
Science of the Total Environment 634 (2018) 224–234

Contents lists available at ScienceDirect

Science of the Total Environment

j ourna l homepage: www.e lsev ie r .com/ locate /sc i totenv
Efficiency of surfactant-enhanced bioremediation of aged polycyclic
aromatic hydrocarbon-contaminated soil: Link with bioavailability and
the dynamics of the bacterial community
Martina Cecotti a, Bibiana M. Coppotelli a, Verónica C. Mora a, Marisa Viera b, Irma S. Morelli a,c,⁎
a Centro de Investigación y Desarrollo en Fermentaciones Industriales, CINDEFI (UNLP; CCT-La Plata, CONICET), La Plata, Argentina
b Centro de Investigación y Desarrollo en Tecnología de Pinturas, CIDEPINT (CICPBA, CCT-La Plata, CONICET), La Plata, Argentina
c Comisión de Investigaciones Científicas de la Provincia de Buenos Aires, La Plata, Argentina
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
• PAH degradation was enhanced by sur-
factant at sub-CMC doses in aged-
contaminated soil.

• Soil bacterial community dynamics
were changed by all tested surfactant
doses.

• PAH degradation was negatively af-
fected by a selected bacterial commu-
nity at CMC dose.

• SEBR economic cost would be reduced
by the application of sub-CMC doses.
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Shifts in the bacterial-community dynamics, bioavailability, and biodegradation of polycyclic aromatic hydrocar-
bons (PAHs) of chronically contaminated soil were analyzed in Triton X-100–treated microcosms at the critical
micelle concentration (T-CMC) and at two sub-CMC doses. Only the sub-CMC-dose microcosms reached
sorbed-PAH concentrations significantly lower than the control: 166 ± 32 and 135 ± 4 mg kg−1 dry soil versus
266 ± 51 mg kg−1; consequently an increase in high- and low-molecular-weight PAHs biodegradation was ob-
served. After 63 days of incubation pyrosequencing data evidenced differences in diversity and composition be-
tween the surfactant-modified microcosms and the control, with those with sub-CMC doses containing a
predominance of the orders Sphingomonadales, Acidobacteriales, and Gemmatimonadales (groups of known
PAHs-degrading capability). The T-CMCmicrocosmexhibited a lower richness and diversity indexwith amarked
predominance of the order Xanthomonadales, mainly represented by the Stenotrophomonas genus, a PAHs- and
Triton X-100–degrading bacterium. In the T-CMC microcosm, whereas the initial surface tension was
35 mNm−1, after 63 days of incubation an increase up to 40 mNm−1 was registered. The previous observation
and the gas-chromatography data indicated that the surfactant may have been degraded at the CMC by a highly
selective bacterial community with a consequent negative impact on PAHs biodegradation. This work obtained
strong evidence for the involvement of physicochemical and biologic influences determining the different behav-
iors of the studied microcosms. The results reported here contribute significantly to an optimization of,
surfactant-enhanced bioremediation strategies for chronically contaminated soil since the application of doses
below the CMC would reduce the overall costs.
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1. Introduction

Bioremediation is an economically and environmentally friendly al-
ternative for the clean-up of soil contaminated by recalcitrant pollutants
such as polycyclic aromatic hydrocarbons (PAHs) (Lladó et al., 2015).
Althoughmost PAHs (especially those of lowmolecularweight) are bio-
degradable in the presence of a suitable microbial community, these
compounds represent the main chemicals whose particular limitation
in bioremediation exists because of low bioavailability (Ortega-Calvo
et al., 2013). Bioavailability processes have been defined as the individ-
ual physical, chemical, and biologic interactions that determine the ex-
posure of chemicals to the organisms associated with soils and
sediments (Ren et al., 2017). Because, a low PAHs bioavailability in a
contaminated environment must limit the availability of the substrate
to microorganisms during bioremediation, a suitable strategy for en-
hancing bioavailability becomes necessary.

Surfactant-enhancedbioremediation (SEBR) is a promising chemical
technology for improving the accessibility of the pollutants (Ortega-
Calvo et al., 2013). When the concentration of a surfactant (amphiphilic
molecule) is above the criticalmicelle concentration (CMC),micellar ag-
gregates provide an additional available hydrophobic area within the
central region of the constituent micelles that enhances the solubility
of PAHs in an aqueous bulk solution (Maoet al., 2015). In addition tomi-
cellar solubilization, certain authors have proposed another possible
mechanism involving a modification of the contaminant matrix
(Adrion et al., 2016; Bezza and Chirwa, 2017; Singleton et al., 2016).
This latter mechanism usually would occur at doses below the CMC
through an increase in PAHs diffusivity (Adrion et al., 2016) and a de-
crease in interfacial tension; thus changing thewettability of the system
(Bezza and Chirwa, 2017; de la Cueva et al., 2016), and in so doing, en-
hancing the separation of the pollutant from the soil particles.

