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a  b  s  t  r  a  c  t

The  hypothesis  regarding  preferential  biodegradation  of  surfactants  applied  for  enhancement  of micro-
bial hydrocarbons  degradation  was  studied.  At  first  the  microbial  degradation  of  sole Triton  X-100  by  soil
isolated  hydrocarbon  degrading  bacterial  consortium  was  confirmed  under  both  full  and  limited  aeration
with  nitrate  as  an  electron  acceptor.  Triton  X-100  (600  mg/l)  was  utilized  twice  as  fast  for  aerobic  condi-
tions (t1/2 = 10.3  h),  compared  to anaerobic  conditions  (t1/2 =  21.8  h).  HPLC/ESI-MS  analysis  revealed  the
preferential  biodegradation  trends  in both  components  classes  of commercial  Triton  X-100  (alkylphenol
ethoxylates)  as well  as polyethylene  glycols.  The  obtained  results  suggest  that  the  observed  changes  in
the degree  of ethoxylation  for  polyethylene  glycol  homologues  occurred  as  a consequence  of  the  ‘central
iesel oil
EG
riton X-100

fission’  mechanism  during  Triton  X-100  biodegradation.  Subsequent  experiments  with  Triton  X-100  at
approx. CMC  concentration  (150  mg/l)  and  diesel  oil supported  our  initial  hypothesis  that  the  surfactant
would  become  the preferred  carbon  source  even  for hydrocarbon  degrading  bacteria.  Regardless  of  aera-
tion  regimes  Triton  X-100  was  utilized  within  48–72  h.  Efficiency  of  diesel  oil degradation  was  decreased
in the  presence  of  surfactant  for  aerobic  conditions  by approx.  25% reaching  60  instead  of  80%  noted  for
experiments  without  surfactant.  No  surfactant  influence  was  observed  for anaerobic  conditions.
. Introduction

Over the past years biological methods have been recognized
s an efficient alternative to classic remediation technologies of
etroleum-contaminated sites. The biodegradation efficiency is

nfluenced by numerous biotic and abiotic factors. Among them
he bioavailability and bioaccessibility of potential carbon sources
nd nutrients is of major concern [1].  The hydrophobic nature of
etroleum compounds, low water solubility and contaminant sorp-
ion into the soil matrix results in a notable decrease of the mass
ransfer rate, as most of the carbon sources are unavailable to the
ells, and is regarded as a major limitation step [2].

Surfactant supplementation has been suggested as a potential
pproach to overcome this issue [3].  Surfactants may  intensify the
iodegradation process through solubilisation and mobilization of

ater-immiscible hydrocarbons. In this concept, the hydropho-

ic compound droplets are entrapped in surfactant micelles and
ransferred into the aqueous phase [4].  A parallel mechanism
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for increasing the mass transfer rate involves surfactant-induced
changes in surface properties of microbial cells, which result in
an enhanced affinity towards hydrocarbons. As a consequence the
microbial adherence to the oil phase is increased and direct uptake
of petroleum compounds may  occur [5].

It was  initially expected that surfactants will be responsible
for an increase of surface area for potential bacterial coloniza-
tion, which would lead to a higher utilization rate of dispersed
hydrocarbons. While numerous researchers observed increased
hydrocarbon biodegradation efficiency after surfactant supple-
mentation [6,7], there are many contrary reports suggesting that
surface active agents may  inhibit the degradation rate [8–10].
The overall influence of surfactants on the progress of biodegra-
dation processes may  induce facilitation, retardation or no effect
[4,11].  It was also concluded, that various issues may  be respon-
sible for the observed negative impact. One possible explanation
included the toxicity of surfactants or surfactant-solubilised con-
taminants, which resulted in decreased microbial growth [12].
Furthermore, surfactant-mediated detachment of cells from the

interfacial boundary and inhibition of direct uptake was another
limiting factor [9,13].  Moreover, surfactant molecules were occa-
sionally utilized as a preferential carbon source [10]. Recently
several studies also demonstrated, that the organic compounds

dx.doi.org/10.1016/j.jhazmat.2011.09.060
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
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ntrapped in surfactant micelles may  be unavailable to microbial
ells [14–17].  In our previous studies we have reported, on the
xample of 218 bacterial consortia, that the addition of Triton X-
00 decreased the biodegradation capabilities for a large group of
iesel oil-degrading consortia [18].

