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The aim of our study was to investigate the effect of
Triton X-100 on the biodegradation efficiency of hexa-
decane and phenanthrene carried out by two bacterial
consortia. It was established that the tested consortia
were not able to directly uptake compounds closed in
micelles. It was observed that in micellar systems the
nonionic synthetic surfactant was preferentially degrad-
ed (the degradation efficiency of Triton X-100 after 21
days was 70% of the initial concentration — 500 mg/l),
followed by a lesser decomposition of hydrocarbon re-
leased from the micelles (30% for hexadecane and 20%
for phenanthrene). However, when hydrocarbons were
used as the sole carbon source, 70% of hexadecane and
30% of phenanthrene were degraded. The degradation
of the surfactant did not contribute to notable shifts
in bacterial community dynamics, as determined by
Real-Time PCR. The obtained results suggest that if sur-
factant-supplementation is to be used as an integral part
of a bioremediation process, then possible bioavailabil-
ity decrease due to entrapment of the contaminant into
surfactant micelles should also be taken into considera-
tion, as this phenomenon may have a negative impact
on the biodegradation efficiency. Surfactant-induced
mobilization of otherwise recalcitrant hydrocarbons may
contribute to the spreading of contaminants in the envi-
ronment and prevent their biodegradation.
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INTRODUCTION

Several strategies have been proposed in order to
overcome the bioavailability limitations in bioremedia-
tion. Among them, the addition of surfactants has been
recognized as a potentially promising solution. Current-
ly, surfactant supplementation remains one of the most
commonly used methods to deal with the difficulties of
hydrocarbon degradation (Makkar & Rockne, 2003). Sur-
factants are capable of enhancing the apparent solubility
by forming aggregates in water called micelles. The pro-
cess of creating micelles occurs above the critical micelle
concentration value (CMC), and depends on type and
concentration of the surfactant. Over the last few years,
attention has been focused on the use of biosurfactants
to supplement the bioremediation process (Lawniczak et
al., 2013). However, the synthetic anionic and nonionic
surfactants are still commonly employed in order to fa-

cilitate the utilization of organic contaminants, mostly
due to economical issues. Particulatly, the ethoxylated
nonionic surfactants have been commonly applied in bi-
oremediation (Guha & Jaffe, 1996a). The major reason
is the price and a favorable behavior with regard to tem-
perature, which allows to carry out the biodegradation
process under environmental conditions (e.g. at a tem-
perature of 10°C) (Zeng et al, 2007). The representative
of mentioned group is Triton X-100, a commercial name
for a group of ethoxylated p-zerr-octyl phenol homo-
logues.

Although the supplementation of surfactants in deg-
radation processes has become a popular practice, there
are still many questions and unsolved problems associ-
ated with actual influence of such substances on biodeg-
radation. The results of several biodegradation studies
regarding the effect of surfactant-supplementation are
ambiguous, as different scientific reports claim that posi-
tive, neutral and even negative influence of surfactant on
biodegradation may be observed. For example, Dai ef al.
(2010) observed that organic compounds solubilized in
micellar phase are unavailable for bacteria. Overall, al-
though the mechanisms of interactions between bacterial
cells and surfactants have been investigated, the exact
influence of surface-active agents on the biodegradation
process is hard to evaluate and therefore challenging to
predict (Wang, 2011). Thus, the topic of surfactant sup-
plementation raises many doubts and it is worthy of fur-
ther research.

The aim of this study was to investigate the bioavail-
ability of hexadecane and phenanthrene in Triton X-100
micelles and the subsequent effect on their biodegrada-
tion efficiency by diesel oil-degrading bacterial consortia.
This was achieved by comparing the results of hydrocar-
bon loss in samples with and without Triton X-100 sup-
plementation. Additionally, the experiments also focused
on assessing the possible shifts in bacterial community
dynamics.

MATERIALS AND METHODS

Bacterial consortia. Two bacterial consortia (K52
and G23) previously isolated from crude oil-contam-
inated soil (Czarna and Gotlice, Malopolska, Poland)
have been used in this study. The members of the K52
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consortium were identified in the framework of another
study (Owsianiak ¢f 4/, 2009a) as the following bacterial
taxa: Achromobacter sp., Alcaligenes sp., Citrobacter sp., Coma-
monadaceae, Psendomonas sp., Sphingobacterium sp., Variovorax
3p.

