oxidative treatment followed by bioremediation only
promoted by irrigation and aeration.

To test this hypothesis, we evaluated hydrocarbon elimination,
nutrient mobilization, bacterial diversity and recovery of the potential
PAH degrading capacity of the bacterial community after the combined
treatments.

2. Materials and methods

2.1. Site description and sample collection

The chronically contaminated soil used in this work was described
in previous studies (Medina et al., 2018). The soil, S0, was sampled from
a landfarming unit belonging to a petrochemical industry in La Plata
city, specifically from the geographical localization 34°53′19′′S,
57°55′38′′W, where the landfarming treatment had been completed
about twenty years before. The soil was classified as loam (sand 44.4%,
silt 40.0%, and clay 15.6%) and its water holding capacity was 27.45%.
The sampled soil was treated with ammonium persulfate (33 g·kg−1) to
obtain the oxidized soil, OxS0, as it was previously described by Medina
et al. (2018).

2.2. Soil treatments

The oxidized soil (OxS0) was then treated by composting (COxS), or
stimulation with mature compost in soil microcosms (DSOxS). The
oxidized soil without any organic amendment was used to prepare the
control soil microcosms (BOxS). All treatments were assayed by tripli-
cated microcosms. Each treatment is presented in the Scheme 1.

2.2.1. Composting treatment (COxS)
A subsample of OxS0 was conditioned with goat manure in ratio 7 g

dry soil: 3 g dry goat manure (Antízar-Ladislao et al., 2006). A bulking
agent (oat straw) was added to the resulting mixture at a ratio of 1:1 v/v
to provide a proper porosity and maintain aerobic conditions, such as

Scheme 1. Scheme of the sequence of chemical and biological treatments applied to the chronically contaminated soil.
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described by Antízar-Ladislao et al. (2006). About 2 kg of the mixture
was introduced into three glass reactors. The microcosms were in-
cubated at 25 °C for 12 months. Moisture level was maintained at 50%
w/w by periodic watering.

2.2.2. Double stimulation treatment (DSOxS)
About 500 g of OxS0 was amended with mature compost, at mixing

ratio 7 g dry soil: 3 g dry mature compost. Microcosms were prepared
with 500 g of resulting mixture and were incubated at 25 °C with the
moisture content adjusted at 30–40% w/w. After six months of treat-
ment, the microcosms were again supplemented with the same pro-
portion of mature compost, remaining incubated for another six months
at the same conditions described above.

2.2.3. Bioremediation treatment (BOxS)
A 500 g of OxS0 was incubated at 25 °C during 12 months as pre-

viously described (Medina et al., 2018). These microcosms were used as
controls of amendment treatments.

2.3. Soil analysis

A sample (2.5 g) was suspended in 2.5 ml of water, shake for 1 h,
and decanted along 10 min in order to measure pH, electrical con-
ductivity (EC), redox potential (OPR) as described by Mora et al.
(2014). According to the protocols described by Sparks (1996):
Walkley-Black method was performed for organic carbon (OC) de-
termination, wet digestion and evaluation by Micro Kjendahl method
were applied for total nitrogen (N) measure, Bray Kurtz no. 1 method
was done for available phosphorous (P) determination, and sulfate
content (S) was measured according to SAMLA SAGPyA 2004 method.
Total iron and available iron were measured according to EPA 3050b
and EPA 7950 methods, respectively.

The soil organic matter (SOM) was extracted according to Swift
(1996) with minor modifications as described in a previous work
(Medina et al., 2018). These extracts were used for absorption-spectra
analysis (E4/E6 ratio) and determination of the dissolved total carbon
(DTC) that was measured with a Total Organic Carbon Analyser Shi-
madzu, TOC5000 (Mora et al., 2009).

To determine PAHs and AHs concentrations, soil extraction with
acetone/dichlorometane (1/1, v/v) as the solvent (Sayara et al., 2010),
by ultrasonic bath for 60 min (Testlab Ultrasonic TB04TA, 40 kHz,
160 W) was performed according to Environmental-Protection Agency
(EPA) method 3550b. Bioavailable PAH fraction was determined as
described by Cébron et al. (2013), using XAD2 resin being used as the
sorbent. PAH and AH quantities were analysed from the extracts by a
gas chromatograph (Clarus 500, Perkin Elmer) equipped with a flame-
ionization detector and a 5HT PE column as described by Medina et al.
(2018).

All measurements were done by triplicate individual samples for
statistical analysis and the results were shown by kg of dry soil.

2.4. Genomics analysis

2.4.1. DNA extraction
Total DNA extraction and quantification were made as described in

previous studies (Medina et al., 2018) using the E.Z.N.A.™ Soil DNA
Isolation Kit (Omega Bio-tek, Inc., Norcross, GA, USA) and the Quant-
iT™ PicoGreen® dsDNA Assay Kit (Invitrogen™, Carlsbad, CA, USA).