In general, the nonionic surfactants exhibit higher hydrocarbon sol-
ubilization than cationic and anionic ones (Lamichhane et al., 2017).
Thus, nonionic surfactants are the most frequently used in biodegrada-
tion approaches,mainly because of the absence of an electrical charge in
the surfactant molecule—minimizing possible toxic effects—along with
the generally lower CMC compared to those of cationic or anionic sur-
factants (Bueno-Montes et al., 2011). The application of nonionic surfac-
tants during soil bioremediation has thus been studied extensively (de
la Cueva et al., 2016; Lamichhane et al., 2017). Different SEBR strategies,
however, have exhibited inconsistent effects, depending on the proper-
ties of the soil and pollutant and on the surfactant type and concentra-
tion. Certain studies have reported positive results with SEBR (Adrion
et al., 2016; Bueno-Montes et al., 2011; Singleton et al., 2016; Sun
et al., 2012; Wang et al., 2016; Yu et al., 2011; Zhu and Aitken, 2010),
but others have registered negligible and/or negative effects (Colores
et al., 2000; Ghosh and Mukherji, 2016; Liu et al., 2016; Lladó et al.,
2013). The possible reasons for the negative findings include the utiliza-
tion of the surfactant as a carbon and energy source in preference to the
contaminants (Colores et al., 2000), a toxicity to the PAHs-degrading
bacteria at surfactant supra-CMCs (Lladó et al., 2013; Mao et al.,
2015), and a low availability of PAHs tomicroorganisms once in themi-
cellar phase (de la Cueva et al., 2016; Makkar and Rockne, 2003).

In addition to the possiblemechanisms previously described for sur-
factant action in solubilizing of contaminants, PAHs biodegradation
could be affected by the action of surfactants on the dynamics of themi-
crobial community (Adrion et al., 2016; Colores et al., 2000; Zhu and
Aitken, 2010). Recently the use of themolecular-biology–fingerprinting
technique (PCR-DGGE) along with high-throughput DNA-sequencing
have pointed to the conclusion that surfactant addition to PAHs-
contaminated soils causes dramatic shifts in the microbial populations
present (Colores et al., 2000; Wang et al., 2016), even under sub-CMC
conditions (Colores et al., 2000), thus demonstrating the necessity to
study the effect of surfactants on the complex microbial communities
in PAHs-polluted soils in order to optimize the SEBR.

The aim of this studywas therefore to ascertain the link between the
population dynamics of the soil bacterial community, as determined by
high-throughput sequencing of 16S rRNA amplicons of soil DNA and
quantitative real-time PCR, and the efficiency of the SEBR strategy at dif-
ferent concentrations of Triton X-100 in PAHs-aged contaminated soil
microcosms. Concentrations of Triton X-100 both at and below the
CMC (determined on soil suspensions) were tested.

2. Materials and methods

2.1. Chemicals

The nonionic surfactant used was the octylphenol ethoxylate ether
Triton X-100 (ultrapure, USB Corporation, USA), with an average num-
ber of ethylene-oxide units around 9.5, corresponding to an average
molecular weight of 625 g mol−1. The polymeric adsorbent resin
Amberlite XAD-2 (20–60 mesh) was supplied by Sigma Aldrich, USA.
The hydrocarbon extraction was performedwith acetone and dichloro-
methane (Sintorgan, Argentina). Dibenzothiophene (Sigma Aldrich,
USA) was used as an internal standard for the quantitative analysis of
hydrocarbons. The PAHs were identified through comparison with the
commercial standard solutions supplied by Restek, USA.

2.2. Aged PAH-contaminated soil

The soil (IPK) used for these assays—removed from a site located
within a petrochemical plant in the suburb of the city of Ensenada,
Argentina—had been used for a Land-Farming treatment of an area con-
taining petrochemical sludge involving several applications of the treat-
ment over a period of 2 years. The present samples were taken
N10 years after that process was over. At the laboratory the sample
was sieved (2-mm mesh) and the microcosms assembled within 48 h
thereafter.

The physicochemical properties of the soil, upon analysis in the Lab-
oratory of Soil Science at the University of La Plata, were loam at
pH 7.71; organic carbon, 2.20%; organic matter, 3.78%; total nitrogen,
0.20%; available phosphorus, 0.00083%; and PAHs, as detected by gas
chromatography (GC), 574 ± 138 mg kg−1. The concentration of
PAHs of low molecular weight (LMW) and high molecular weight
(HMW) was 302 ± 84 mg kg−1 and 272 ± 54 mg kg−1, respectively.

2.3. CMC of Triton X-100 in IPK soil

The CMC of Triton X-100 in the soil was assessed by measuring the
surface tension of soil suspensions with different surfactant concentra-
tions, as described in (Bueno-Montes et al., 2011). The CMC was deter-
mined from supernatants obtained after centrifuging (4000 rpm,
10 min) soil suspensions (2.8 g 70 ml) in distilled water that had been
equilibrated with different surfactant concentrations in a 24 h incuba-
tion at room temperature with agitation in a rotary shaker. The surface
tension was determined at room temperature with a Du Nouy tensiom-
eter (F.B.R., Argentina) for each supernatant in triplicates. Themeans for
each concentration analyzed were plotted in mN m−1 as a function of
the logarithm of the surfactant concentration in mg l−1. The CMC was
calculated as the lowest surfactant concentration not leading to a signif-
icant decrease in surface tension.
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2.4. Microcosm design and treatment conditions

The soil microcosms—consisting of 500 g of sieved soil (20% mois-
ture content) in a glass container of 1 kg capacity—were assembled in
triplicate under four different conditions: (1) C, without surfactant as
a control for natural attenuation; (2) T-CMC, with Triton X-100 at
26 mg g−1 of dry soil; (3) T-B, with Triton X-100 at 14 mg g−1 of dry
soil; (4) T-A, with Triton X-100 at 11 mg g−1 of dry soil. The surfactant
was added in aqueous solution, while the same volume of distilled
water was added to the C microcosm to standardize the moisture con-
tent. All the microcosms were incubated at 24 ± 2 °C for 84 days and
were stirredweekly for aeration.When necessary, themoisture content
of the soil was corrected to 20 ± 2% by adding distilled water.

