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Abstract Nonylphenol polyethoxylates (NPEOs), although
banned for decades, are still widely used in manufactories
and thus affect human lives. In this study, a highly efficient
NPEO-degrading bacterium, Sphingomonas sp. Y2, was iso-
lated from sewage sludge by enrichment culture. Strain Y2
ensured the complete removal of NPEO in 48 h and degraded
99.2 % NPEO (1,000 mg L") within 30 h at a specific growth
rate of 0.73 h™' in minimum salt medium. To date, this degra-
dation efficiency is the highest reported for NPEO metabolism
by a pure bacterium under this condition. Furthermore, the
application of this bacterium to wastewater treatment demon-
strated that it metabolized 98.5 % NPEO (1,000 mg L™") with-
in 5 days with a specific growth rate of 2.03 day '. The deg-
radation intermediates, identified as nonylphenol, short-chain
NPEOs and short-chain nonylphenol polyethoxycarboxylates
by high-performance liquid chromatography and gas
chromatography-mass spectrometry, indicated the sequential
exo-cleavage of the EO chain. Additionally, the enzymes
involved in the biodegradation were inducible rather than
constitutive. Considering that strain Y2 exhibits prominent
biodegradation advantages in industrial wastewater treatment,
it might serve as a promising potential candidate for in situ

Responsible editor: Gerald Thouand

P4 Xufen Zhu
xufenzhu@zju.edu.cn

>4 Yuhua Zhao
yhzhao225@zju.edu.cn

Institute of Microbiology, College of Life Sciences, Zhejiang
University, Hangzhou 310058, People’s Republic of China

Institute of Genetics, College of Life Sciences, Zhejiang University,
Hangzhou 310058, People’s Republic of China

bioremediation of contamination by NPEOs and other struc-
turally similar compounds.

Keywords Nonylphenol polyethoxylates - Sphingomonas sp.
Y2 - Biodegradation efficiency - Biodegradation pathway -
Wastewater - Inducible enzymes

Introduction

Surfactants are a large class of surface-active compounds
widely used in industry, which adversely affect human health.
Alkylphenol ethoxylates (APEs) are a major group of nonion-
ic surfactants widely used in the production of industrial and
domestic detergents, among which the C8- and C9-APEs are
the most prevalent. Nonylphenol polyethoxylates (NPEOs)
constitute approximately 80 % of total APEs (Dokianakis
et al. 2006); their low biodegradability, estrogenic and muta-
genic activities, and degradation products have received in-
creasing attention. Many applications of NPEOs have been
banned by the European Commission because of the environ-
mental and health problems caused by these surfactants and
their corresponding breakdown products (Frassinetti et al.
2011). However, despite the pollution caused by NPEOs
(Brooke and Thursby 2005; Hayashi et al. 2005; Karahan
et al. 2010; Montgomery-Brown et al. 2003), these com-
pounds are still utilized because they cannot be completely
substituted by alternative chemicals owing to technical and
economic reasons. Furthermore, commercial NPEOs are com-
plex mixtures of isomers and oligomers (Lu et al. 2008),
which increases the complexity of the degradation process
and the difficulty in elucidating the underlying theoretical
mechanisms.

To date, there have been no detailed reports regarding the
mineralization of NPEOs. It is generally accepted that
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nonylphenol (NP) and short-chain NPEOs are the main bio-
degradation products of NPEOs under anaerobic conditions
without the formation of short-chain nonylphenol
polyethoxycarboxylates (NPECs) (Chang et al. 2004; Lu
et al. 2007, 2008; Paterakis et al. 2012). The ethoxylate
(EO) chain-shortening aerobic pathway consists of exo-
cleavage of the EO chain by hydroxyl shift or oxidation to
produce short-chain NPEOs and NPECs by releasing acetal-
dehyde or glyoxylic acid at each step, respectively (Gu et al.
2010; John and White 1998; Lu et al. 2008; Montgomery-
Brown et al. 2003). Furthermore, NPEOs might also be trans-
formed to the corresponding NPECs by direct oxidation of the
EO chain with neither EO chain cleavage nor short-chain
product formation (Di Corcia et al. 1998; Gu et al. 2010;
Hayashi et al. 2005; Jonkers et al. 2001). Additionally,
Franska et al. (2003) noted that alkylphenol (Triton X-100)
was degraded by central fission to produce neutral, mono-,
and di-carboxylated polyethylene glycols (PEGs).