2.4.2. Total population and PAH dioxygenase genes population
Real-time quantitative PCR (qPCR) was performed to measure the

abundance of total bacterial 16S rRNA genes and dioxygenase genes of
both PAH-Gram negative (PAH-RHDα-GN) and PAH-Gram positive
(PAH-RHDα-GP) degrading bacteria respectively.

The gene amplification was carried out optimizing the corre-
sponding primer sets (Table S1) with a gradient of annealing

temperature (from 45 to 65 °C) with template DNA from S0. PCR re-
actions were performed as described by Cébron et al. (2008), using an
Eppendorf 5331 MasterCyclerGradient Thermal Cycler. Amplified frag-
ments were visualized and compared with ø29 HindIII digested DNA
(4370 to 72 bp) marker on 2% w/w agarose gels stained with GelRed.

qPCR was performed as described in Supplementary Material (S1)
using the iCycler iQ system (Bio-Rad). Dilution series from 10−8 to
10−1 copy were made for quantitative analysis. Values of threshold
cycles (Ct) were determined and target gene copy number in the sam-
ples was calculated from standard curves. No PCR inhibitors were de-
tected and the purity of amplified PCR products was checked as de-
scribed by Cébron et al. (2008) and Sun et al. (2015). Results were
expressed as copy number per g dry soil.

2.4.3. Cloning of PAH-RHDα genes
Clones were generated from S0. PAH-RHDα-GN and PAH-RHDα-GP

amplicons were obtained as described above, and PCR products were
cleaned by centrifugation on IllustraMicroSpin™ S-300 HR columns (GE
Healthcare) according to the manufacturer's instructions. The purified
amplicons were then ligated into the pGEM-T Easy vector (Promega)
and used to transform Escherichia coli strain DH5α (Villadas et al.,
2007). Positive bacterial colonies were randomly selected, and the sizes
of the inserts were checked by PCR amplification with T7 and SP6
promoter primers and gel electrophoresis, as previously described.
Clones were sequenced by Sanger method (Sanger et al., 1977), with an
ABI Prism 3130XL at Estación Experimental del Zaidín, CSIC (Granada,
Spain). Raw sequence data were processed in Sequence Scanner version
1.0. Sequence alignments were generated on the BioEdit (v7.0.9) soft-
ware (Hall, 1999).

2.4.4. Community structure and diversity
DNA samples of S0, OxS0 and from the finished treatments (COxS,

DSOxS and BOxS) were used for PCR amplification of the hypervariable
regions of the 16S rRNA gene with universal primers U519F and U926R
(Baker et al., 2003) to amplify a 407-bp fragment of this gene flanking
the V4 and V5 regions as described by Curiel-Yuste et al. (2012), Table
S1, See Supplementary Material S2). The samples were pyrosequenced
with the Genome Sequencer GS Junior system (454 Life Sciences,
Branford, CT, USA) at Estación Experimental del Zaidín, CSIC (Granada,
Spain). The sff files were submitted to the NCBI Sequence Read Archive
(http://www.ncbi.nlm.nih.gov/sra) and are available (BioProject:
PRJNA306241).

The pyrosequencing data were analysed, clustered and classified
using the Mothur software (version v.1.34.0; Schloss et al., 2009) ac-
cording to the methodology described by Fernández-González et al.
(2017). As normalization step, prior to diversity analysis, was done
using a randomly subsampling to the lowest number of sequences
produced from any sample. The Good's coverage estimate (Jost, 2006;
Chao et al., 2012) was calculated as described by Medina et al. (2018)
and alpha diversity was analysed through Hill ś numbers: species
richness [0D], the exponential of the Shannon diversity index [1D] and
the reciprocal of Simpson's index [2D] (Hill, 1973).

2.5. Statistical analyses

The effect on the physical, chemical as well as molecular studies
evaluated during the treatments was interpreted by an analysis of
variance (ANOVA) after the Tukey test with XLStat (v.7.5.2), at a sig-
nificance threshold of p < .05.

In order to evaluate the physical and chemical parameters and their
relationships with the microbial community Canonical Correspondence
Analysis (CCA) using Canoco for windows (v 4.5) was performed. For
this purpose, pH, EC, OPR, OC, N, P, sulfate, AHs, PAHs and bioavail-
able fraction of PAH as chemical and physical variables, and tax-
onomical order level using the orders with a relative abundance>2%
were included into the analysis.
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3. Results

3.1. Effect of the amendment on the chemical and physical properties and
hydrocarbon elimination of the pre-oxidized soil

Physical and chemical properties and hydrocarbon content of soil
are shown in Table 1 and Table 2.

Available iron content in S0 (12.6 ± 0.3 mg kg−1, Table 1) was
enough to PS activation, as reported in previous studies (Medina et al.,
2018). The oxidative treatment with PS (OxS0) produced a significant
increase in DTC, EC, N, P, Fe, and sulfate with a decrease in the pH
value (Table 1). The elimination of 29% of PAHs content along the
release of high molecular weight PAHs from the matrix soil, and the
rising of their bioavailability were observed (Table 2) as discussed
previously (Medina et al., 2018).