Soil sampleswere collected 1 day after the addition of the surfactant;
every 7 days during the first 28 days of the treatment; and later after 42,
63, and 84 days. Twenty grams of soil (wet weight) were collected from
each microcosm for the experiments at each sampling time. At the end
of the treatment, 160 g were extracted from each microcosm.

2.5. Microbial enumeration

To determine the total cultivable heterotrophic bacteria, 10 g (wet
weight) of soil were suspended in 100 ml of 0.85% (w/v) NaCl, homog-
enized for 30min on a rotary shaker (250 rpm), and then decanted after
5–10 min. Samples (0.1 ml) of 10-fold dilutions were spread on plates
containing R2A medium to count heterotrophic bacteria (Reasoner
and Geldreich, 1985). The agar plates were incubated at 24 ± 2 °C for
7 days.

2.6. Surface tension of soil suspensions

The changes in the surface tension of soil suspensions from the mi-
crocosms were monitored during the entire treatment. As described in
Section 2.3 above, the supernatants of the soil suspensions were re-
moved and the surface tension measured with a Du Nouy tensiometer.

2.7. Quantification of total and sorbed PAHs

For the determination of total PAHs, the ultrasonic extraction EPA
SW-846 3550C Method was used. Of the weighed soil, 2.5 g were
mixedwith5 g of anhydrous sodiumsulfate to form a free-flowingpow-
der. Three sequential extractions were performed with 8 ml of acetone/
dichloromethane 1/1 (v/v) as described in (Mora et al., 2014). In each
step, the hydrocarbonswere extracted in an ultrasonic bath (Testlab Ul-
trasonic TB10TA) at 40 kHz, 400W for 60min (Luque-García and Luque
De Castro, 2003). The mixture was centrifuged at 4000 rpm for 10 min
(Presvac model DCS-16 RV) and the supernatants collected in a jar for
evaporation. The extract was resuspended in 1 ml of dichloromethane
and filtered (nylon membrane of 0.45-μm pore size). Before injecting
the sample into a Perkin Elmer Clarus 500 gas chromatograph equipped
with a flame ionization detector, an internal standard was added
(dibenzothiophene) to correct for minor variations in the injection vol-
ume. Then 5 μl were injected and analyzed according to (Morelli et al.,
2005). The retention times of the different hydrocarbons were deter-
minedwith standard solutions and quantifications performedwith cor-
rections based on the dibenzothiophene results.

The sorbed PAHs was determined by the technique involving ad-
sorption onto previously washed and activated (Medina et al., 2017)
Amberlite–XAD-2 resin (Northcott and Jones, 2001). Of this resin, 2 g
were placed onto a closed cylindrical steel mesh (260-μm). In addition,
3 g of soil were transferred to a 120-ml glass centrifuge tube. Thirtymil-
liliter of a solution containing 10 mM CaCl2, 10 mM NaN3 were then
added to the centrifuge tube and the cylinder immersed in the solution.
The tubes were sealed and incubated with shaking (150 rpm) at room
temperature.When the cylinderwas removed after 7 days, the PAHs re-
maining in the soil aqueous phase corresponded to the sorbed fraction.
This phase was first lyophilized and then extracted from the dried ma-
terial by ultrasound as described in the previous paragraph, followed
by identification and quantification by GC.

2.8. Triton X-100 analysis

The GC analyses of control and surfactant-treated soil were com-
pared to determine differences with the objective of identifying the
peaks corresponding to Triton X-100. The chromatograms derived
from hydrocarbon analysis were examined. The quantity of each identi-
fied peak from the surfactant-supplementedmicrocosmswas then esti-
mated by comparing the signal from that respective analyte with the
peak from the internal standard.

2.9. Soil DNA extraction, PCR, and pyrosequencing of the 16S rRNA gene

The total DNA of eachmicrocosmwas extracted from1 g of soil sam-
ple after 1, 14, and 63 days of incubation by means of the E.Z.N.A. Soil
DNA Kit (Omega Bio-Tek, Inc., USA) following the manufacturer's
instructions.

The PCR amplification was performed with the 16S rRNA universal
bacterial primers, 341Fbac (5′-CCTACGGGAGGCAGCAG-3′) (Muyzer
et al., 1993) and 909R (5′-CCCCGYCAATTCMTTTRAGT-3′) (Tamaki
et al., 2011) in order to amplify a 568-bp fragment of the 16S-rRNA
gene flanking the V3 and V4 regions, according to (Festa et al., 2016).
After the PCR, the amplicon products from different samples were
mixed in equal concentrations and purified by means of Agencourt
Ampure beads (Agencourt Bioscience Corporation, USA). The samples
were sequenced in a Roche 454 FLX titanium instrument and reagents
according to themanufacturer's guidelines. This sequencingwas carried
out at the Molecular Research laboratory (MR DNA; Shallowater, TX)
based upon established and validated protocols (http://www.
mrdnalab.com/). Sequence data are available at the NCBI Sequence
Read Archive (SRA) under the accession number PRJNA427682.