In order to investigate the previously observed decrease of
iodegradation efficiency we carried out studies concerning the

nfluence of Triton X-100 on diesel oil degradation carried out
y a new microbial consortium under aerobic and anaerobic con-
itions. We  focused on analyzing the fate of surfactant during
he biodegradation experiments as well as possible interactions
ith consortium members in terms of cell surface hydrophobicity

hanges and toxicity.

. Materials and methods

.1. Chemicals

Petroleum diesel fuel (EN 590:2004) was purchased from a
etrol station (PKN Orlen, Poland) and sterilized by filtration
efore use in experiments (Millex 0.2 �m;  Millipore). Triton X-
00 (Sigma–Aldrich) is a mixture of alkylphenol ethoxylates (APE)
ith an average degree of ethoxylation equal to 9.5. The analysis

evealed approx. 0.5–1.5% content of polyethylene glycols (PEG),
esidues from the production process.

.2. Characterization of microorganisms

.2.1. Isolation of microbial consortium
The bacterial consortium, assigned PMF1, has been isolated from

 site polluted with crude oil (Czarna Górna, Poland 49.315051N;
2.662735E) under aerobic conditions employing diesel fuel as sole
arbon and energy source. The isolation process was carried out on
TFE membranes, as described by Oku et al. [19].

.2.2. Extraction and amplification of bacterial DNA
After the microbial cells were disrupted by lysozyme treat-

ent, the total DNA was extracted with the use of the Genomic
ini Plant Kit (A&A Biotechnology, Poland). The obtained DNA
as then used for PCR amplification of the bacterial 16S

DNA. To amplify 16S rRNA coding sequence the oligonucleotide
rimers SDBac08 5′AGAGTTTGATCCTGGCTCAG3′ and Unv1492
′ACGGCTACCTTGTTACGACTT3′ were used. PCR was  performed in
otal volume of 25 �l containing 1× PCR buffer (10 mM Tris–HCl, pH
.8, 2.5 mM,  MgCl2, 50 mM KCl and 0.1% Triton X-100), 250 ng DNA
emplate, 0.44 �M concentration of each primer, 200 �M dNTP, 1 U
yNAzyme II DNA polymerase (Finnzymes). The amplification of
6S rDNA consisted of 15 cycles: 1 min  denaturation step at 94 ◦C,

 min  annealing step at 56 ◦C, and 1 min  extension at 72 ◦C (Biome-
ra T Gradient thermocycler). After reaction, 4 �l samples of PCR
eaction mixture were analyzed by electrophoresis in 1.0% (w/v)
garose in 1× TBE buffer (89 mM Tris–borate, 2 mM EDTA pH 8.3)
nd subsequently visualized by UV illumination after ethidium bro-
ide staining.

.2.3. Construction of clones libraries of bacterial 16S rDNA
PCR amplicons were cloned into pGEMTEasy vector (Promega).

he Escherichia coli JM109 (Promega) used for clone library con-
truction was grown in Luria–Bertani broth (LB) for 16 h at
7 ◦C. Transformed E. coli cells were grown overnight on LB
gar plates containing 100 �l/ml ampicilin, 100 �l of 100 mM

sopropyl-�-d-tiogalactopyranoside and 20 �l 50 mg/ml  5-bromo-
-chloro-3-indolyl-�-d-galactopyranoside at 37 ◦C. To establish
he diversity within the each group of clones white colonies were
icked randomly.
s Materials 197 (2011) 97– 103