BOxS control treatment, without organic amendments added, pro-
duced a decrease in the pH value, DTC, N and sulfate contents; while an
increase in EC and P content were observed (Table 1). In addition, a
significant decrease in the E4/E6 rate from the soil extracts was

observed in this treatment. The BOxS treatment following the oxidative
treatment produced an additional PAHs elimination of about 26% along
with an increase in the bioavailable fraction (Table 2). A significant
elimination of AHs of around 66% was also detected with the decrease
in the C9–C20 fraction, as reported in previous studies (Medina et al.,
2018).

As BOxS, composting (COxS treatment) and stimulation with ma-
ture compost (DSOxS treatment) led to acidic pH probably due to the
microbial activity. As expected, when composting strategies were ap-
plied, an increase of OC, N and P contents was observed, due to the
nature of the amendment used. However, a significant reduction in the
DTC values was detected after the composting strategies. Only after the
DSOxS treatment a decrease of the E4/E6 ratio from the soil extracts was
observed.

The organic amendment also increased the EC to values higher than
OxS0. Sulfate reduction of 53% by COxS and of 63% by DSOxS treat-
ments was detected after the year (Table 1). Taken into account the
reduction produced by the amendments (65% by composting and 51%
by double stimulation), only the stimulation treatment with mature

Table 1
Chemical and physical properties of the soil microcosms before and after the treatments.

S0 OxS0 BOxS COxS DSOxS

pH 8.8 ± 0.1
(a)

7.1 ± 0.1
(b)

6.3 ± 0.1
(d)

6.2 ± 0.1
(d)

6.6 ± 0.1
(c)

EC [dS m−1] 0.63 ± 0.01
(e)

5.1 ± 0.1
(d)

5.9 ± 0.4
(c)

8.52 ± 0.08
(b)

11.4 ± 0.1
(a)

OPR [mV] 236 ± 2
(d)

291 ± 2
(a)

270.6 ± 0.3
(b)

259 ± 2
(c)

261 ± 6
(c)

OC [%] 2.2 ± 0.8
(c)

2.4 ± 0.1
(c)

2.6 ± 0.1
(c)

10.9 ± 0.3
(b)

12.9 ± 0.3
(a)

N [mg kg−1] 0.2 ± 0.1
(c)

0.50 ± 0.01
(b)

0.30 ± 0.04
(c)

1.12 ± 0.06
(a)

1.11 ± 0.01
(a)

P [mg kg−1] 8.3 ± 0.6
(e)

14.5 ± 0.7
(d)

22.0 ± 0.1
(c)

316.0 ± 0.3
(b)

328.0 ± 0.1
(a)

Fe [mg kg−1] 12.6 ± 0.3
(b)

54 ± 2
(a)

nd nd nd

Sulfate [mg kg−1] 97 ± 6
(e)

8407 ± 16
(a)

4894 ± 15
(b)

3957 ± 30
(c)

3120 ± 16
(d)

DTC [mgC l−1] 96 ± 3 (c) 226 ± 2 (a) 57 ± 2 (e) 62.2 ± 0.1 (d) 189 ± 3 (b)
E4/E6 15 17.7 7.1 23 3.8

S0: original contaminated soil; OxS0: S0 after oxidative treatment; BOxS: bioremediation of OxS0; COxS: composting of OxS0; DSOxS: double stimulation with mature
compost of OxS0.
nd: not determined.
EC: electrical conductivity; OPR: redox potential; OC: organic carbon; N: total nitrogen; P: available phosphorus; Fe: available iron. DTC: dissolved total carbon. E4/
E6: ratio of absorbance of dilute aqueous humic acid solution at 465 and 665 nm. For the same parameter, the mean values followed by different letters are significantly
different (p < .05).

Table 2
Content of hydrocarbons in each soil microcosm.

S0 OxS0 BOxS COxS DSOxS Compost

polycyclic aromatic hydrocarbons (PAHs)
[mg kg−1]

214 ± 21
(a)

151 ± 12
(b)

112 ± 4
(c)

100 ± 24
(c)

58 ± 6
(d)

nd

3-ring [%] 36 27 18 18 15 –
4-ring [%] 48 49 54 52 53 –
5-ring [%] 6 6 10 11 22 –
6-ring [%] 10 18 18 19 10 –
Available PAHs [%] 1 ± 1

(d)
19 ± 4
(c)

30 ± 2
(b)

56 ± 4
(a)

54 ± 4
(a)

–

Total aliphatic hydrocarbons
[g kg−1]†

2.4 ± 0.2
(a)

2.4 ± 0.2
(a)

0.8 ± 0.2
(c)

0.79 ± 0.02
(c)