The sequence data derived from the high-throughput sequencing
were analyzed employing a pipeline developed at Molecular Research
LP (www.mrdnalab.com). Sequences were first depleted of bar codes
and primers, then short sequences (b200 bp), those with ambiguous
base calls, and those with homopolymer runs exceeding 6 bp were
all deleted. The sequences were denoised and chimeras removed
by means of custom software (Dowd et al., 2008b) and the Black
Box Chimera Check software B2C2 (available at http://www.
researchandtesting.com/B2C2.html). The rest were checked for high
quality based on criteria utilized by the software RDP version 9 (Cole
et al., 2009). Sequence data were clustered into operational taxonomic
units (OTUs) with 3% divergence by means of the software uClust ver-
sion v1.2.22. Those OTUs were then taxonomically classified by the
BLASTn.NET algorithm (Dowd et al., 2005) against a database of high-
quality bacterial 16S rRNA sequences derived from GreenGenes
(10–2011 version) (Edgar, 2010). The outputs were compiled and vali-
dated through the use of taxonomic-distance methods (Dowd et al.,
2008a, 2008b).

The resulting taxonomywas defined according to the following per-
centages: N97%, species; between 97% and 95%, unclassified genus; be-
tween 95% and 90%, unclassified family; between 90% and 85%,
unclassified order; between 85% and 80%, unclassified class; between
80% and 77%, unclassified phylum; b77%, unclassified.

For the statistical analysis of the data, theHill numbers—species rich-
ness (0D), the exponential of the Shannon diversity index (1D), and the
reciprocal of the Simpson index (2D) (Hill, 1973)—were used as esti-
mates of diversity (Festa et al., 2016). The rarefaction curveswere calcu-
lated by means of the EstimateS Version 9.1.0 software (http://viceroy.
eeb.uconn.edu/EstimateS). Since these measurements were influenced
by the sequencing depth, normalizationwas performed through resam-
pling and diversity, with the estimation computed from1059 sequences
(corresponding to the number of reads in the shallowest-sampled
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community) that were randomly drawn from each sample. A corre-
spondence analysis (CA; NTSYSpc, version 2.11W) was performed on
the pyrosequencing data based on the frequency values of each order.
Bacterial-community profiles were also investigated though the con-
struction of a heat map at the genus level by means of the R packages
(R version 3.1.2). The clustering was based on the Bray–Curtis dissimi-
larity index, as calculated from the OTUs at a distance of 3%.
2.10. Real-time PCR

The gene-copy numbers of the eubacterial 16S-rRNA gene and the
PAHs ring-hydroxylating α subunit-dioxygenase (PAH-RHDα) frag-
ments were quantified by quantitative real-time PCR (qPCR) in a
qTOWER 2.2™ Analytik Jena real-time PCR thermal cycler. The total
DNA extracted from eachmicrocosm at days 1, 14, and 63was analyzed.

Bacterial 16S-rRNA gene was amplified using primers 1055f (5′-
ATGGCTGTCGTCAGCT-3′) and 1392r (5′-AACGCGAAGAACCTTAC-3′) in
order to amplify a 337-bp fragment (Harms et al., 2003). A PAH-RHDα
subunit fragment for Gram-negative (GN) bacteria of 305 bp was
amplified with the primers PAH-RHDαGNf (5′-GAGATGCATACCAC
GTKGGTTGGA-3′) and PAH-RHDαGNr (5′-AGCTGTTGTTC GGGA
AGAYWGTGCMGTT-3′) after Cébron et al. (2008). The PCR reactions
were performed in 10-μl volumes containing 2× SYBR Green PCR Mas-
ter Mix™ (Promega), 0.4 μM of each primer, 0.3 g l−1 of bovine-serum
albumin, and 2 μl of the template DNAor distilledwater for the negative
control. The amplifications were carried out with the following temper-
ature profiles: an initial heating to 95 °C (5 min), followed by 40 cycles
of 3 steps for amplifying the 16S rRNA gene fragment and 50 cycles for
the PAH-RHDαGN fragment. These steps were: 30 s of denaturation at
95 °C, 30 s at the primer's specific annealing temperature (53 °C and
57 °C for 16S rRNAgene and PAH-RHDα/GN amplification, respectively)
and 30 s of elongation at 72 °C. The final step was for 7 min at 72 °C. At
the endof the real-timePCR, amelting-curve analysiswas performed by
a final cycle that involved the measurement of the SYBR-Green–signal
intensities for an initial step of 1min at 95 °C, 30 s at the annealing tem-
perature and 30 s at 95 °C. The quantifications were performed in trip-
licate qPCR runs.

Two plasmid standards with the corresponding target genes were
cloned and purified and the sequences validated by a sequencing ser-
vice (Macrogen, Korea). Dilutions of the corresponding standards
were run together in triplicate with the samples. The Ct values of each
standard dilution (i.e., the number of cycles where the fluorescence
data cross the threshold) were determined and plotted against the log-
arithm of the respective copy number per microliter in order to obtain
the calibration curves. The Ct values of the environmental samples
were determined and the target-gene copy number deduced from the
standard curves.

The purity of the amplified PCR products was checked by: i) the ob-
servation of a single melting point during melting-curve analysis fol-
lowing the qPCR assays, and ii) the presence of a unique band of the
expected size on 1% (w/v) molecular-grade agarose as visualized with
a UV transilluminator (National Labnet Company, TM-26™) after stain-
ing the gel with 0.5 μg ml−1 ethidium bromide.