Surfactant-laden wastewaters generally have high chemical
oxygen demand (COD) levels owing to the high levels of
insoluble and soluble organic materials and surfactants
contained therein. Before being introduced into the environ-
ment, the COD must be reduced to acceptable levels.
Recently, biological methods of COD reduction have attracted
more attention and their application in practice is being
attempted. Bioaugmentation remains an economically and
ecologically friendly methodology for the in situ bioremedia-
tion of contaminated sites (Mrozik and Piotrowska-Seget
2010). Furthermore, certain applications of disposing xenobi-
otics have been well documented (Gratia et al. 2009; Kristanti
et al. 2014; Lebkowska et al. 2011; Manu and Chaudhari
2002; Nopcharoenkul et al. 2011; Wang et al. 2014a, b). It
follows that the application of efficient microorganisms to
decontaminate NPEOs and other similar pollutants in waste-
water appears to be both essential and promising.

The acclimatization of NPEOs-degrading organisms and
studies of their degradation characteristics have been frequent-
ly reported. Different genera such as Pseudomonas (John and
White 1998; Tasaki et al. 2006); Sphingomonas, and
Cupriavidus (Gu et al. 2010) are capable of metabolizing
NPEOs. However, to our knowledge, their practical utilization
for NPEOs bioremediation in wastewater in subsequent trials
has not yet been documented. This might be desirable, as
application of a judicious consortium of growing cells with
effective biodegradation ability might ensure more effective
removal of contaminants from wastewater in situ. In this
study, we isolated and acclimated the microorganism
Sphingomonas sp. Y2, which is capable of effectively
degrading NPEO and certain other structurally related com-
pounds; furthermore, this strain exhibited remarkable adapta-
tion ability and remediation efficiency for practical use in
industrial wastewater treatment. We proposed the mechanism
for the degradation of NPEO by this bacterium based on
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subsequent metabolite detection, which was important to as-
sess the environmental risk and might provide a theoretical
basis for practical application of Y2 or its degradation process
in wastewater management.

Materials and methods
Reagents and chemicals

Commercially available NPEOs with an average EO chain
length of 9 (CAS no. 9016-45-9, ~10 %) was purchased from
Aladdin Industrial Corporation (Shanghai, China) for bacterial
biodegradation testing. All organic solvents were high-
performance liquid chromatography (HPLC) grade. The ultra-
pure water used in this study was filtered using a 0.22-um
filter membrane if necessary. All general compounds were
of analytical grade.

The wastewater used in this research was sampled from the
wastewater treatment plant (120.9E, 30.2 N) in Shaoxing,
Zhejiang Province, China, which receives multiple types of
wastewater from all of the industries and living quarters in the
city. Wastewater was collected in plastic bottles from the in-
fluent wastewater of the sewage and stored at 4 °C.

Screening and identification of the degrading bacterium

The NPEO-degrading bacterium was isolated from activated
sludge by serial dilution. The liquid minimum salt medium
(MSM, pH 7.2) contained (per L): 7.04 g Na,HPO,4.12H,0,
1.00 g KH2P04, 0.50 g (NH4)2SO4, 0.10 g MgC126H20,
0.05 g Ca(NOs),.4H,0, and 1 mL trace element solution
(Schmidt et al. 1992). If needed, 2.0 % agar was added to
the medium. Cells were grown in 200 mL liquid medium in
500-mL Erlenmeyer flasks at 30 °C in a rotary shaker at
200 rpm. An aliquot of the enrichment was transferred to fresh
medium each week for approximately two months. The en-
richment was then diluted and spreaded onto solid plates with
1,000 mg L' NPEO as the sole carbon source.