1.3 ± 0.1
(b)

2.4 ± 0.2
(a)

C9-C20 [%] 53 49 22 17 21 41
C20-C29 [%] 42 43 69 56 41 35
C29-C35 [%] 5 8 9 27 38 24

S0: original contaminated soil; OxS0: S0 after oxidative treatment; BOxS: bioremediation of OxS0; COxS: composting of OxS0; DSOxS: double stimulation with mature
compost of OxS0.
nd: not detected.
For the same parameter, the mean values followed by different letters are significantly different (p < .05).
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compost (DSOxS) evidenced a significant sulfate reduction.
Regarding the dilutive effect, no significant net total hydrocarbon

elimination (respect to OxS0) was detected by COxS treatment.
Nevertheless, a significant reduction in the 3-ring PAHs and short ali-
phatic chain hydrocarbon fractions (C9–C20) were observed. As a result
of this, a new hydrocarbon (PAHs and AHs) fraction profile was ob-
served at the end of the treatment (Table 2).

An elimination of the 61% of the PAHs and 45% of the AHs was
detected in DSOxS treatment. Only the PAHs removal exceeded the
reduction expected by the dilution effect (51%), and was produced at
the expense of the 3-ring PAHs fraction. Although no net AHs removal
was obtained by DSOxS treatment, a significant reduction in the short
aliphatic chain hydrocarbon fractions (C9–C20) was detected (Table 2).

The PAHs bioavailability increased significantly from 19% to 56%
by COxS and to 54% by DSOxS at the end of the treatments (Table 2).

3.2. Autochthonous PAHs potential degraders from the original soil

RHDα-GN and RHDα-GP sequences were obtained from DNA from
the original sampled soil, S0. The RHDα-GN sequences obtained showed
95% similarity to the sequence corresponding to Gammaproteobacteria
(Pseudomonas) while the RHDα-GP sequences were identical to the ones
of NidA3 gene of Corynebacteriales (Mycobacterium). These results were
in agreement with the primer set designed by Cébron et al. (2008) for a
large variety of GN and GP PAHs degraders, including Pseudomonas and
Mycobacterium strains, genera which possess nahAc- and nidA/pdoA1-
like genes, respectively. The presence of PAH dioxygenase genes in both
GN and GP bacteria highlights the potential PAH-degradation of auto-
chthonous bacterial communities present in S0. Several articles have
shown that members of Mycobacterium and Pseudomonas genera possess
wide capacity to metabolize PAHs and have been extensively studied
for their application in soil bioremediation (Smyth et al., 2010).

The accession numbers of the sequences of RHDα genes obtained by
cloning are listed on Supplementary Material (S 3).

3.3. Effect of the treatments on total bacterial population and PAHs
potential degraders

The 16S rRNA gene copy numbers of total bacteria and PAH-RHDα
genes from GP and GN PAH population of degraders were determined
from the original soil (S0), oxidized soil (OxS0) and bioremediation
control (BOxS) after 1, 6, 9 and 12 months (Fig. 1.A). The potential PAH
degraders from COxS and DSOxS microcosms was analysed after the
year of treatment (Fig. 1.B.).

PAH-RHDα-GN and PAH-RHDα-GP genes abundance in S0 re-
presented about the 0.4% and 8% of the total 16S rRNA copies gds−1,
respectively, suggesting the intrinsic soil potential to PAHs elimination.
Taking into account the results of PAH-RHDα genes obtained by cloning
and the quantity of GN and GP PAH potential degraders, it is possible to
assume the dominance of genes from Mycobacterium strains (phylum
Actinobacteria) over the genes from Pseudomonas (phylum
Proteobacteria) as PAHs degraders in S0.

As shown in Fig. 1.A, the oxidative treatment (OxS0) produced a
drastic decrease in the bacterial population, leaving a 24% of 16S rRNA
copies gds−1in comparison with S0. Only copies from the PAH-RHDα-GP
genes were detected.

In BOxS treatment, fluctuating values in the number of copies of the
16S rRNA gene was observed throughout the experiment (Fig. 1.A).
However, sings of a gradual recovery of the 16S rRNA copy numbers
could be seen (after nine months the value exceeded the determined in
S0 microcosms). The PAH-RHDα-GP genes number showed a gradual
recovery during the incubation, reaching the 21% of the 16S rRNA copy
numbers after a year. The lower number of copies of 16S rRNA gene and
the significant recovery of the copy numbers of PAH-RHDα-GP genes
resulted in an enrichment of PAH degrading bacteria after a year of
treatment.

In COxS and DSOxS an increment of the 16S rRNA and PAH-RHDα-
GP copies gds−1 was observed after a year of treatment, up to values
higher than those determined in OxS0 and in BOxS microcosms
(Fig. 1.B). Contrary to the observation in BOxS microcosms, no en-
richment in the GP PAH population of degraders was detected by
composting strategies (COxS and DSOxS), GP PAH degrading popula-
tion represented the 0.5% and 2% in COxS and DSOxS microcosms,
respectively.