All results were processed by means of the MxPro-Mx3000P v4.10
qPCR software.
2.11. Statistical analysis

Statistical evaluations of the data from surface tension, PAH concen-
tration, population size of heterotrophic bacteria and quantification of
the 16S-rRNA gene and PAH-RHDα fragments were performed by a
parametric one-way ANOVA followed by Tukey's post-hoc honestly-
significant-difference test, by means of the XLStat-Pro statistical pack-
age v7.5.2.
3. Results

3.1. Determination of the CMC of Triton X-100 in PAH-contaminated soil
suspensions

The CMC value calculated for IPK soil suspensions was 1056 mg l−1

(corresponding to 26mg of Triton X-100 per g of dry soil), a concentra-
tion corresponding to aminimal surface tension of 32mNm−1 (Fig. S1).
According to this result, themicrocosms T-A, T-B, and T-CMCwere sup-
plemented with 11, 14, and 26 mg g−1 of dry soil, respectively.

3.2. SEBR studies

3.2.1. Surface tension
Fig. 1 depicts the surface tension of soil suspensions obtained from

the C, T-A, T-B, and T-CMC microcosms throughout the duration of the
experiment. The addition of Triton X-100 produced a significant de-
crease (P b 0.05) in the surface tension of the T-A, T-B, and T-CMC mi-
crocosms relative to the C microcosm from the beginning of the
incubation time and remained significantly lower until the end of the
treatment. Although this decrease in the surface tension showed corre-
lation with surfactant concentration, in the sub-CMC microcosms (T-A
and T-B) the surface tension remained constant throughout the whole
experiment. In contrast, the still lower values of surface tension in the
T-CMC microcosm increased significantly (P b 0.05) after 63 days of
treatment.

3.2.2. PAH biodegradation and desorption
Fig. 2 delineates the total (entire bars) and sorbed (filled bars) PAHs

concentrations during the treatment in the C, T-A, T-B, and T-CMC mi-
crocosms. An initial notable decrease in PAHs concentration was ob-
served at 7 days of treatment in all the microcosms, principally at the
expense of the bioavailable fraction. Moreover, at this time the micro-
cosms with sub-CMC doses (T-A and T-B) evidenced sorbed-PAHs con-
centrations significantly lower (P b 0.05) than those of the C group;
thereafter, no further difference was found between the sorbed-PAHs
fractions of the four microcosms at the subsequent treatment times.

In the Cmicrocosms, the consumption of the PAHs-bioavailable frac-
tion at day 7 was followed by a decrease in the sorbed fraction along
with the reappearance of a bioavailable fraction (day 14), indicating
that the abiotic-release ratewas greater than the kinetics of biodegrada-
tion. When a sorbent contains PAHs and the degrading bacteria act as a
withdrawal sink, that bacterial consumption drives the dissolution of
the slowly desorbing fraction of PAHs from the sorbed pool (Johnsen
et al., 2005).

After 42 days of treatment, themicrocosmswith sub-CMC surfactant
doses exhibited a stimulation of PAHs degradation, having reached
total-PAHs concentrations significantly lower (P b 0.05) than those of
either the C or the T-CMC microcosms, with this decrease being attrib-
utable to a degradation of the bioavailable fraction. Fig. 3 exhibits the
bioavailable and sorbed fractions of the individual PAHs that have
been identified in the microcosms on day 42. The three surfactant con-
centrations resulted in more degradation of many PAHs than occurred
in C. Whereas, in the T-CMC microcosm, the degradation of only the
HMW PAHs occurred; at the sub-CMC doses, both HMW and LMW
PAHs concentrations were reduced.

After 84 days of treatment the total PAHs concentration of the T-A
and T-B microcosms consisted in only the sorbed-PAHs fraction, sug-
gesting that in these microcosms the release of hydrocarbon from the
sorbed fraction was rate-limiting for PAHs-degradation.

3.2.3. Triton-X-100 analysis
By comparing the chromatograms obtained from the control soil

with those from the surfactant-supplemented soils, 10 peaks pertaining
to Triton X-100were identified (Fig. S2), that number resulting from the
polydisperse nature of the ethylene-oxide units of the surfactant
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(Franska et al., 2003). To determine the extent of Triton-X-100 degrada-
tion, the areas under these 10 peaks were compared in the chromato-
grams obtained from T-B and T-CMC after 1 and 84 days of treatment
(Table 1).

The results demonstrated that the peaks with a longer retention
time—thus constituting species of higher molecular weight
(Franska et al., 2003)—were more extensively degraded (N90%) in
the T-CMC microcosms. In that microcosm, the apparent lower
degradation of the peaks with shorter retention times could have
resulted from a reduction in the overall molecular weight of Triton
X-100 via the sequential cleavage of the ethylene-oxide units
(Chen et al., 2005) to produce a concomitant enrichment in the low
molecular weight peaks.
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3.2.4. Enumeration of populations of bacteria
From the beginning of the incubation time and during the first

21 days of treatment, no significant differences were found in the num-
ber of culturable heterotrophic bacteria among the four microcosms
(except for T-A on the first day with a significantly lower count; Fig. 4,
dashed lines); thereafter, and up to 63 days of incubation, the micro-
cosm T-CMC manifested counts of heterotrophic bacteria significantly
higher (P b 0.05) than the C microcosms. In contrast, the sub-CMC
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microcosms contained significantly higher numbers (P b 0.05) than the
C group only from day 42 until the end of the incubation. The quantifi-
cation of the 16S-rRNA gene by qPCR (Fig. 4, solid lines) indicated no
significant differences between the results with the control and the Tri-
ton X-100 microcosms during the initial stage, as was previously ob-
served by bacterial cultivation. In addition, the copy numbers of 16S-
rRNA gene in the surfactant microcosms registered at day 63 were sig-
nificantly higher (P b 0.05) than those of the control.