One yellow-pigmented colony, Y2, was isolated and then
further identified by amplifying the 16S rDNA gene using the
universal bacterial primers: 27F: 5-AGA GTT TGA TCA
TGG CTC AG-3’ and 1492R: 5'-TAC GGT TAC CTG TTA
CGA CTT-3". The PCR products were subjected to electro-
phoresis on 0.8 % agarose gels and then sequenced by Sangon
Biotech Co. Ltd. (Shanghai, China). The obtained 16S rDNA
gene sequence was blasted against other previously reported
microorganisms capable of degrading non-ionic surfactants
contained in the National Center for Biotechnological
Information database. Complete sequence alignment was car-
ried out using CLUSTAL X 2.0 software and then a phyloge-
netic tree was constructed using the neighbor-joining method
by MEGA 6.0 software (Tamura et al. 2013).
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The Y2 isolate was cultured on 0.5% Luria-Bertani broth
(0.5xLB) (2.5 g L' yeast extract, 5 g L™ peptone, and
5 g L™ NaCl) agar to observe its morphological characteristics
and further monitored under a transmission electron micro-
scope. The assimilation and enzyme tests were performed
using API 20NE and API ZYM systems (BioMérieux,
Marcy-I’Etoile, France) according to the manufacturers’ in-
structions. BIOLOG GN2 aerobic microplates (Biolog, Inc.,
Hayward, CA) were used to test the carbon source utilization
pattern. Catalase and oxidase activities were determined by
5.0 % hydrogen peroxide and 10.0 % N, N-dimethyl-p-
phenylenediamine, respectively.

NPEO biodegradation in MSM

A carbon source is used to maintain cell growth, form cell
structures, and produce metabolites. Different concentrations
of NPEO (100, 1,000, and 10,000 mg Lfl) were added to a
series of 500-mL flasks containing 200 mL MSM. 20-mL
samples were withdrawn under aseptic condition to measure
cell growth and residual NPEO concentrations every 12-h
interval. Growth curves under different substrate concentra-
tions were evaluated by optical density (OD) at A=600 nm
using a 7230G spectrophotometer (MAPADA, Shanghai,
China), and the specific growth rate was calculated by
ORIGIN 9.0 software using a Gompertz model (Winsor
1932; Zwietering et al. 1990). Flasks were incubated in the
shaker at 200 rpm and 30 °C.

The bacterial strain, incubated in 0.5 x LB liquid medium
until late exponential phase, was used as the inoculum. The
precipitates were resuspended after having been washed twice
with sterile water, of which 0.2 mL was inoculated into
100-mL Erlenmeyer flasks containing 20 mL MSM with 1,
000 mg L™ NPEO as the sole carbon source. Samples were
withdrawn every 6 h to monitor the bacterial biomass and
NPEO consumption in triplicate sets. Control flasks without
inocula were cultured under the same conditions.

Biodegradation of NPEO in the wastewater medium

We carried out additional work to exploit the potential for
NPEO biodegradation in industrial wastewater by
Sphingomonas sp. Y2. The wastewater in this experiment
contained visible suspended substances. The main physical
and chemical characteristics were analyzed and listed in

Table 1. The COD and metal ions were measured by a COD
monitoring instrument (HACH, USA) and inductively
coupled plasma optical emission spectrometry (Optima
8000DYV, Perkin-Elmer, USA), respectively. The total nitrogen
(TN) and total phosphorus (TP) were determined by a flow
analyzer (San plus system, SKALAR, Breda,
The Netherlands). After natural precipitation without any fur-
ther disposal, the wastewater was sterilized under 115 °C for
30 min to avoid the Maillard reaction and other interactions
between different substances and ions (Zhang et al. 2012),
which constituted the wastewater medium (WWM).
Sustainable treatment of NPEO-contaminated wastewater by
strain Y2 was evaluated at the flask-scale. Cultures were
grown in 100-mL Erlenmeyer flasks containing 20 mL
WWM with dissolved 1,000 mg L™ NPEO. Flasks without
inocula were used to examine its bioavailability by strain Y2.
Cell growth and biodegradation analysis were performed ev-
ery day. The change curve of COD was also monitored at
specific times.

Analysis procedures

For analysis the NPEO and the corresponding metabolites
concentrations in MSM, cultures were firstly extracted by
isovolumetric trichloromethane in a JY92 IIN ultrasonic
cleaner (SCENTZ, Ningbo, China) for 30 min, and then or-
ganic phase was separated with water phase by centrifugation
at 10,000xg by 5 min. In the next step, the aqueous phase was
acidified to pH 2.0 by 2 M HCI before being subjected to an
additional extraction. The organic phases were subsequently
collected together, dried over anhydrous Na,SO,, and
evaporated under reduced pressure. Remaining residues
were re-dissolved in 5 mL methanol and then the metha-
nolic samples were filtered (0.22 um) for HPLC and gas
chromatography-mass spectrometry (GC-MS). As for in
WWM, sample preparation was performed as mentioned
above except for the third time extraction conducted by
the same volume of ethyl acetate. All treatment processes
were performed in triplicate for accuracy.