The members of the G23 consortium were determined
in the framework of this study based on the method
described in Wyrwas ez a/. (2011) and belonged to the
following taxa: Achromobacter xylosoxidans, Alteromonas sp.,
Burkholderia  cepacia, Enterobacter cloacae, Ochrobactrum — an-
thropi, Psendomonas aeruginosa, Pseudomonas fluorescens, Sphin-
gomonas sp., Stenotrophomonas maltophilia, Xanthomonas oryzae.
The results of previous studies showed that both K52
and G23 displayed a notable initial diesel oil biodegrada-
tion potential, which was decreased upon the addition of
Triton X-100. The reason of using two bacterial consor-
tia (K52 and G23) during the experiment was to assess
whether the presence of specific microbial taxa may con-
tribute to different interactions with Triton X-100.

Chemicals. Carbon sources. Two types of hydrocar-
bons, phenanthrene and hexadecane, were used in the
experiments. Both phenanthrene and hexadecane were
purchased from POCh, Gliwice.

Surfactants. In our studies the commercial Triton
X-100 (Sigma, Aldrich) has been used. It is a mixture of
alkylphenol ethoxylates (APE) with an average degree of
ethoxylation equal to 9.5.

Biodegradation experiments. The biodegradation
testes were carried out in 48 sterile flasks (200 ml). Half
of the samples contained 50 mg of the hexadecane, the
other half contained 5 mg of phenanthrene dissolved in
acetone. Upon introduction of phenanthrene the solvent
was evaporated. The hydrocarbon doses used during the
studies were based on the Triton X-100 MSR value and
the concentrations of hydrocarbons commonly used in
biodegradation processes (Paria, 2008; Yang e al., 2009).
Next, 50 ml of mineral medium (composition described
in Owsianiak ¢ @/, 2009b) supplemented with Triton
X-100 were introduced into 18 flasks (9 for each car-
bon source). The amount of Triton X-100 (500 mg/1)
introduced into the samples was calculated so that it
would allow for a complete solubilization of both hy-
drocarbons. Afterwards, 50 ml of the mineral medium
without the surfactant were added into the remaining 18
flasks in order to obtain a parallel set for each respec-
tive hydrocarbon. During the last step each flask was
inoculated with the corresponding bacterial consortium
(half of flasks with K52 and the other half with G23, re-
spectively). The biomass amount for each inoculum was
set up to an OD,, of 0.1+0.01. An additional set of
blanks was used to evaluate the abiotic losses for each
experimental set-up. After that, the flasks were shaken
at 180 rpm and 10°C. The samples were taken after 7%,
14t and 21 days for subsequent analysis of hydrocar-
bon loss and changes in the Triton X-100 concentration.

Analytical procedures. GC-FID hydrocarbons de-
termination. The HRGC Mega Series 53000 chroma-
tograph with the cold on column injector and flame
ionization detector were used. Analyses were performed
on capillary columns with nonpolar (5% phenyl)-meth-
ylpolysiloxane (HP-5) stationary phases — 25 m X 0.32
mm. The helium pressure was 85 kPa. The column tem-
perature was held at 60°C for 2 minutes and ramped
at 25°C/min to 160°C, next the temperature was raised
with a rate 15°C/min to the final temperature 260°C.

HPLC/ESI-MS analysis of Triton X-100 residues.
The ethoxylates were separated from water samples by
sequential extraction with ethyl acetate (APE) and chlo-
roform (PEG) as previously described by Szymanski and

Lukaszewski (1996). The extracts aliquots were used for
analyses. The HPLC/ESI-MS analyses 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 pmXx100 mmx2.1 mm, Thermo Fisher
Scientific Inc.) according to the procedure described in
Wyrwas et al. (2011).

PCR-based analysis of bacterial community dy-
namics. Analysis of changes in the abundance of spe-
cific microbial taxa was carried out with the use of quan-
titative real-time PCR procedure described in Cyplik e#
al. (2011).

RESULTS AND DISCUSSION

Biodegradation of hydrocarbons and possible
mechanisms of hydrocarbon uptake in the presence of
Triton X-100

The results obtained during biodegradation of hexade-
cane and phenanthrene were showed at Figs 1 and 2, re-
spectively. It could be observed that the biodegradation
of hexadecane (straight-chain hydrocarbon), was faster
than the biodegradation of phenanthrene (aromatic hy-
drocarbon). The biodegradation efficiencies were similar
for both consortia in samples with and without Triton
X-100. The biodegradation process was carried out at
the temperature of 10°C (conditions similar to those in
a cold temperature climate environment for middle Eu-
rope). It is worth noticing that the hydrocarbon biodeg-
radation rate was lower in surfactant-supplemented sam-
ples for both consortia. The hexadecane loss values dur-
ing the first 7 days were below 0 due to poor recovery
efficiency (Fig. 1). Hypothetically, the actual value during
this period was close to 0, hence the actual biodegrada-
tion occurred between the 7th and 14th day. At the 21-
st day of the experiment (the last day), it could be no-
ticed that the hexadecane removal efficiency reached the
value of approx. 70% for samples without the presence
of surfactant, in comparison to approx. 20% achieved
for samples containing Triton X-100. This tendency was
similar for samples where phenanthrene was the intend-
ed source of carbon. The biodegradation rate was higher

800

Hexadecane loss [mg/I]

Time [days]

Figure 1. The loss of hexadecane (initial dose at 1000 mg/L)
from samples with and without Triton X-100.