2.2.4. PCR–RFLP analysis
Recombinant pGEMTEasy-16SrDNA plasmids were purified

with Plasmid Mini kit (A&A Biotechnology). The clones were
screened for different inserts of 16S rDNA by PCR and restric-
tion mapping (RFLP – restriction fragment length polymorphisms)
using the restriction enzymes FastDigest HinfI and FastDigest TaqI
(Fermentas). Digestion reactions were performed in final volume
of 20 �l at 37 and 65 ◦C, respectively. The restriction fragments
were separated by electrophoresis in polyacrylamide gel (8% PAA,
1× TBE buffer). The resolved DNA was visualized by silver stain-
ing. The gels were fixed for 10 min  in 10% ethanol, rinsed three
times with distilled water, incubated for 10 min  in 1% HNO3 (v/v),
rinsed three times with distilled water, impregnated for 30 min
with AgNO3 (0.2% w/v) containing 0.04% formaldehyde, thoroughly
washed with water and visualized with Na2CO3 (3% w/v) containing
0.02% formaldehyde. Staining was  stopped by 10 min incubation in
10% (v/v) CH3COOH.

The selected plasmid DNA samples with different RFLP pattern
of insert were sequenced. For complete sequence determina-
tion three primers were used SDBac08, Unv1492 and F515
(5′GTGCCAGCAGCCGCGGT-3′). Whole 16S rRNA coding sequence
was assembled using VectorNTI Software (Invitrogen) and contigs
corresponding to samples with different restriction patterns were
submitted to the National Center for Biotechnology Information for
similarity searches in GeneBank (BLASTN) for taxonomic identifi-
cation.

2.2.5. Preparation of the inoculum
The consortium has been stored at −80 ◦C in a 30% (v/v) glycerol

stocks. To prepare an inoculum, stock suspension was transferred
(1 ml)  to a 300-ml Erlenmeyer flask containing 50 ml  mineral
medium (composition given in [20]) and diesel fuel (0.5%, v/v), and
was cultivated for 24 h at 25 ◦C. Later, 1 ml  aliquot of the cell sus-
pension was transferred to a new enrichment flask and the culture
was grown for 3 days in the same conditions. This step was  repeated
three times and cells from the last enrichment were centrifuged at
10,000 × g, washed twice with 40 ml  of mineral medium and resus-
pended. In all steps aerobic conditions were provided. After the
enrichment procedure of the consortium stock the cultures were
set up to an OD600 of 0.1 ± 0.01 for each experimental condition.
Polymerase chain reaction denaturing gradient gel electrophore-
sis (PCR-DGGE) revealed that the community in the glycerol stock
was the same as the communities in the enrichment cultures (data
not shown). The initial relative abundance of the bacterial groups
present in the consortium has been determined by the use of Taq-
Man  probes and the method previously described by Cyplik et al.
[21].

2.2.6. Growth on Triton X-100
The potential toxicity of Triton X-100 towards the consortium

grown on Na–succinate (4 g/l) as a sole source of carbon was stud-
ied, in order to exclude all possible interference from diesel fuel
hydrocarbons. The toxicity was quantified by the effect of the
surfactant on the microbial growth rates, according to the proce-
dure described by Heipieper et al. [22]. Triton X-100 was added
to exponentially growing cells in concentrations ranging from 1 to
1000 mg/l. The growth inhibition was defined as the percentage
of the growth rates of cultures with surfactants and that of con-
trol cultures without surfactants. Effective concentrations of the
compounds causing 50% growth inhibition were expressed as EC50.
2.3. CSH

Cell surface hydrophobicity was measured as described by
Owsianiak et al. [18].
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.4. Biodegradation experiments

.4.1. Full aeration
Loosely closed 250-ml Duran-Schott bottles covered with alu-

inum foil contained 50 ml  of mineral medium and diesel oil at
.5% (v/v) and/or Triton X-100 (150 or 600 mg/l). Initial inoculum
as adjusted to OD600 0.1 ± 0.01 by adding approximately 1 ml  of
ense cell suspension from the preculture grown aerobically on
iesel fuel, and cultivation was carried out at 25 ◦C at 120 rpm. Each
ay, a set of three replicates was sacrificially sampled for hydrocar-
on analyzes. Cultures lacking biomass served as blanks to account
or abiotic loses.