During the experiment, the concentration of NPEO was
determined by HPLC using an Eclipse C18 column
(250%4.6 mm x5 um; Agilent Technologies, Santa Clara,
CA, USA) and a UV-vis detector. Reverse phase HPLC was
performed as follows: the isocratic elution solution was com-
prised of methanol and water at the volume ratio of 95:5 with a

Table 1  Physical and chemical characteristics of WWM
pH NPEOs COD N TP Arsentic Lead Cadmium  Cuprum Zinc
6.7~7.0  1,000+71.10  2211.67+1242 1.61£093  9.69+0.11 047+0.04 nd nd 0.066+0.01  0.086+0.01

Concentration unit: parts per million
nd not detected
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1-mL min "' flow rate. An aliquot of 20 puL of the sample was
injected automatically and detected at 225-nm wavelength at
30 °C.

The degradation products were determined with the help of
a gas chromatograph interfaced with a DB-5 fused-silica cap-
illary column and a mass spectrometer. Samples were
derivatized with N,O-bis (trimethylsilyl) trifluoroacetamide
and trimethylchlorosilane, and then subjected to GC-MS anal-
ysis as previously described (Lu et al. 2007) with slight mod-
ification. A 10-pL sample was injected into the injector in the
splitless mode whose temperature was set to 280 °C. The GC
column temperature was programmed to increase from 80 to
280 °C via a ramp of 10 °C, after which it was maintained at
280 °C for 5 min. The helium carrier gas was maintained at a
constant flow rate of 1 mL min'. A 40-600 m/z mass range
was recorded. Compounds were identified by comparison
with authentic substances and previously published results.

Enzyme assays

Sphingomonas sp. Y2 was grown in 0.5 x LB and MSM until
the early stationary phase. Culture was centrifuged at 7,000xg
for 10 min and washed twice with cold 0.1 M Tris-HCI buffer
(pH 7.2); then approximately 1.0 g cells were resuspended in
15 mL buffer. The cells were disrupted by ultrasonication at
300 W under 0 °C (6 s on and 9 s off for 30 times). After
centrifugation at 10,000xg for 30 min, the enzyme activity
was estimated by the concentration decrease of NPEO.
Reactions were performed in a 10-mL flask system, which
contained the appropriate amount of cell-free extract and 1,
000 mg L™' NPEO in 0.1 M Tris-HCI buffer (pH 7.2). The
enzymatic reaction mixture was incubated in a water bath
shaker at 60 rpm at 30 °C. Flasks were withdrawn at 0, 6,
and 12 h, and then immediately subjected to extraction. A
reaction mixture without enzyme was set as the blank control.
Statistical analysis was performed to evaluate the analysis of
variance (ANOVA) using SPSS software (Chaineau et al.
2005).

Once crude enzyme obtained by Y2 grown in MSM as
described above, an initial purification of combination of am-
monium sulfate graded precipitation and dialysis was
performed. Enzyme of treatment groups transformed NPEO
in the shortest time of period was further measured its
dehydrogenase activity as Liu et al. (2006) mentioned. The
2-mL reaction mixture included an appropriate amount of en-
zyme, 0.1 mM phenazine methosulfate, 0.1 mM 3-(4,5-
dimethylthiazolyl-2)- 2,5-diphenyltetrazolium bromide
(MTT), 5 mM NPEOs in 0.1 M Tris-HCI buffer (pH 7.2) with
and without 0.1 M nicotinamide adenine dinucleotide (NAD)
or 0.1 M flavin adenine dinucleotide (FAD). A reaction mix-
ture without substrate was used as the control test. The
dehydrogenase activity was measured by the increase in
the absorbance at 570 nm of MTT.
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Results and discussion
Isolation and identification of an NPEO-degrading strain

