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Abstract A bacterial strain Acinetobacter sp. WSD with

phenanthrene-degrading ability was identified based on

biochemical tests and 16S rDNA gene sequence analysis.

The strain was isolated from polycyclic aromatic hydro-

carbons (PAHs)-contaminated groundwater from a coal-

mining area of the Guozhuang karst water system in Shanxi

province of northern China. Acinetobacter sp. WSD could

utilize fluorine (FLO), phenanthrene (PHE) and pyrene

(PYR) as its sole carbon source and was able to degrade

other PAHs. Approximately 90 % of FLO, 90 % of PHE

and 50 % of PYR were degraded after 6 days’ incubation.

The logistic model well fitted all the experimental data.

The specific degradation rates in glucose were higher than

that in HCO3
-, indicating that organic carbon source pro-

moted the growth of Acinetobacter sp. WSD and the deg-

radation of PAHs. In presence of humic acids (HA), the

total degradation rate was accelerated, although there was a

delay at the beginning. In the case of high HA concentra-

tion, co-metabolism between PAHs and HA occurred. The

metabolic pathway for the three compounds of PAHs was

discussed using GC–MS data. Phthalic acid was found in

their metabolites. Phenol, 2,5-bis(1,1-dimethylethyl), a

new type of PAHs metabolites that have been reported

before was found after 2 days degradation.

Keywords PAHs � Acinetobacter � Carbon source �
Humic acids � Biodegradation pathway

Introduction

Polycyclic aromatic hydrocarbons (PAHs) are common

environmental pollutants, mainly derived from anthropo-

genic activities, such as biomass burning, incomplete

combustion of fossil fuel (coal and petroleum) and some

industrial processes (Li et al. 2014; Mueller et al. 1996),

among which coal processing is one of the most

important sources. Coaly material enters various
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environmental compartments from different emission

sources and on diverse pathways (Gerslova and

Schwarzbauer 2014). PAHs are often highly toxic,

mutagenic, and carcinogenic to living organisms (Sato

and Aoki 2002). So removal or remediation of these

PAHs-contaminated sites has been always a major envi-

ronmental concern. PAHs release into the environment

could be removed through many processes such as

photo-degradation, chemical oxidation, biodegradation

and adsorption. The principal process for successful

removal and elimination of PAHs from the groundwater

system is the microbial transformation and degradation

(Harayama 1997; Wilson and Jones 1993).

In order to study the fate of PAHs in groundwater,

considerable efforts have been focused on the isolation

of microorganisms able to degrade PAHs. More than

20 years ago, microorganisms capable of utilizing and

degrading hydrocarbons were reported in PAHs-contam-

inated area (Catallo and Portier 1992). The use of

indigenous microflora for bioremediation is of great

interest as it is often more cost-effective than commer-

cial inoculums (Grosser et al. 1991). It is therefore of

significance and interest to isolate and identify PAHs-

degrading microorganisms. A wide phylogenetic diversity

of bacterias such as the genera Arthrobacter (Seo et al.

2006), Bacillus cereus (Seo et al. 2006), Pseudomonas

(Chávez et al. 2004), Sphingomonas (Madueño et al.

2011), Paenibacillus (Daane et al. 2002) have been

reported (Seo et al. 2009).

Acinetobacter have been the subject of great interest due

to their efficient capacity to degrade a wide range of alkanes

and phenols (Sun et al. 2012). However, little work has been

done on PAHs-degradation by Acinetobacter and its bio-

degradation potential, especially in karst water system.

The concentration range of total PAHs was

515.7–87,881.6 ng/g dry weight in topsoil and

1,639.1–9,036.7 ng/L in groundwater in Guozhuang karst

water system of Shanxi Province in northern China

(Fig. 1). Coal-washing, coal-burning and charcoal pro-

duction constitute were the major ways of releasing PAHs

to the Carboniferous–Permian coal-bearing strata at Gu-

ozhuang (Shao et al. 2014). The soil and groundwater may

harbor diverse PAHs-degrading microbial communities

and their degradation may have significant impact on the

transport of PAHs in the karst aquifers. It is significant to

isolate microorganisms involved in performing a complete

degradation of PAHs so that potentially toxic compounds

and metabolites do not accumulate in groundwater.

The present study therefore aims to investigate (1) the

diversity and composition of PAHs-degrading bacterial

consortia isolated from karst groundwater system; (2) the

degradation ability of the isolated bacterial consortia; (3)

the pathway of PAHs-biodegradation by Acinetobacter.

Materials and methods

Chemicals and culture medium

A mixture of 16 PAH stock standards: naphthalene (Nap),

acenaphthene (Ace), acenaphthylene (Acy), fluorene

(FLO), phenanthrene (PHE), anthracene (Ant), fluoranthene

(Fla), pyrene (PYR), benz[a]anthracene (BaA), chrysene

(Chry), benzo[b]fluoranthene (BbF), benzo[k]fluoranthene

(BkF), benzo[a]pyrene (BaP), dibenzo[a,h]anthracene

(DiA), indeno[1,2,3-cd]pyrene (InP) and benzo[ghi]per-

ylene (BghiP) was purchased from AccuStandara (100 mg/

L, USA, solvent: dichloromethane).

Themineral basal medium (MM)was composed of (L-1):

Na2HPO4�2H2O 8.5 g, KH2PO4 3.0 g, NaCl 0.5 g, NH4Cl

1.0 g, MgSO4�7H2O 0.5 g, CaCl2 1.5 mg, PHE 100 mg.