With respect to the potential PAH-degrading capacity measured
through the quantification of PAH-RHDα gene, no difference was
found between the surfactant treatments and the control at the initial
time (Fig. 5). Only after 42 days of incubation, did the T-A, T-B, and T-
CMC microcosms contain a significantly higher (P b 0.05) ratio of
PAH-RHDα/16S rRNA than the control.
Table 1
Relative concentration of the ten peaks identified as Triton X-100, in the microcosms T-B and T

Triton-X-100 peaks (relative mg kg−1 dry soil)

Retention time (min) T-B

Day 1 Day 84 Eliminat

22.67 40.2 ± 0.7 100
26.95 5.5 ± 0.5 100
32.75 26.0 ± 1.5 100
35.34 16.1 ± 5.1 100
40.10 150.6 ± 40.9 100
42.20 251.9 ± 78.2 100
44.62 319.6 ± 81.4 79.7 ± 35.5 75.10
48.70 394.2 ± 117.0 123.4 ± 51.2 68.70
56.01 367.7 ± 112.9 99.0 ± 26.8 73.10
62.60 266.0 ± 93.3 109.2 ± 16.1 58.90

Relative concentration values represent the arithmetic mean ± standard deviation of 3 replica
a Calculated at day 84 relative to day 1.
3.2.5. Bacterial diversity, structure, and composition of the studied
microcosms

The taxonomic composition and diversity of the bacterial
microbiomes present in the soil microcosms on days 1, 14, and 63 of
the experiment were profiled by the pyrosequencing of PCR-amplified
bacterial 16S rRNA gene fragments. The number of sequences obtained
ranged from 1059 to 8995 (Table S1) and were clustered into 1440
OTUs at a 97%-similarity threshold. The Good's-index coverage of all
samples ranged from 0.84 to 0.99 (Table S1), and rarefaction analysis
of the data (Fig. S3) indicated that the coverage achieved was enough
to cover most of the diversity.

To assess the complexity of the soil bacterial communities, the Hill
numbers were obtained (Fig. 6). Independently of the concentration,
the addition of surfactant caused an immediate increase in the species
-CMC, at days 1 and 84 of the incubation.

T-CMC

ion (%)a Day 1 Day 84 Elimination (%)a

27.7 ± 11.1 18.9 ± 3.3 31.8
15.2 ± 2.6 2.6 ± 3.7 82.8
28.3 ± 6.2 10.2 ± 1.5 64
78.6 ± 17.7 7.3 ± 8.3 90.7
786.3 ± 153.1 62.5 ± 11.0 92
1278.9 ± 275.3 96.2 ± 4.8 92.5
1660.4 ± 357.2 136.1 ± 7.3 91.8
2021.5 ± 363.9 128.7 ± 15.0 93.6
1803.5 ± 268.6 63.6 ± 74.8 96.5
1348.3 ± 134.5 69.0 ± 4.4 94.9

tes.
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richness (0D) and diversity (1D and 2D) of the soil bacterial community.
This effect could be caused partially by an improvement in DNA recov-
ery as a result of the surfactant influence on bacterial adhesion to hydro-
phobic soil surfaces (Fortin et al., 2004).

After 14 days of treatment, although the three surfactant-
supplementedmicrocosmsmaintained the same species-richness levels
along with a decrease in the diversity indices, indicating that some spe-
cies became dominant; the Cmicrocosmmanifested amajor increase in
diversity and richness estimators. At 63 days of treatment, the C and T-
CMC microcosms evidenced a decrease in the diversity indices along
with a drop in the species richness, being quite drastic in the C
microcosm.

The pyrosequencing results demonstrated that all the OTUs belong-
ing to the four microcosms were classified in the domain Bacteria (15
phyla; Table S2). On average for the complete data set, themajormicro-
bial phyla were Proteobacteria (40.9%–88.5%), Actinobacteria (1.0%–
31.2%), Firmicutes (0.6%–10.5%), Bacteroidetes (0.7%–6.4%), Chloroflexi
(0.4%–12.0%), Acidobacteria (0%–5.9%), and Gemmatimonadetes (0%–
5.0%).

To visualize the differences in community structure among the dif-
ferentmicrocosms at the level of order, a correspondence-analysis ordi-
nation plot of the unconstrained data was constructed (Fig. 7). The CA
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Fig. 5. The ratio of PAH-RHDα–gene-copy numbers to the 16S-rRNA–gene copy numbers
for each microcosm. The figure represents the mean data along with the standard
deviation in brackets from three independent DNA extractions. The asterisk signifies
significant differences between the control and the surfactant treatments.
revealed pronounced differences in the soil bacterial community pro-
files within the C microcosm between days 1 and 63 and on day 14 of
the incubation, indicating that the microcosm preparation (homogeni-
zation, sieving, and incubation) caused amarked but only temporary ef-
fect on the community profiles. The profile of the C.1 and C.63 samples
are located on the right of zero on the abscissa (CA1) and are character-
ized by a predominance of the orders Bacillales and Pseudomonadales
(Fig. 7).