3.4. Effect of the treatments on the microbial diversity and community
structure

Table 3 shows the result of pyrosequencing analysis from the soil
microcosms after the treatments and from S0 and the oxidized soil,
OxS0. Pyrosequencing data analysis and subsequent statistical inference
from S0 and from the soil microcosms after each treatment provided up
to 133,611 sequences, which resulted in 98,334 useful 16S rRNA se-
quences after the trimming process. The number of sequences for all
treatments was normalized to the smallest number observed: 3745 se-
quences obtained from OxS0. Good's coverage of the prokaryotic di-
versity was>94%. Rarefaction curves were very near saturation, and
showed the difference between the original contaminated soil, S0, and
the soil microcosm samples after the treatments (Fig. S2).

Fig. 2 shows taxonomic profiles of the bacterial community at order
level. The bacterial community from the contaminated soil S0 was
characterized by the dominance of member of Actinomycetales (34.2%).
The Actinomycetales order was represented by the Nocardioides and
Actinophytocola genera with low presence of Mycobacterium (2.3%).

A decrease in bacterial diversity with a remarkable reduction on
species richness (0D) was the result of the oxidative treatment in OxS0.
The new bacterial community showed an uneven assemblage (2D) with
a few dominant species. The Pseudomonadales (62.4%) and Bacillales
(35.6%) were the two predominant orders, represented by members of
genera Acinetobacter and Bacillus, respectively. With or without organic
amendments, the treatments applied (BOxS, COxS and DSOxS) allowed
the recovery of richness and diversity of species reaching more even
communities. The highest richness and diversity of species with an even
arrangement of members was observed after the year of bioremediation
treatment (BOxS microcosms). Members of genera Ohtaekwangia
(22.4%) and Acidobacteria Gp6 (11.1%), and orders Actinomycetales
(10.7%) and Rhodospirillales (10.2%) were the most abundant ones in
BOxS microcosms.

In spite of the fact that the diversity indices of the OxS0 were re-
covered by soil composting (COxS) and mature compost addition
(DSOxS), the values did not exceed those reached in BOxS. Members of
Actinomycetales (23.4%; 15.3%), Rhizobiales (11.3%; 12.9%),
Xanthomonadales (10.2%; 12.2%), Rhodospirillales (8.9%; 11.6%) and
Gemmatimonadales (8.8%; 8.6%) represented the communities from
COxS and DSOxS microcosms as the predominant orders, respectively.

The comparison among communities from DSOxS and COxS mi-
crocosms (Supplementary Material, Fig. S3) shows that class
Gammaproteobacteria was significantly more abundant in DSOxS mi-
crocosms while members of Actinobacteria predominated in COxS mi-
crocosms. Members of the Bacteroidetes incertae-sedis class marked sig-
nificant difference in DSOxS (8%).

In order to understand the impact of treatments on bacterial di-
versity, canonical correspondence analysis (CCA) were used to de-
termine the interaction among the soil properties and bacterial com-
munity structure (Fig. 3). The first two axes (CCA1 and CCA2)
explaining the 62.7% of the total variance. The sulfate, AHs, OC, pH
and OPR were the variables that significantly contributed to the biplot
(p < .05).

The OPR and residual sulfate were the most significant variables in
OxS0 treatment that conditioned the establishment of a community
mainly composed by Pseudomonadales and Bacillales orders.

The spatially close arrangement found between S0 and BOxS
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suggested the recovery of the bacterial community after the oxidative
treatment, by means of coupled bioremediation treatment. The corre-
lation with AH and pH variables suggested that members of the BOxS
community such as Ohtaekwangia, Acidobacteria Gp6 and
Rhodospirillales were associated with relative higher aliphatic hydro-
carbon content and pH.

The OC was the most significant variable that shaped the commu-
nities of the COxS and DSOxS treatments. Members of
Sphingobacteriales, Rhodospirillales, Xanthomonadales, Rhizobiales,
Gemmatimonadales, Alphaproteobacteria, Sphingomonadales and

Actinomycetales orders were associated with the treatments that applied
organic amendments.

4. Discussion

The oxidative treatment of the chronically hydrocarbon con-
taminated soil with PS produced remarkable changes on the soil matrix,
leading to the elimination of 29% of PAHs content and the rising of PAH
bioavailability. In addition, the treatment produced an increase of twice
in the DTC concentration as consequence of the unspecific soil organic

Fig. 1. Generalist and specialist population quantity.
Copy number g−1 dry soil 16S rRNA, PAH-RHDα-GN and
PAH- RHDα-GP genes for each treatment. The values
significantly different at the 5% level (by the two-way
ANOVA, Tukey test) compared with S0 are indicated with
“*” for 16S rRNA and with “♦” for PAH- RHDα-GP genes.
The absence of symbols indicates no significant differ-
ence (p < .05). A: Quantification of genes before (S0),
after oxidation treatment (OxS0) and along bioremedia-
tion treatment without organic amendment (BOxS). B:
Quantification of genes before (S0), after oxidation
treatment (OxS0) and at the end of treatments with or
without organic amendment (COxS, DSOxS and BOxS).