.4.2. Limited aeration with nitrate
Tightly closed 250-ml Duran-Schott bottles contained 50 ml  of

ineral medium (NH4Cl 1.0 was replaced with NaNO3 1.0 and
a2MoO4 0.0005 g/l). Limited aeration was achieved by flushing
ith nitrogen to remove dissolved oxygen. While this method

llows removing most of the oxygen, traces might be left that
artially catalyze oxidative attack on surfactant compounds. Culti-
ation conditions were the same as in the fully aerobic setup, with
ultures lacking biomass serving as blanks to account for abiotic
oses. An independent set of duplicates run in parallel was set up
o for nitrate and nitrite analyzes.

.5. Analytical procedures

.5.1. GC-FID diesel oil determination
Residual hydrocarbons were extracted with hexane (ISO, 2000)

nd analyzed with gas chromatography (GC-FID), as described by
wsianiak et al. [20].

.5.2. Analyzes of nitrate and nitrite
Nitrate and nitrite depletion was determined according to a

ethod previously described by Cyplik et al. [21].

.5.3. Preparation of the modified Dragendorff reagent
The modified Dragendorff reagent tetraiodobismuthate(III)

omplex in the presence of barium ions was used to precipitate
he ethoxylates. In order to prepare the reagent, 1.2 g of a base bis-

uth(III) nitrate, 150 ml  of water-free acetic acid, 100 g of barium
hloride, 50 g of potassium iodide and 5 g of an anhydrous sodium
ypophosphite dissolved in a 1000 ml  flask filled with redistilled
ater.

.5.4. Determination of Triton X-100
The culture broth (3 ml)  was centrifuged at 8228 g for 15 min

sing Costar® Spin-X® centrifuge tube filters (0.22 �m nylon mem-
rane). The cell and diesel oil-free samples were injected into
entrifuge tubes (10 ml)  and 1 ml  of the modified Dragendorff
eagent was added. After 10 min  the precipitate was separated
y centrifugation (25,200 × g). The isolated precipitate was rinsed
ith glacial acetic acid (3 × 1 ml)  to remove the residual Dragen-
orff reagent. 1 ml  of the dissolving solution (0.1 M EDTA and 0.5 M
odium acetate) was added to the precipitate. Afterwards 1.2 ml
f the complex-forming solution (potassium iodide and sodium
ypophosphite in the presence of hydrochloric acid) was added and
he solution was transferred into a quartz cuvette. The spectrum of
he obtained solutions was measured in a range of 200–900 nm
gainst redistilled water.
.5.5. HPLC/ESI-MS analysis of Triton X-100 residues
Ethoxylates were separated from water samples by sequen-

ial extraction with ethyl acetate (APE) and chloroform (PEG) as
reviously described by Szymanski and Lukaszewski [23]. The
s Materials 197 (2011) 97– 103 99

extracts aliquots were used for analyses. The HPLC/ESI–MS analy-
ses were performed using a UltiMate 3000 RSLC (Dionex Sunnyvale,
CA, USA), coupled with 4000 QTRAP LC/MS/MS Hybrid Triple
Quadrupole/Linear Ion trap mass spectrometry (AB SCIEX Foster
City, CA, USA), Hypersil GOLD column (1.9 �m × 100 mm × 2.1 mm,
Thermo Fisher Scientific Inc.). The column temperature was 35 ◦C.
The injection volume was  10 �l. Compounds were eluted with
5 mM of ammonium acetate (A) and methanol (B) as the mobile
phase, with linear gradient of 30–0% A over 15 min, and flow rate
of 200 �l/min. Respective ethoxylated homologues were not sepa-
rated, which allowed to obtain a signal of each homologue on one
mass spectrum. The mass spectra were recorded in the m/z range of
250–1000 amu, in the first quadrupole and positive-ion mode. The
electrospray source potentials were: capillary 3.5 kV, lens 0.65 kV,
extractor 10 V and cone voltage 36 V. The source temperature was
120 ◦C and the desolvation temperature 400 ◦C. Nitrogen was  used
as the nebulising and desolvation gas at the flow rates of 100 and
200 l/h, respectively.

2.6. Statistical analysis

Data was analyzed via analysis of variance (ANOVA) to detect
significant differences between the treated groups and control. The
probability of  ̨ (type I error) was 5.00% (P < 0.05).