In this study, with NPEO as the sole carbon and energy source,
a bacterium capable of degrading NPEO at high efficiency
was isolated from sewage sludge after continuous enrichment
cultivation. It was found to be phylogenetically closely related
to Sphingomonas sp. LB126 by 16S rDNA gene sequencing
and BLAST homology search (Fig. 1); and the degrading
bacterium was designed as Sphingomonas sp. Y2. The acces-
sion number in the NCBI database is KT957299. The charac-
teristics of Y2 were as follows: Gram-negative and rod-shaped
(1.0-2.5x0.4-0.8 um) with lateral flagella. This aerobic mi-
croorganism was catalase positive, oxidase negative, protease
negative, [3-glucosidase positive, and nitrogenase negative.
Furthermore, it was capable of utilizing more than 30 kinds
of carbon sources as determined by a BIOLOG GN2 sys-
tem test including a-cyclodextrin, bromosuccinic acid, and
proline. One of the most extraordinary features possessed
by members of Sphingomonas is the ability to degrade
environmental refractory pollutants. Strain Y2 was found
to be efficient in degrading medium-length ethoxylates and
some phenolic substances, while being unable to effective-
ly degrade long-length ethoxylates, monohydric alcohols,
and alkanes (Table 2). Thus, it appeared as if the underly-
ing process used for degrading the EO chain by strain Y2
had no relationship with utilization of the linked bulky
hydrophobic groups as reported for Pseudomonas sp.
TRO1 (Maki et al. 1994).

Growth and biodegradation of NPEO in MSM

In Fig. 2a, a positive correlation can be observed between
growth rate of Y2 and the concentration of NPEO. It was
suggested by the results that a significant growth could be
obtained with NPEO as the sole carbon source at initial con-
centrations of 1,000 and 10,000 mg L. Strain Y2 effected
removal of these substrates to approximately 60—100 % of the
original levels within 48 h. When the initial concentration of
NPEO was 100 mg L™, the cells kept growing albeit slowly
owing to deficiency of a sufficient carbon source.
Furthermore, it seemed that high concentrations of NPEO
had little effect on the growth of strain Y2, since it could
degrade 20,000 mg L™ NPEO (data not shown).

The growth curve of strain Y2 in the presence of 1,
000 mg L' NPEO as the sole carbon source is presented in
Fig. 2b. The level of reduction of NPEO was on a reverse
parallel with the ODg, which reflects the cell density. After
a short lag phase, the Y2 strain grew rapidly and then
metabolized 68.3 % NPEO from 12—18 h. The substrate
concentration decreased sharply during the plateau phase,
and was barely detectable in the stable phase. Approximately
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Fig. 1 Phylogenetic distributions
of strain Y-2 and other relative
bacteria species based on the 16S

rDNA gene sequences. The
phylogenetic tree was constructed 100
using neighbor-joining algorithm
with the kimura-2-parameter

81 Pseudomonas sp. NP15b (EU580707.1)
73 Pseudomonas sp. S-5-12 (JN033353.1)
100 Pseudomonas sp. NP522b (EU723211.1)
Pseudomonas sp. S-5-19a (JN033354.1)
43 Pseudomonas sp. S-5-1a (JN033357.1)

model in the MEGA 6.0 software. 100
Bootstrap values (percentages of
1,000 replications) are shown at

Serratia sp. LI-1 (EU137875.1)

Achromobacter sp. NP31a (EU580701.1)

the branch points. The scale bar
represents evolutionary distance
(2 substitutions per 100
nucleotides)

100

Variovorax sp. NP427b (EU580705.1)

55 Cupriavidus sp. NP213b (EU580710.1)

100 Ralstonia sp. NP47a (EU580702.1)

100 ——————————"Bacillus sp. LY (AY787805.1)
|

Staphylococcus sp. NP426a (EU580698.1)

91

100
54

0.02

99.2 % substrates were removed after 30 h, and the biodegra-
dation efficiency reached 99.3 % at 36 h. The pollutant was
completely removed by Y2 in 48 h. The significant decrease in
the NPEO degradation rate during the later stage might be
caused by substrate exhaustion or an accumulation of short-
chain intermediates, which might be expected to affect the
bacterial growth (Frassinetti et al. 2011). The level of NPEO
in the control flasks remained constant throughout the experi-
ment, suggesting negligible volatilization and abiotic degrada-
tion. The specific growth rate in MSM was 0.73 h™', which
was much higher than the highest specific growth rate
(0.47 h™") reported from the biodegradation of Triton X-100

Sinorhizobium sp. ASO8 (AY662684.1)
Sphingobium sp. NP22b (EU580697.1)