Monitored during 21 days of biodegradation experiment with the
use of consortia K52 and G23 (A, system without Triton X-100
with consortium K52; @, system without Triton X-100 with con-
sortium G23; ¢, system with Triton X-100 with consortium K52; H,
system with Triton X-100 with consortium G23).
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Figure 2. The loss of phenanthrene (initial dose at 100 mg/L)
from samples with and without Triton X-100.

<onitored during 21 days of biodegradation experiment with the
use of consortia K52 and G23 (A, system without Triton X-100
with consortium K52; @, system without Triton X-100 with con-
sortium G23; ¢, system with Triton X-100 with consortium K52; W,
system with Triton X-100 with consortium G23).

for samples without addition of surfactant, although the
difference was not as notable as for the hexadecane ex-
periment. The phenanthrene loss reached approximately
30% of the initial concentration in the absence of Triton
X-100, while in the presence of Triton X-100 the phen-
anthrene content decreased by 20%.

It was established that the bioavailability of substrates
to microorganisms was the main limiting factor for the
biodegradation process. Upon the addition of surfactant
into the samples, the surface-active amphiphilic mol-
ecules deposited at interface between the organic con-
taminants and the aqueous phase. This prevented the
contact between bacterial cells and the organic phase.
Hence, the hydrocarbon uptake would be inhibited. In
order to reach the hydrocarbons, the surfactant would
have to be firstly degraded by bacteria, which resulted in
the elongation of the whole biodegradation process. Af-
ter the microorganisms got access to the hydrocarbons,
the biodegradation could be continued.

Alternatively, as suggested by other researchers, the
decrease of the bacterial adherence to hydrocarbons af-
ter addition of surfactant may have also inhibited the
biodegradation process (Efroymson & Aleksander, 1991;
Stelmack e al, 1999). In our studies this aspect was not
investigated and this explanation cannot be excluded.

Community dynamics and toxicity of Triton X-100

In our biodegradation experiment, two specific experi-
mental set-ups with and without the addiction of Triton
X-100 (concentration corresponded to approx. 3.5 times
the CMC value) were created. The presence of a high
surfactant concentration might have caused shifts in the
bacterial community dynamics. Therefore in the next ex-
perimental step, the K52 consortium used in this study
was subjected to Real-Time PCR in order to evaluate
whether the surfactant had any influence on the struc-
ture of the studied consortia. The results were presented
on Fig. 3. During growth on hexadecane (Fig. 3A) the
changes in abundance of specific consortium members
were within the same order of magnitude for samples
with and without surfactant addition. This suggested that
the presence of Trion X-100 had no notable influence
on the bacterial consortia, and that the growth of each
consortium member was not disturbed. In the case of
growth on phenanthrene (Fig. 3B) the only difference

was a slightly more intensive growth of Comamonadaceae
sp. and Sphingobacterium sp. in the samples without Triton
X-100.

The results from Real-Time PCR tests obtained dur-
ing 21 days of studies showed that the abundance of
all members of consortium K52 increased compared to
the initial state. This proves that Triton X-100 did not
have a toxic effect on bacterial species like: Achromobac-
ter sp., Alealigenes sp., Citrobacter sp., Comamonadaceae, Sphin-
gobacterium sp., Psendomonas sp., Variovorax sp.. The same
conclusion was reported by Volkering ez al, (1995). The
authors claimed that the applied concentration of Triton
X-100 did not have a toxic effect on the studied micro-
organisms. It was suggested that even at 10 g/L Triton
X-100 was not toxic towards most bacterial species. In
our case, the toxic effect was not observed, suggesting
that this phenomenon may be specific towards certain
bacterial species.

However, it is also worth noticing that the obtained
results suggest that none of the studied bacterial taxa
demonstrated preferential growth on hexadecane (the
relative increase in abundance for each specific member
was comparable, no single taxa dominated). As such, no
bacterial species specialized in the degradation of hexa-
decane or Triton X-100 could not be distinguished. In-
creased abundance of Sphingobacterium sp. during biodeg-
radation of phenanthrene may suggest that this bacte-
rial taxa prefers this specific carbon source. This is in
accordance with other studies, as reports regarding the
high biodegradation potential of Sphingobacterium sp. to-
wards PAH can be found (Alias e a/, 2012).
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Figure 3. Changes in bacterial community as monitored by rela-
tive quantitative real-time PCR during biodegradation of hexa-
decane (A) and phenanthrene (B) in a system with Triton X-100
(white) and without it (black).