The profiles from the C microcosm after 14 days of incubation along
with the surfactant-amended microcosms at 1 and 14 days are situated
near each other, on the left of zero on the abscissa and within the posi-
tive quadrant of the ordinate (CA2) of Fig. 7; indicating a greater contri-
bution of the orders Acidimicrobiales, Actinomycetales, Cytophagales,
Sphaerobacterales, Rhizobiales, Caulobacterales, Rhodospirillales, and
Verrucomicrobiales.

After 63 days of incubation, the surfactant-containing microcosms
exhibited a bacterial community profile notably different from that of
the C microcosm; moreover, the profiles of the microcosms with sub-
CMC surfactant doses (T-A and T-B)were separated from the T-CMCmi-
crocosmwith respect to CA2 values.Whereas the T-A.63 and T-B.63mi-
crocosms contained a high frequency of sequences belonging to the
orders Acidobacteriales, Sphingomonadales, and Gemmatimonadales;
the T-CMC.63 microcosm was characterized by a predominance of the
order Xanthomonadales.

Fig. 8 depicts the hierarchically clustered heat-map analysis based
on the bacterial-community profiles at the genus level, as obtained
from the sequence frequencies of the 31 most abundant genera ac-
counting for N70% of all the sequences.

The hierarchical heat-map analysis (Fig. 8) clearly identified two
groups. The bacterial profile of all the microcosms at the initial time
(day 1) formed a cluster (C1) distant from the surfactant-
supplemented microcosms after 14 and 63 days of incubation and
from the C microcosm after 14 days. The soil bacterial profile of the C
microcosm after 63 days was clearly different from that of all other
conditions.

The cluster formed by the samples at the initial time shared a highly
similar community structure characterized by a prevalence of the
Brevundimonas, Nocardioides, and Acinetobacter genera. Within this
cluster, the profile of the C microcosm was distinguished by the domi-
nance of the genera Acinetobacter and Bacillus.

The other cluster (C2) was composed of two subclusters, one
formed by samples from all four microcosms at 14 days of incubation,
which shared a highly similar community structure characterized by



Fig. 6. Hill numbers for the different communities obtained by analysis of pyrosequencing through the use of the EstimateS program.
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a prevalence of Brevundimonas, Nocardioides, Sphingomonas,
Xanthomonas, and Chloroflexus among others (Fig. 8 and Table S4) plus
a second containing the surfactant-supplemented microcosms after
63 days of incubation. Into this latter subcluster one branchwas formed
by the microcosms T-A and T-B, characterized by the prevalence of
Sphingomonas, Novosphingobium, and Brevundimonas; whereas the
other branch, formed by the microcosm T-CMC, was characterized by
a marked prevalence of Stenotrophomonas.

4. Discussion

The effects of the nonionic surfactant Triton X-100 on PAHs degrada-
tion and desorption and on the soil bacterial communitywere evaluated
at doses corresponding to the CMC and below the CMC inmicrocosms of
an industrial soil chronically contaminated with PAHs. Optimization of
the surfactant dosewould improve the efficiency of the SEBR, thusmin-
imizing the cost of treatment.
Fig. 7. Correspondence analysis based on the frequency of ord
The dosage profile of the surfactant added produced a decrease in the
surface tensionof the soil suspension in relationship to the surfactant con-
centration (Fig. 1), confirming that the doses of the T-A and T-B micro-
cosms were sub-CMC. Nevertheless, those microcosms, in which the
micellar solubilization of PAHs would presumably be negligible, were
the only ones that contained sorbed-PAHs concentrations significantly
lower than that of the C microcosm at the beginning of the incubation
(Fig. 2). That at sub-CMC doses the rate of PAHs desorption from a
geosorbent could increase through a direct modification of the contami-
nant matrix is one possible explanation (Adrion et al., 2016). Moreover,
Yeom et al. (1996) found that surfactants enhanced PAHs release from a
soil they tested mainly by increasing the diffusivity of the matrix, with
an increase in solubility through a partitioning of PAHs into the micellar
pseudophase playing a secondary role. Our resultswould confirm this hy-
pothesis since in the T-CMCmicrocosm,wheremost surfactantmolecules
would be aggregated intomicelles, the sorbed PAHs concentrationwas no
different from that of the control (Fig. 2).
ers within the bacterial diversity in the four microcosms.



Fig. 8.Heat-mapplot depicting the frequency of eachbacterial genus (variables clustering on the ordinatewithin each sampleon the abscissa). The values in theheatmap represent the log-
transformed abundance (Log X+1) of each bacterial genus, indicated by the color intensity as displayed on the right side of thefigure. Bacterial distribution among the fourmicrocosms is
denoted by a double hierarchical dendrogram. The bacterial phylogenetic cluster and the relationship among the samples were determined by the Bray-Curtis distance and the complete-
clustering method.
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In addition to mobilizing matrix-sorbed hydrophobic compounds,
surfactants can also impact the PAHs-degrading activity of the endoge-
nous microbial community in a contaminated environment (Makkar
and Rockne, 2003). Although few attempts have been undertaken to
evaluate this changes, evidence for a biologic contribution to the im-
provement of PAHs degradation has been reported (Singleton et al.,
2016). Our results—obtained through high-throughput sequencing of
16S rRNA amplicons of soil DNA (Fig. 8)—demonstrated that the
bacterial-community structure and dynamics were notably different
between the C, T-CMC, and sub-CMC microcosms. This observation
could be correlated with the difference in the elimination of
bioavailable-PAHs fraction observed after 42 days of incubation
(Fig. 2). In addition, those differences could have produced the varied
degradation profile observed on day 42. Whereas, in the sub-CMC mi-
crocosms, the levels of LMW and HMW PAHs remaining were lower
than those in the controls, the differences in the residual-PAHs concen-
trations between the T-CMC microcosms and the control were only
with respect to the high-molecular-weight species (Fig. 3). In previous
SEBR studies (Adrion et al., 2016; Zhu and Aitken, 2010), differences
in PAHs degradation have been attributed to the impact of the surfac-
tants used on the microbial community.