Sphingomonas sp. NP41b (EU580708.1)
Y2

100 Sphingomonas sp. NP42a (EU580703.1)

73 ° Sphingomonas chungbukensis VM506 (AF335468.1)

by another isolated bacterial community (Wyrwas et al. 2013),
and the biodegradation efficiency by Y2 was more notable as
well (99.2 % in 30 h vs. approximately 90.0 % after 32 h).
Notably, compared to Sphingomonas sp. NP42a (Gu et al.
2010), which is capable of degrading >95.0 % 200 mg L™
NPEO within 2 days, Y2 could dispose 100.0 % 1,
000 mg L™ NPEO within 2 days. The performance of strain
Y2 in 1,000 mg L' NPEO was also better than Pseudomonas
sp. TX1 (Chen et al. 2006), which could degrade 1,000 mg L™
OPEO. The extraction recovery rate of the NPEO was 99.4
+1.7 % and the detection limit using a UV-Vis detector was
1.00mg L'

Table 2 Substrate specificity of

Sphingomonas sp. Y2 in MSM Substrate  Growth  Substrate Growth  Substrate Growth  Substrate Growth
PEG200 + Tween20  + Phenol + Biphenyl +
PEG400 + Tween 40  + 4-Nitrophenol + Naphthalene -
PEG600 + Tween 60  + Resorcinol + Anthracene -
PEG1000  + Tween 80  + Catechol + Phenanthrene -
Brij-35 + Triton + Ortho- + Dibenzofuran -

X-100 aminophenol
Brij-58 + NP-40 + Ethylene glycol — — Nitrobenzene -
PEG4000 — NP2EO - p-Bromophenol - Methylbenzene  —
PEG8000 - NP - Alcohols - Alkanes -
(C2~C6) (Co~C12)

+: positive for Sphingomonas sp. Y2

growth in MSM with tested compounds as the sole carbon source; —:

negative for growth in these conditions. MSM, minimal salt medium
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Fig.2 a Growth curve and degradation kinetics of NPEO under different
concentrations. The filled symbols: the bacterial growth at three tested
concentrations; the open symbols: the NPEO degradation profile. b
Degradation kinetics of NPEO by strain Y2 and cell growth curve in
MSM with the initial concentration of 1,000 mg L™". Flasks incubated

NPEO biodegradation in WWM

Synthetic wastewater or treated sewage has often been used
for in situ restoration research, whereas the choice of influent
raw wastewater as an experimental subject has been rare.
Slightly disproportionate biodegradability behaviors of the
different types of wastewaters (synthetic vs. domestic) might
exist despite the same COD/TN/TP ratios (Bracklow et al.
2007). Therefore, synthetic wastewater cannot be entirely
returned to its original condition. Furthermore, the wastewater
in this study contained relatively high COD and low nitrogen
and phosphorus; therefore, the average COD/TN/TP ratio
(Table 1) was inferior compared with the optimum ratio of
100:5:1 that was necessary for efficient bacterial growth
(Yang et al. 2009). The presence of even a small amount of
surfactant in wastewater is highly visible because they induce
foaming and subsequently lower the oxygen concentration in
water, thus exerting remarkably large effects on aerobic pro-
cesses (Yang et al. 2009). In situ bioremediation with micro-
organisms capable of metabolizing organic pollutants is a
promising method for destroying these unwanted chemicals.
However, successful bioaugmentation relies on various biotic
and abiotic factors, among which the availability of the spe-
cialized consortia is the most significant (Ma et al. 2009).
Bacteria affiliated with a- and [-proteobacteria are domi-
nant in NPEOs-amended reactors, suggesting that these types
of bacteria play specific roles in the degradation of NPEOs
(Lozada et al. 2006). Accordingly, in this research, we elevat-
ed the biodegradation of NPEO in industrial wastewater on a
laboratory scale. The COD in WWM declined to less than
30.0 % after 5 day degradation by Y2, and in the first 3 days,
the COD decreased sharply (Fig. 3¢), emphasizing the poten-
tial of wastewater treatment with Sphingomonas sp. Y2. In
Fig. 3a, strain Y2 can be seen to have degraded 74.0 %
NPEO during the plateau phase, and metabolized 98.5 %
NPEO in 5 with a 2.03 day ' specific growth rate in WWM.
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with Sphingomonas sp. Y2 (inverted triangle) were compared to controls
without bacterium (triangle). Growth of Y2 was determined by ODg
(square). Data are expressed as the means+ SD of three independent
experiments