The members of consortium K52 were grown for 21 days and re-
sults for each bacterial group quantitation were normalized to the
total number of bacteria: Achromobacter sp. (AchrP), Alcaligenes sp.
(AlcP), Citrobacter sp. (CKK), Comamonadaceae (ComP), Sphingobac-
terium sp (SphiP), Pseudomonas sp. (PseuP), Variovorax sp. (VariP).
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Figure 4. Changes in Triton X-100 concentration (initial dose at
500 mg/L) monitored during 21 days of biodegradation experi-
ment with the use of consortia K52 and G23

(A, degradation of Triton X-100 solubilized hexadecane conduct-
ed by consortium G23; @, degradation of Triton X-100 solubilized
phenanthrene conducted by consortium G23; ¢, degradation of
Triton X-100 solubilized hexadecane conducted by consortium
K52; M, degradation of Triton X-100 solubilized phenanthrene
conducted by consortium K52).

Overall, the bacterial community dynamics experi-
ment proved that the structure of the K52 consortium
was stable during degradation of hydrocarbons with and
without the addition of Triton X-100.

The utilization of Triton X-100

Another possible way to explain the retardation of hy-
drocarbon biodegradation process due to the addition of
surfactant could be the preferential utilization of Triton
X-100 as a carbon source. To verify this hypothesis a
measurement of surfactant concentration changes was
carried out and compared. Shifts in the concentration
of Triton X-100 during the biodegradation process were
presented in Fig. 4. The obtained results suggest that
the degradation of surfactant occurred, since the con-
centration of surfactant in samples with phenanthrene
and hexadecane decreased. Additionally, the members
of the G23 consortium were better surfactant degraders
compared to members of the K52 consortium. At the
21-st day of experiment the amount of biodegraded Tri-
ton X-100 exceeded 70% of the initial concentration for
consortium G23 and about 40% for the samples with
consortium K52. It could be observed that the type of
solubilized compound had no influence on the biodeg-
radation of Triton X-100. The results regarding the pref-
erential utilization of surfactant molecules are in accord-
ance with other scientific reports (Graves & Leavitte,
1991, Zeng et al, 2007; and Wyrwas ez al, 2011).

On the contrary, the results obtained by Guha and
Jaffe showed that an enhancement of biodegradation
processes upon supplementation with nonionic sur-
factant was achieved. The authors used the experimen-
tal data to create a mathematic model and stated that
phenanthrene was directly bioavailable for microorgan-
isms from micelles, however not for all investigated non-
ionic surfactants (Guha & Jaffe, 1996a; Guha & Jaffe,
1996b). Furthermore, it was suggested that micelles in-
teracted with bacterial cells. The authors claimed that the
bioavailability factor likely depended on the type of sur-
factant and the nature of a given bacterial culture, which
is highly plausible when considering that the experiments
were carried out with the use of monocultures. The fact,
that the authors also suggested that the bioavailability of
contaminants would decrease if the dose of surfactant
increased in the same time is of importance. It was

established that the addition of a high surfactant dose
could decrease the concentration of organic compounds
dissolved in the aqueous phase and result in limited
mass transfer from micelles to cells. This statement cor-
responds well with the results presented in our studies,
as both carbon sources became unavailable for bacterial
cells in the presence of Triton X-100.

Opverall, the results obtained in the framework of this
studies lead to several conclusions. Firstly, phenanthrene
and hexadecane during the biodegradation process me-
diated by Triton X-100 were not degraded efficiently.
Similar conclusion was also reported by Dai ez /. (2010).
The presence of micelles increased the solubility of hy-
drophobic compounds, thus hypothetically enhancing
their bioavailability, however it also created a barrier
between the bacteria and the solubilized hydrocarbons.
This corresponds well with the observations regarding
decrease of bioavailability for hydrophobic compounds
in micelles reported by Chrzanowski ez al (2009; 2011)
during studies on chlorinated phenols solubilized in ram-
nolipids micelles. On the other hand, it is also plausi-
ble that the degradation of hydrocarbons supported by
Triton X-100 is possible (i.e. flushing of contaminated
soil followed by subsequent biodegradation of the waste
stream), if controlled properly. The main reason for the
observed retardation of biodegradation efficiency could
be preferential utilization of Triton X-100 by bacteria as
a carbon source.
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