Dependence of the amount of Triton X-100 and PEG on the time
of the process t in the examined system was described with an
exponential equation:

y = (y0 − y∞) exp(−kt) + y∞

where y0 is the amount of investigated chemicals when time
is zero; y∞ is the amount of investigated chemicals remain-
ing after an infinitely long time period, which represents the
non-biodegradable fraction; k is the rate constant, which charac-
terizes the biodegradation process of the biodegradable fraction,
expressed in h−1. The half-life of the biodegradable fraction of Tri-
ton X-100 and PEG was computed as:

t1/2 = ln(2)
k

Non-linear estimation method according to
Levenberg–Marquardt was used (STATISTICA 6.0 PL software).

3. Results

3.1. Characterization of the microbial consortium

The results of 16S rRNA identification and initial relative abun-
dance tests showed, that the isolated bacterial consortium consists
of: Achromobacter sp. (6%), Citrobacter sp. (10%), Pseudomonas
fluorescens (2%), Comamonadaceae (53%), Alcaligenes sp. (10%),
Rhodococcus sp. (10%), Sphingomonas sp. (9%). The isolates belong
to species commonly associated with crude oil-contaminated sites
[24].

3.2. Biodegradation of Triton X-100

3.2.1. Microbial growth on Triton X-100
In order to investigate potential toxicity, the PMF1 consortium

was cultivated in the presence of Triton X-100 at concentrations
ranging from 1 to 1000 mg/l. Most of the biodegradation stud-
ies dealing with surfactant degradation are carried out within
the range of APE concentrations 5–1000 mg/l [25–27].  Chen et al.

[28] performed isolation of APE degrading strains with the use of
500 mg/l of Triton X-100. Triton X-100 toxicity tests towards the
PMF1 consortium showed, that using up to 600 mg/l of this sur-
factant resulted in a relatively low biomass decrease (approx. 20%
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Fig. 1. Biodegradation of Triton X-100 and PEG under different aeration conditions. (A) Triton X-100 and PEG, aerobic; (B) Triton X-100 and PEG, anaerobic.
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ig. 2. Changes in the degree of ethoxylation profiles for Triton X-100 (A – initial; A
rocess.

ecrease compared to growth on 150 mg/l), whereas using higher
oncentrations caused greater inhibition of microbial growth (EC50
t 900 mg/l). For further experiments Triton X-100 was  used at a
oncentration of 600 mg/l, which corresponds to approx. 4× CMC,
n order to eliminate potential errors concerning the relative con-
entration of the biodegradation products.

.2.2. Biodegradation of Triton X-100 and PEG
Possible utilization of commercial Triton X-100 by the bacterial

onsortium as a primary carbon source was studied under different
eration regimes. The consumption of both APE and PEG could be
bserved, as shown in Fig. 1.

Biodegradation of Triton X-100 was rapid and was  twice as
ast for aerobic conditions (t1/2 = 10.3 h) compared to anaerobic
onditions (t1/2 = 21.8 h). During aerobic growth Triton X-100 was
egraded within 2 days, while the remaining 30 mg  were dissipated
lowly. After 3 additional days similar results were observed for
naerobic cultures. The initially slow anaerobic biodegradation of
iesel fuel was reflected by slow dissipation of nitrate and produc-
ion of nitrite. After 5 days the depletion of nitrate was notable
nd a significant increase in nitrite production could be observed.
lthough traces of oxygen might have partially catalyzed an oxida-

ive attack on the surfactant molecules, we expect that most of the
egradation was carried out using nitrate and nitrite as electron
cceptors. Overall, after 14 days of biodegradation the initial con-

entration of Triton X-100 was reduced from 590 to 6 mg/l under
oth aeration conditions.