The ODgqq slightly decreased in the last 2 days, which might
be due to deteriorating circumstances for growth. In contrast,
little growth of Y2 occurred in WWM without NPEO even
prolonged culturing time (Fig. 3b). Though a longer lag phase
and relatively more time were needed to catabolize NPEO, Y2
removed 93.8 % NPEO at the end of the second day. With
generally similar tendencies, strain Y2 removed 100.0 and
98.5 % 1,000 mg L' NPEO in MSM and WWM within in
48 h and 5 days, respectively. These delays were speculated to
be due to either a requirement of more time for the induction
of specific metabolic enzymes or minimal nutrients in WWM
or the poor conditions arising from the presence of potential
hazardous substances, as the complex compositions in natural
wastewater might affect the biodegradation process. However,
the substantial degradation efficiency of strain Y2 in WWM
(the recovery of NPEO in WWM was tested as 82.1+6.7 %)
indicated that this strain serves as a candidate for environmen-
tal in situ restoration. This is the first study reporting the re-
mediation of NPEOs pollution in natural wastewater by a
single strain.

Wastewater treatment plants play an important role in the
disposal of refractory pollutants before their discharge into the
aquatic environment. Biological treatments, particularly the
activated sludge process, have been widely used for the remov-
al of organic compounds from wastewater; however, their per-
formance depends on various parameters (Shokrollahzadeh
et al. 2008). Compared to the activated sludge reported by
Gonzalez et al (2007), strain Y2 decomposed as much as
98.5 % NPEOs in less time. Thus, the results indicated that
Sphingomonas sp. Y2 was successful as an inoculant to im-
prove the in situ remediation of NPEOs and other structurally
similar pollutants. Furthermore, the mineralization of NPEOs
by a combination of Y2 and other microorganisms capable of
metabolizing the intermediates produced by Y2 appear to be an
exceptional method, as organisms that degrade short-chain
NPEOs have been described in multiple reports (Liu et al.
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2006), NPECs (Montgomery-Brown et al. 2008; Zhang et al.
2007), and NPs (Wang et al. 20144, b). Alternatively, a subse-
quent chemical treatment step could also be integrated for the
removal of NPEOs in industrial wastewater.

Identification and analysis of biodegradation
intermediates

Complete mass balancing during biodegradation studies is
difficult, and the ultimate fate of APEs and their metabolites
has not been adequately understood (Montgomery-Brown

et al. 2003). Here, the degradation products were extracted
and analyzed by HPLC and GC-MS. We found that NPEO
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decreased (Fig. 4a) and two new peaks appeared on HPLC
with increased cultivation time (Fig. 4b). The relative reten-
tion time of NPEO, product 1, and product 2 were approxi-
mately 3.6, 2.1, and 4.4 min, respectively. Therefore, it was
suitable to detect and analyze the biodegradation of NPEOs.
The reduction of the sum of substrate and intermediates indi-
cated an incomplete mass balance (data not shown), which
was probably due to the poor extraction efficiency of the me-
tabolites in cells or absorbed on flasks or of other undetected
substances.

Reliable identification of the low molecular weight break-
down products was conducted by GC-MS. As shown in
Fig. 5a, total ion chromatography (TIC) identified many peaks
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Fig. 4 HPLC analysis of NPEO (a) and the intermediates (b) produced by Y2. The initial concentration of NPEO in the experiment was 1,000 mg L.
The relative retention time of NPEO, product 1and product 2 were approximately 3.6, 2.1, and 4.4 min, respectively
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Fig.5 a TIC of'the breakdown products at 48 h by GC-MS. The peaks of the isomers gathered together. b Mass spectra of metabolites of NPEO by strain
Y2. Fragmentation patterns of trimethylsilylated intermediates were in positive ionization mode

for each compound, which each consisted of many isomers
(Lee et al. 1997). The mass spectrograms are listed in
Fig. 5b. NP, NP1EO, NP2EO, NP3EO, NP1EC, and
NP2EC were identified as the main biodegradation inter-
mediates, whereas PEGs were absent. The mass spectro-
grams of NP, NP1EO, NP1EC, and NP2EC were similar to
those of the authentic compounds and as previously report-
ed (Liu et al. 2006). Furthermore, NP2EO and NP3EO
were compared with the authentic compounds. Short-