Table 3
Diversity parameters of the soil communities obtained by analysis of pyrosequencing from the microcosms at the end of the treatments.

Microcosms Number of sequences Observed OTUs Hill's numbers

0D 1D 2D

S0 6715; 6785; 4728 435 ± 9 624 ± 35 70 ± 2 45 ± 7
OxS0 7762; 5899; 3745 53 ± 7 90 ± 26 3 ± 1 3.1 ± 0.5
BOxS 5415; 5478; 6422 570 ± 18 815 ± 72 93 ± 3 77 ± 14
COxS 7023; 7588; 9065 420 ± 13 597 ± 37 75 ± 1 67 ± 4
DSOxS 8227; 6498; 6984 433 ± 7 621 ± 12 68 ± 1 36 ± 1

Hill's numbers were calculated using a randomly selected subset of 3745 sequences per sample. Data are expressed as the mean ± standard deviation of three
replicated samples.
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matter oxidation (Alexander, 2000; Oleszczuk, 2007). As it was ex-
pected, the PS treatment significantly increased the sulfate content with
the decrease in the pH value in more than one order, although it re-
mained close to neutrality.

The oxidative treatment also impacted on the soil bacterial popu-
lations, producing a significant decline in the 16S rRNA gene copy
numbers. Only the GP population harbouring the PAH-RHDα gene was
detected, suggesting that the GP PAH population of degraders was more
resistant to the oxidative stress than the GN PAH degrading population.

Others authors have studied the impact of applying persulfate on
chronically contaminated soil, particularly on the generalist population
(16S rRNA gene) and the specialist population alkB gene. Sutton et al.
(2014a) reported that immediately after persulfate addition neither 16S
rRNA nor alkB genes were detected. The difference with our results
could be due to the higher dose and the type of system (batch) applied
by the authors. Richardson et al. (2011) applied a dose of PS similar to
ours to the soil, and found a 2- to 3-log reduction in total bacterial 16S
rRNA genes, with the inhibition of the specialist phenanthrene-de-
graders population. All these findings suggest a differential resistance of
the populations to PS exposure, and that the number of survivors de-
pends on oxidant dosage and application procedure.

In addition to the reduction of 16S rRNA gene copy numbers of total
bacteria, a reduction in species richness was also observed, with an
unequal arrangement of the bacterial community. The prevalence of
Pseudomonadales and Bacillales immediately after oxidation suggests
their resistance to oxidative treatment with PS. The CCA (Fig. 3) shows
the association of the OxS0 community with a high sulfate concentra-
tion and an increase in redox potential, suggesting that members of the
most abundant genera, Acinetobacter and Bacillus, were able to cope
with oxidative stress in presence of high residual sulfate concentration.
Members of the genera Acinetobacter and Bacillus have been isolated
from a wide variety of habitats. Several strains have even thrived well

in saline environmental condition similar to those imposed on the OxS0
(Fatajeva et al., 2014; Zuber, 2009). These populations may have
played a pioneer role in the microbial soil recovery, by consuming the
mobilized organic matter even under those environmentally adverse
conditions.

As it was described in previous work (Medina et al., 2018), the
combined bioremediation treatment in tandem (BOxS) promoted the
nutrients mobilization from the matrix soil and an additional hydro-
carbons elimination of PAHs (26%) and AHs (66%), suggesting that the
remaining high concentration of sulfate did not prevent the biological
activity. A 75% DTC was consumed during bioremediation, leaving
more complex and heavy organic compounds which is characteristic of
mature organic matter (Rékási et al., 2019), as it is evidenced by the
low E4/E6 ratio of the soil extracts after one year of treatment. Along
with these results, the recovery of the bacterial population suggests that
endogenous organic matter and available hydrocarbons promoted mi-
crobial degrading activity, with the consequent enrichment of PAH
degrading bacteria. Sutton et al. (2014a) described the biologic utili-
zation of mobilized nutrients during oxidative treatment and concluded
that this fact conditioned the success of coupled bioremediation treat-
ment. Contrarily to our results, the authors did not find significant
biological activity after persulfate treatment, probably due to the high
dose of oxidant applied. Using a soil column with a phenanthrene
chronically contaminated soil, Richardson et al. (2011) reported a re-
sponse pattern with a near-complete recovery of phenanthrene de-
graders after 30 days of persulfate injection. The authors argued that
resilience might be a function of group-specific tolerance to oxidative
conditions.

The BOxS treatment also led to the recovery of richness and di-
versity of species. Members of genera Ohtaekwangia and Acidobacteria
Gp6, and orders Actinomycetales and Rhodospirillales were the most
abundant.