On the other hand PEG compounds were metabolized at a
otably slower rate. The initial concentration of PEG was reduced
al) and PEG (B – initial; B′ – final) homologues before and after the biodegradation

from 4.3 to 0.53 mg/l during aerobic growth. Similar to results
obtained for Triton X-100 the degradation rate was decreased
under anaerobic conditions, reaching a final concentration of
approx. 1.06 mg/l. These results correspond to significantly higher
half-life time values (78.4 h during aerobic growth and 116.7 h dur-
ing anaerobic conditions). As a result, the PEG content increased
after the biodegradation process to 8.55 and 17% of initial mass for
aerobic and anaerobic conditions accordingly. The employed math-
ematical model includes the presence of the non-biodegradable
fraction (indicated by y∞), whereas the obtained decay constant
(k) as well as half-life values were calculated for the biodegradable
fractions. The non-biodegradable fractions of Triton X-100 were
at 3.1 and 1.7% for aerobic and anaerobic studies, accordingly (see
Table 1).

3.2.3. Changes in homologue profiles of Triton X-100 and PEG
In order to investigate the details behind the biodegradation

mechanisms of Triton X-100 and PEG, the samples were subjected
to HPLC/ESI-MS analysis. Based on the obtained results, the changes
in the profiles corresponding to shifts in ethoxylation degree (EO)
were observed for both APE and PEG homologues.

The profiles representing the degree of ethoxylation of Triton
X-100 before and after the biodegradation process changed sig-
nificantly in terms of composition (Fig. 2). A general decrease of
homologues within the ethoxylates mixture was observed, with the

sole exception of APE8. This was especially notable for compounds
with EO ranging from 4 to 6 and from 13 to 17. The compounds with
a higher degree of ethoxylation (20–22) were not detected after the
biodegradation process, presumably due to complete degradation.
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Table 1
First order degradation constants for samples containing Triton X-100 and PEG during aerobic and anaerobic growth.

Biodegradation experiment Model coefficient

Chemical Condition y0 y∞ k [h−1] t1/2 [h] R2

Triton X-100
Full aeration 579.3 17.81 0.067 10.34 0.993
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Limited aeration with nitrate 579.

PEG
Full aeration 4.
Limited aeration with nitrate 4.

verall, the intensity of oligomers with low EO numbers increased
hile the intensity of oligomers with high EO number decreased

Fig. 3).
The profiles of PEG homologues also differ notably (Fig. 2). The

ompounds with a higher degree of ethoxylation (15–26) were
epleted and a significant increase of ethoxylates with 6–8 EO
nits in the molecule was detected. This resulted in a shift of the
EG profile towards a lower degree of ethoxylation (Fig. 3). Nev-
rtheless, it is worth noticing that no increase or accumulation of
hort-chained and low-mass molecules (EO 1–2) was  detected. This
ay  lead to a conclusion, that the observed changes in the PEG pro-

le occurred as a consequence of the ‘central fission’ mechanism
uring Triton X-100 biodegradation, as proposed by Franska et al.
25].

.3. Biodegradation of diesel oil

The microbial consortium was used during diesel oil biodegra-
ation tests with and without Triton X-100 (150 mg/l), which
orresponds to the CMC  value [18]. Since oxygen may  be a lim-
ting factor in terrestrial and aquatic systems, the performance of
he consortia with full aeration was compared to the performance
ith limited oxygen. The concentration of both diesel oil and Triton
-100 was monitored. The results are shown in Fig. 4.

During aerobic growth the diesel oil biodegradation rate was
ower for surfactant-supplemented samples (Fig. 4A). After two

eeks the diesel oil removal efficiency reached about 80% for pure
iesel oil samples, compared to 60% achieved for samples con-
aining diesel oil and Triton X-100. These results fit well with the
iodegradation patterns observed during our previous experiments
18]. On the contrary, diesel oil biodegradation during anaerobic
rowth was much slower, reaching about 30% after 14 days and

o apparent differences between samples with and without sur-

actants were observed (Fig. 4B). This corresponds to a complete
epletion of diesel oil within approximately 60–70 days calculated
rom the slope of initial part of biodegradation curves (days 1–4)

ig. 3. Shifts in the degree of ethoxylation for Triton X-100 (a – initial; b – final) and
EG  (a′ – initial; b′ – final) homologues before and after the biodegradation process
on  the base of intensity for adequate homologues on ESI-MS spectra).
10.07 0.032 21.81 0.994
0.139 0.008 78.36 0.820
0.216 0.006 116.7 0.825

by fitting linear regression model. Similar results were obtained
by Cyplik et al. [21], where complete degradation of diesel under
anaerobic conditions was  expected to be accomplished within 75
days.