@ Springer

chain NPEOs constituted about 90.0 % of the metabolites
at 48 h (data not shown). The rapid decrease of NPEO and
the increase of its intermediates suggested that EO chains
were rapidly removed by Sphingomonas sp. Y2. Product 2,
detected by preparative HPLC and GC-MS, was suggested
to consist of short-chain NPEOs, 81.8 % of which tended
to distribute in the precipitate, whereas product 1 was
thought to represent short-chain NPECs, 76.1 % of which
were dispersed in the supernatant. These distributions
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Fig. 6 Proposed NPEO biodegradation pathway by Sphingomonas sp.
Y2. Full arrow: NPEO was metabolized to NP and short-chain NPEOs
step by step. Half arrow: short-chain NPEOs was oxidized to
corresponding NPECs in a certain degree. The exact structures of the
alkyl chain are not specified here

might be explained by the hydrophilicity of the NPEC car-
boxyl groups. Additionally, we monitored the formation of
metabolites every 2 h for 24 h, which determined that in-
termediate product 1 accumulated subsequent to product 2
(data not shown). Hence, it was speculated that the short-
chain NPEOs were further oxidized to the corresponding
carboxylate acids to a slight degree (Fig. 6), which was
similar to the hydroxyl shift cleavage followed by the ter-
minal oxidation of EO chains reported by Gu et al. (2010).

In general, carboxylated intermediates are the main prod-
ucts generated under aerobic conditions whereas NPs and
short-chain NPEOs are the ultimate products generated during
anaerobic conditions (Lu et al. 2007). However, an inconsis-
tent phenomenon was observed for strain Y2, which accumu-
lated NP, short-chain NPEOs, and NPECs by step removal of
either unit. Notably, Y2 showed a relatively high evolutionary
similarity with the NPEO-degrading Sphingmonas sp. NP42a
(98 %) (Gu et al. 2010), but they were found to contain
different metabolic pathways, which might be explained
by the metabolic versatility of Sphingomonas. S. sp.
NP42a primarily produced NP1EO and NP2EO without
NPECs. It was generally acknowledged that acetaldehyde
and glyoxylic acid formation would occur during NPEOs
degradation according to the non-oxidative hydroxyl shift
model and the oxidative model, respectively (Gu et al.
2010). However, this anticipated release of acetaldehyde
or glyoxylic acid was not observed during the degradation
period in this study, even by the resting cells and the cell
extractions (data not shown).

Biodegradation enzyme inductivity and alcohol
dehydrogenase analysis

Little activity was found with cell-free crude supernatant pre-
pared from cells grown in 0.5 x LB medium, suggesting that
the enzyme required for metabolizing NPEO was inductively
expressed. The medium had a significant impact on the

decrease of NPEO (p<0.05), whereas different incubation
time did not (p>0.05). The results were consistent with those
of previous studies (Chen et al. 2006; Liu et al. 2006), dem-
onstrating that secondary metabolism needed to be modulated
in order for cells to exhibit the best possible biodegradation
efficiencies.

Alcohol dehydrogenase (ADH) has been supposed to be
involved in NPEO removal on the basis of short-chain
NPEC formation, as it could oxidize the terminal hydroxyl
to a carboxyl group. ADHI oxidation of OPEO in
Pseudomonas putida S-5 (Tasaki et al. 2006) and EO chain
nonylphenol dehydrogenase (NPEO-DH) from Ensifer sp.
ASO8 (Liu et al. 2013) have been validated by heteroge-
neous expression. In this study, an alternative approach
was adopted because of the formation of inclusion bodies
in E. coli. The enzyme activity increased twofold by fur-
ther addition of NAD or FAD compared to that without the
cofactors. These results suggested that NPECs were
formed by strain Y2 attacking the terminal alcohol group
of the EO chain by inducible ADH. It is being carried out
to construct mutant libraries to explore the corresponding
NPEO-degrading gene clusters.

Conclusion

In this study, an efficient NPEO-degrading bacterium was
isolated from sewage sludge by enrichment cultivation.
Sphingomonas sp. Y2 could metabolize 1,000 mg L'
NPEO in both MSM and WWM up to 100.0 % and 98.5 %
within 48 h and 5 days, respectively. This is the first trial assay
of isolated bacteria to examine biodegradation in industrial
wastewater. In addition, this bacterium was shown to metab-
olize not only NPEO and other structurally similar compounds
but also some phenolics. Furthermore, Y2 was suggested to
degrade NPEO by an exo-cleavage of EO units with inducible
metabolizing enzymes, generating NP, short-chain NPEOs,
and short-chain NPECs as the ultimate products. Therefore,
Sphingomonas sp. Y2 represents a potential tool for the treat-
ment of wastewater contaminated by NPEOs and other similar
pollutants in situ.
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