Fig. 2. Taxonomic profiles of the soil bacterial community in S0 and after each treatment: Oxidation with persulfate (OxS0); bioremediation of the oxidized soil
(BOxS), composting of the oxidized soil (COxS) and double stimulation of the oxidized soil (DSOxS). The analysis was performed at order level by pyrosequencing at
the end of the remediation treatment. Orders with abundance< 2% were grouped in “Others”.
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Ohtaekwangia as other members of Bacteroidetes phylum are gram-
negative heterotrophic bacteria, which are common in ecosystems and
are known to degrade high-molecular-weight organic compounds
(Drury et al., 2013). Although the Ohtaekwangia's ecological role in the
soil is still unclear, its abundance in hydrocarbon contaminated soils
subjected to remediation treatments could assign it a specific petroleum
degrading activity (Hou et al., 2015; Wang et al., 2016; Medina et al.,
2018). Members of Acidobacteria have been reported as a slow-acting
decomposer (Tian and Gao, 2014). The abundance of GN populations,
such as Ohtaekwangia and Acidobacteria, in the BOxS treatment and the
absence of the population of GN degraders harbouring PAH-RHDα
genes suggest the active participation of these genera in the degradation
of AHs and DTC consumption, both substrates available due to previous
oxidative treatment. (Sutton et al., 2014b; Medina et al., 2018).

The combined COxS and DSOxS treatments produced different ef-
fects on the oxidized soil matrix. The composting with the oxidized soil
matrix produced a partially humificated material, as suggested by the
relative higher E4/E6 ratio and a significant consumption of DTC.
Although changes in the profiles of relative abundance of the PAHs and
AHs fractions could be associated with hydrocarbon degradation, the
COxS treatment did not produced net hydrocarbon elimination
(Table 3). Therefore, the significant reduction in DTC could be due to
microbial activity involved in the transformation of organic matter
which led to the preferential consumption of organic compounds easier
to assimilate than hydrocarbons. This behaviour could also result in the
lack of co-substrates, making the net elimination of hydrocarbons even
less feasible (Dias et al., 2012; Sutton et al., 2014b).

On the other hand, the stimulation with mature compost in DSOxS
promoted an effective PAHs elimination. The result could be explained
by the high humification degree of the dissolved organic matter which
promotes the solubilization of the PAHs into the humic acids

pseudomicelles, enhancing the biodegradation (Smith et al., 2009).
The spatial disposition of the treatments observed in Fig. 3, where

COxS and DSOxS appeared in opposite position respect to BOxS, would
suggest that the organic amendment treatments effectively reduced the
hydrocarbons content. However, taken into account the diluting effect
of the added organic compounds, only DSOxS reduced significantly the
PAHs content of the oxidized soil matrix (OxS0).

Regardless of the treatments, the organic amendments promoted
microbial development, surpassing the number of the total bacteria
population and PAH degrading bacteria achieved by the bioremediation
treatment, BOxS.

Sun et al. (2015) observed an increment of/in 16S rRNA copy
number when supplying an agricultural soil with livestock manures.
The authors observed that the addition of organic matter positively
correlated with the nutritional status of the soil, preventing the loss of
bacterial diversity with little effect on the indigenous soil bacterial
community.

However, in the present work neither composting nor adding of
mature compost led to the enrichment of PAH degraders.
Notwithstanding these results, the higher proportion of GP PAH de-
grading bacteria achieved by the DSOxS treatment could be involved in
the PAHs removal determined after one year. Working on an aged PAHs
agricultural soil, Liu et al. (2019) observed the PAHs elimination by
stimulation with humic acids and spent fungal substrate. Although the
authors did not differentiate between GP and GN bacteria, they at-
tributed the increase in the PAH degrading populations to the PAHs
removal.

Noticeably, in the present work no treatment in tandem with the PS
oxidation achieved the PAH-RHDα-GN gene copies recovery after one
year of treatment, suggesting that this population was more sensitive to
oxidative stress. The competition with the generalist population and the

Fig. 3. Canonical correspondence analysis (CCA) plots
representing first (CCA1) and second (CCA2) axis. The
analysis was performed with different orders in all the
treatments.
Orders used: 1: Othaekwangia; 2: Rhodospirillales; 3:
Sphingobacteriales; 4: Rhizobiales; 5: Acidobacteria Gp6;
6: Acidimicrobiales; 7: Gemmatimonadales; 8:
Myxococcales; 9: Opitutales; 10: Acidobacteria Gp7; 11:
Pseudomonadales; 12: Alphaproteobacteria incertae
sedis; 13: Xhandotomonadales; 14: Sphingomonadales;
15: Planctomycetales; 16: Acidobacteria Gp3; 17:
Actinomycetales; 18: Bacillales; 19: Rodobacterales and
20: Caulobacterales.
Quantitative variables used: pH, electrical conductivity
(EC), redox potential (OPR), Organic carbon (OC), total
nitrogen (N), Dissolved Total Carbon (DTC), E4/E6 ratio
(E4/E6), available phosphorous (P), sulfate content (S),
Bioavailable PAHs (PAHs*), total aliphatic hydrocarbon
(AH), total PAH.
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low representation in S0 could have also conditioned their recovery.
The composting and mature compost addition lend to the recovery