The concentration of Triton X-100 significantly decreased in all
studied samples during the early stages of diesel oil biodegrada-
tion. Under anaerobic conditions Triton X-100 was dissipated at a
similar rate compared to aerobically grown cultures. In both cases
the surfactant content decreased to 20 mg/l after 2 days. Anaerobic
biodegradation was accompanied by nitrate depletion and subse-
quent nitrite production and depletion (data not shown).

3.4. Cell surface hydrophobicity

Initially the microbial consortium exhibited hydrophilic proper-
ties, with an average CSH value between 20 and 30%. In the presence
of surfactant marginal shifts towards both more hydrophobic and
hydrophilic properties occurred. Overall no correlation between
CSH changes and the addition of Triton X-100 was observed.

4. Discussion

In order to investigate the possible inhibition causes reviewed
by Paria [4] the influence of Triton X-100 on the microbial con-
sortium was studied. Efroymson and Alexander [29] reported a
decrease of the bacterial adherence to hydrocarbons upon the addi-
tion of this surfactant, which in turn completely prevented the
mineralization of hexadecane dissolved in heptamethylnonane.
The analysis of growth on Triton X-100 as a sole carbon source
revealed, that the consortium exhibited tolerance towards this
surfactant within a range of concentrations 1–1000 mg/l. Even at
the highest concentrations the microorganisms displayed growth,
which may  suggest that the toxic effect of sole APE was marginal.
This does not exclude the possible surfactant-induced toxicity
enhancement of diesel compounds. Bramwell and Laha [30] sug-
gested, that the mobilization of potentially toxic hydrocarbons due
to surfactant solubilisation may  also contribute to the observed
decrease of biodegradation efficiency. However the rapid dis-
sipation of Triton X-100 (Fig. 1) and no effect of surfactant
supplementation observed under anaerobic conditions (Fig. 4B)
seem to contradict this concept. Wong et al. [9] reported that the
biodegradation rate of phenanthrene by Bacillus sp. was decreased
in the presence of synthetic surfactants (Tween 80 and Triton
X-100). The Authors observed growth on Tween 80 but not on
Triton X-100. Although primary utilization of these compounds
was possible, the Authors concluded that the observed inhibition
of biodegradation was  a result of surfactant-induced reduction
of direct contact between microbial cells and phenanthrene. Our
studies concerning the influence of Triton X-100 on CSH revealed
no apparent correlations. This may  be attributed to the fact, that
the consortium consisted of several different species, and while
some of them may  be affected by the presence of surfactants,

other were resistant. Therefore the effect of the surfactant was  not
unequivocal. Overall it was concluded, that changes in CSH did not
have a significant impact on diesel oil biodegradation efficiency.
The isolated microbial consortium was  highly hydrophobic, with
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 – diesel oil with Triton X-100; © – diesel oil.

 tendency to form bacterial biofilms on interfacial boundary. As
urfactants tend to accumulate on the water–oil interface, it can be
xpected, that biodegradation of APE will occur prior to microbial
ttachment and utilization of oil phase. The results obtained dur-
ng surfactant-mediated biodegradation of diesel oil proved, that
nder aerobic conditions the rate of hydrocarbon utilization by the
icrobial consortium was decreased in the presence of surfactants

Fig. 4A). Since the concentration of surfactant was notably reduced
fter two days, the possible entrapment of diesel hydrocarbons in
icelles contributing to an inhibition of bioavailability also seems

nlikely. Therefore it may  be concluded that the decrease of diesel
il degradation efficiency in the presence of Triton X-100 during
erobic growth was caused by preferential utilization of surfac-
ants.