In the C microcosm, the preparation and incubation conditions
produced an increase in species richness and diversity of the
bacterial community followed by a drastic reduction in those param-
eters (Fig. 6). Thomson et al. (2010), using molecular fingerprinting
(T-RFLP), found that the method of sieving and homogenization sig-
nificantly altered the soil bacterial community structure. In the
chronically contaminated soil studied here, the inaccessible PAHs
entrapped within the soil aggregates could have been exposed to
the soil microbiome by the sieving procedure. In concordance with
that possibility, the analytical results indicated that immediately
after microcosm preparation the PAHs-bioavailable fraction repre-
sented the greater proportion (60%; Fig. 2), though that fraction be-
came subsequently degraded by the extant microbial community
strongly selected by the preexisting contamination (Figs. 7 and 8).
The species of the Acinetobacter and Bacillus genera, which taxa dom-
inated the community of C microcosms at the beginning of the incu-
bation time, had previously been found to possess hydrocarbon-
degrading capabilities (Astashkina et al., 2015; Brzeszcz et al.,
2016; Golby et al., 2012; Wu et al., 2017).

The addition of surfactant, at any of the concentrations used here,
effected notable changes in the dynamics of the bacterial soil commu-
nity compared to the status of the C microcosm (Figs. 6 and 7); as a re-
sult, after 63 days of incubation, the bacterial communities of the
surfactant-containingmicrocosmswere substantially different in diver-
sity (Fig. 6) and composition (Fig. 8) from those of the Cmicrocosm. In-
deed, between 14 and 63 days of incubation, the profile of the soil
bacterial community of microcosm T-CMC diverged from those of the
sub-CMC microcosms (Figs. 7 and 8), in a manner consistent with the
degree of PAHs degradation (Fig. 2).
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After 63 days of treatment, the bacterial-community profiles of
the T-A and T-B microcosms contained a predominance of the orders
Sphingomonadales, Acidobacteriales, and Gemmatimonadales
(Fig. 7). Consistent with the stimulation of PAHs degradation in the
sub-CMC microcosms occurring after 42 days of incubation (Fig. 2),
the relative abundance of PAH-RHDα genes (Fig. 5) indicated an in-
crease in the PAHs-biodegradation potential of the community. In
addition, the pyrosequencing results demonstrated an increase in
the relative abundance of bacterial groups with known PAHs-
degrading capabilities and/or those that had been previously de-
tected as key components in the PAHs-degrading microbial commu-
nity. The order Sphingomonadales, mainly represented by the
genera Sphingomonas and Novosphingobium (Fig. 8 and Table S4),
has been singled out as a fundamental clade involved in the biodeg-
radation of PAHs (Bastida et al., 2016; Festa et al., 2016). Thus, Jiang
et al. (2015), using DNA-stable isotope probing, demonstrated that
the Acidobacteria-related bacteria were linked with PAHs degrada-
tion. Although the recently described phylum Gemmatimonadetes
has few cultivable representatives, certain studies have shown that
this phylum has been present in PAHs-polluted soils (Muangchinda
et al., 2015; Tejeda-Agredano et al., 2013).

On day 63 of the incubation, the bacterial community of the T-
CMC microcosm—characterized by a lower richness and diversity
index compared to those of the T-A and T-B microcosms (Fig. 6),
with a marked predominance of the order Xantomonadales
(Fig. 5)—was mainly represented by the Stenotrophomonas genus.
Other studies had described the inhibition of microbial PAHs-
degrading activity by nonionic surfactants at concentrations above
the CMC (Lladó et al., 2015; Singleton et al., 2016), which effect is
probably caused by a physicochemical interaction between the sur-
factant micelle and the bacterial cell-walls, effecting a disruption of
the membrane lamellar structure (Liu et al., 2016). Nevertheless,
strains of the Stenotrophomonas genus have been reported as
PAHs- (Koshlaf and S Ball, 2017; Lim et al., 2016) and Triton X-
100- (Chen et al., 2004) degrading bacteria. The evidence of a
higher Triton X-100 degradation in the T-CMC microcosm
(Table 1), which result agrees with the increase in the surface ten-
sion observed in that microcosm after 63 days of treatment
(Fig. 1), could be an indication of Triton X-100 biodegradation by
a highly selected bacterial community—it therefore having a nega-
tive impact on PAHs biodegradation.

5. Conclusion

Our study demonstrated that the addition of Triton X-100 to a
chronically contaminated soil enhanced the PAHs biodegradation only
at sub-CMC concentrations. A similar result had been found by
Singleton et al. (2016), in a soil bioreactor with another nonionic surfac-
tant (Brij 30). The chemical determination of the sorbed and bioavail-
able PAHs fractions in combination with the use of pyrosequencing—a
powerful tool for analyzing complex microbial communities—enabled
us to obtain strong evidence for the involvement of both physicochem-
ical and biological influences determining the different behaviors of the
experimental microcosms that we recorded. The details elucidated in
this work will no doubt contribute significantly to the optimization of
SEBR strategies.
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