of the diversity indices, promoting an increase in Proteobacteria. A
higher ratio of Proteobacteria to Actinobacteria was observed in DSOxS
(2.4), in comparison with the one observed in COxS (1.5), probably as
the result of the nature and concentration of the available organic
matter. The comparison among treatments showed that the class
Gammaproteobacteria was significantly more abundant in DSOxS, while
members of Actinobacteria predominated in COxS. According to Covino
et al. (2016) the higher incidence of Actinobacteria is characteristic of
the final stage of the composting treatment. Members of the Bacter-
oidetes incertae sedis class also marked significant difference between the
treatments, being predominant in DSOxS (8%). Their abundance sug-
gests that the bacterial soil community would still have the potential to
degrade hydrocarbons.

Although composting and the stimulation with mature compost are
currently applied to the removal of soil organic contaminants, the effect
of the organic substrates in the hydrocarbons elimination remains un-
clear. The fate and behaviour of PAHs in soil could be determined by
factors such as the rate of sorption and sequestration, volatilization,
leaching and degradation (Srogi, 2007). For example, the PAHs and
their metabolic intermediaries can be bound to humic substances
leading to the residue formation and subsequent humification (Smith
et al., 2009; El Fels et al., 2016). Fu et al. (2018) showed that the
dissolved black carbon, an important constitute of the dissolved organic
matter pool, has significantly stronger binding affinity for non-polar
organic compounds, as compared with humic substances. On the other
hand, as demonstrated by Tejeda-Agredano et al. (2014), the humic
substances could inhibit or stimulate the PAHs biodegradation de-
pending on their availability in the soil. Recently, Zhu et al. (2019)
showed that the lignin-containing substrates could promote the for-
mation of bound residues in humic acid, but also the mineralization of
benz[a]anthracene by co-metabolism with lignin degradation.

From our results, neither the binding to humic acids nor the mi-
neralization would have been dominant processes during the treat-
ments. The fact that the organic amendments promoted the content of
bioavailable PAH suggests their release from the soil matrix. This be-
haviour and the higher increase of the density of PAH degraders than in
the control BOxS suggests that these are not the only factors that in-
fluence hydrocarbon degradation in the presence of exogenous organic
matter. For instance, a preferential assimilation of organic amendments
by the microbial community could be one of the reasons that explains
the low efficiency of hydrocarbon removal during one year of treat-
ment.

Even though the reductive sulfate assimilation was promoted during
the combined treatments, the high EC and the residual sulfate could
produce negative effects on soil quality, such as phytotoxic effect. In
addition, the high bioavailable content of PAHs after the one-year
treatment will require careful long-term monitoring to verify the re-
duction of environmental risks.

On the other hand, the increased humification evidenced by sti-
mulation with mature compost of the oxidized soil could result in
greater enzymes immobilization in the humic colloid (Lucas et al.,
2018), promoting the soil fertility. Similar behaviour could be expected
with long-term composting (COxS).

Notwithstanding the evident recovery of bacterial diversity and
PAH degrading potential, further studies will be necessary to determine
the fate of the PAH during the treatments, and thus make composting
strategies reliable to recover the soil fertility and productivity from pre-
oxidized soil chronically contaminated with PAHs.

5. Conclusions

In this study, the effect of composting and of the addition of mature
compost in tandem with persulfate treatment in a soil chronically
contaminated with hydrocarbons was evaluated, mainly focusing on the

elimination of hydrocarbons and the recovery of potentially PAHs de-
grading bacterial populations.

The persulfate treatment achieved significant elimination of PAHs
and increased the PAH bioavailability and soil nutrients. The coupled
composting strategies were effective in recovering generalist and GP
PAH degrading populations. The absence of the GN PAH degrader could
be associated with greater sensitivity to treatment with PS and less
competitive capacity. Nonetheless, only the stimulation with mature
compost produced PAHs removal. We attribute the low efficiency in
part to the preferential consumption of more easily degradable com-
pounds than hydrocarbons. However, we cannot rule out that hydro-
carbon degradation activity occurred during the treatments, possibly
promoting the formation of bound residues, but also the release of PAHs
from the soil matrix, resulting into a low or absence of net hydrocarbon
elimination. Therefore, more research on the interactions between
PAHs and organic matter, the removal mechanisms and toxicity are
needed to optimize the efficiency of the composting strategies on pre-
oxidized chronically contaminated soil.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.apsoil.2019.103459.
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