The environmental impact of APE and alkylphenols (AP) has
een intensively studied over the past years [31,32]. Several sur-
actant biodegradation studies were carried out using microbial
solates capable of growth solely on ethoxylated compounds. Most
f such isolates belong to the Pseudomonas and Sphingomonas genus
33–35]. Chen et al. [28] studied the Pseudomonas nitroreducens TX1
train, which was  able to grow in the presence of up to 100,000 mg/l
f Triton X-100.

It has been concluded, that APE undergo three possible
iodegradation pathways [36]: terminal attack on the ethoxylene
hain, proceeding either by oxidation [28,37] or cleavage [38];
central fission’, which leads to the separation of AP and PEG

olecules [25]; finally, the degradation of alkyl chain is also plau-
ible [26]. Although the utilization of APE by microorganisms has
een widely recognized, there are inconsistent reports regarding
he degradability of their potential metabolites [39]. Since step-
ise oxidation is considered as the most popular mechanism, most

esearchers observed the formation of short-chained APE with a
ow molecular mass and carboxylated products as main metabo-
ites. Afterwards, the most plausible step includes the degradation
f the alkyl chain, resulting in the emergence of dicarboxylated
roducts [38]. Although alkylphenols are potential intermediates
uring the biodegradation process, it seems that these compounds
re rarely detected during aerobic growth. This may  be caused by
he fact, that alkylphenols appear to be readily biodegraded into
urther metabolites, as several recent studies confirmed both alkyl
hain oxidation and ring-cleavage mechanisms [40–42].  The stud-
es carried out by Naylor et al. [43] with the use of 14C ring-labeled
onylphenol ethoxylates indicated, that upon ring-cleavage the

ntermediates were most likely incorporated into microbial cells
nd converted into biomass.
These findings fit well with the results obtained during this
tudy, as no alkylphenol moieties were detected. There was also
o trace of either mono- or dicarboxylated products, which may
uggest the occurrence of a non-oxidative degradation mechanism,
 under different aeration conditions (A – aerobic; B – anaerobic): � – Triton X-100;

similar to the one suggested by Lu et al. [44]. However the Authors
reported an apparent increase of short-chained APE concentrations
(EO 1 and 2) after 14 days. On the contrary, during our studies the
concentration of these compounds did not differ notably (Fig. 3).
On the other hand, a significant increase of the lower EO homo-
logues was  observed for PEG compounds, which may  suggest a
different biodegradation pathway. The obtained results suggest
that the dissipation of Triton X-100 most likely occurred as a con-
sequence of the ‘central fission’ cleavage, which would lead to the
emergence of PEG and alkylphenols. The presence of AP moieties
was not observed during HPLC–MS studies. It might be plausible,
that these compounds were utilized by hydrocarbon degrading soil
isolates used in this study. It was concluded, that upon the separa-
tion of hydrophile and hydrophobe, PEG were subjected to further
degradation, possibly via sequential cleavage and depolymeriza-
tion. However more studies are needed to elucidate the details
behind the biodegradation mechanism of APE by the PMF1 con-
sortium.

Although the biodegradation of PEG is considered to occur at a
relatively slow rate due to high energy required to cleave the ether
bond [45], there are numerous studies indicating, that these com-
pounds may  serve as a carbon source for several bacterial species
[46,47].

The obtained results bring about several implications. Firstly,
the desired effect of surfactant-mediated solubilisation during
biodegradation of petroleum hydrocarbons may  be decreased due
to preferential utilization of surfactant molecules by microbial con-
sortia. Secondly, although the microbial consortium was isolated
from a petroleum-contaminated site and cultivated on hydrocar-
bons, it exhibited the ability to utilize ethoxylated alkylphenols.
After the biodegradation of APE, the alkylphenol moieties were not
detected. This may  suggest, that both APE and AP were utilized by
the microbial consortium. PCR-DGGE tests showed that all of the
consortium members were present after the surfactant-mediated
biodegradation of diesel oil, which confirmed that the microbial
consortium was  stable. However, the presence of surfactants may
result in uneven involvement of specific microbial populations in
the biodegradation processes. Such quantitative changes among
species may  impact diesel oil biodegradation efficiency. Further
studies will focus on assessing the quantitative changes in the
microbial community structure, which may  occur as a response to
the presence of surfactants.
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