Soild LB plate was composed of (L-1): 10 g NaCl, 10 g

peptone, 5 g yeast extract, 15 g agar, 100 mg PHE.

Isolation of aerobic phenanthrene survivors

Karst groundwater samples were collected from the Gu-

ozhuang karst water system of Shanxi Province, northern

China, where PAHs-containing burnt gases and wastewater

have been continually released into the aquatic environ-

ment without any treatment. In the laboratory, 1 mL

groundwater sample was inoculated into 10 mL of MM.

Then the solution was incubated with shaking at 150 rpm

at 33 �C in the dark. About 3 days later, 1 mL culture was

transferred to 10 mL of fresh MM and incubated under the

same condition. This process was repeated for at least three

times. Pure culture was obtained by diluting 1 lL culture to

105 times and spreading each 100 lL of culture on the LB

plates. After incubation at 33 �C in the dark for 2–3 days,

colonies, especially those forming clear zones on the LB

plates, were selected as the candidate PHE-survivors. This

process was also repeated for at least three times. All

isolates were stored at -20 �C as the liquid cultures con-

taining 20 % glycerol (v/v).

Biodegradation experiments

Biodegradation experiments were carried out in a 250 mL

Erlenmeyer flask with 100 mL of medium containing

0.1 % (v/v) of n-hexane (used as solvent to prepare the

PAHs solution, due to its low solubility in aqueous media).

All individual biodegradation experiments were performed

with 1 mg/L PHE, 2 mg/L FLO and 0.14 mg/L PYR as the

sole carbon and energy source. Capped with cellulose

stoppers, was inoculated (5 %) with previously obtained

actively growing cells. Cultures were incubated in the

darkness for 6 days at 150 rpm in an orbital shaker at
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33 �C, initial pH was 7.0. Samples were withdrawn at

different times to monitor PAHs concentration and cell

density. 10 mL of solution was sampled each time and

extracted twice thoroughly with 10 mL of dichloromethane

(DCM) (Zhao et al. 2009). The organic phase extraction

was combined and anhydrated with anhydrous sodium

sulfate. 1 lL of the organic phase was analyzed by gas

chromatographic mass spectrometry. The mixture biodeg-

radation experiments have the same compositions as indi-

vidual experiments.

The experimental process of the effect of environmental

medium

The PAHs degradation was also performed with additional

carbon source and HA. Glucose and HCO3
- with the

concentration of 200 mg/L were added into the MM,

respectively. The PAHs concentration was 1 mg/L PHE,

2 mg/L FLO and 0.14 mg/L PYR. The continued experi-

ments were the same as biodegradation processes described

above.

The effect of HA to PAHs degradation was performed

adding 20 and 40 mg/L HA into the MM, respectively. The

biodegradation experiments were the same as the method

described above.

Analytical methods

Cell growth determination

Biomass concentration was measured by turbidimetry

using UV spectrophotometer (UV-1750, Shimadzu, Japan)

at 600 nm. Each value represents the mean of three repeats

with a standard deviation less than 5 %.

PAHs analysis

The PAHs concentration was determined by means of gas

chromatography (GC 6850, Agilent) equipped with a DB-5

MS capillary column (30 m 9 250 lm film thick-

ness 9 0.25 mm, Agilent), operating with helium carrier

gas, coupled to an Agilent MD 5975 mass spectrometer

Fig. 1 Karst water PAHs

concentration contour map of

the Ordovician carbonate

aquifer and the sampling sites

for this study at Guozhuang
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(MS). The GC injector was operated in splitless mode,

1 lL aliquot was injected using an autosampler. GC oven

was programmed to hold 80 �C for 1 min, then elevated by

10 �C/min to 200 �C, which was held for 2 min. The

temperature was finally brought up to 290 �C by 4 �C/min,

keeping for 10 min. The degradation products of FLO,

PHE and PYR were identified by comparison with the

NISTS05 database of spectra.

Analysis of 16S rDNA sequences

The isolated strains were identified by 16S rDNA gene

sequence after amplification of the gene by PCR using the

set of primers 27F (Escherichia coli position 8–27, 50-AGA
GTT TGA TCC TGG CTC AG-30) and 1492R (Esche-

richia coli position 1510–1492, 50-ACG GTT ACC TTG

TTA CGA CTT-30) (Ikenaga et al. 2002). The PCR con-

ditions (30 cycles of 5 min at 94 �C, 30 s at 94 �C, 30 s at

55 �C, 1 min at 72 �C, 10 min at 72 �C) were performed in

a PCR thermal cycler (PTC-200 DNA Engine, MJ

Research) with Taq DNA polymerase (SuperTherm). DNA

sequence of the cloned 16S rDNA fragments was compared

using BLASTN at http://www.ncbi.nlm.nih.gov/BLAST/

maintained by National Center of Biotechnology Infor-

mation (NCBI).

Adsorption test

PAHs adsorption on biomass was determined as follows:

10 mL of culture medium was centrifuged at 8,000 rpm for

5 min. After removing the supernatant, biomass samples

were washed and resuspended in n-hexane (1 mL) three

times. Then, the PAHs contents were determined by GC–

MS using the method described above.

Results and discussion

Isolation of PHE-degrading bacteria

PAHs-contaminated groundwater samples were used for

isolating the PHE-degrading bacteria. A PHE-degrading

mixed culture was obtained by screening the culture

supernatant several times for its growth on the MM with

PHE as the sole carbon source. WSD was selected as one of

the excellent isolates. Microscopic observation and Gram-

staining test indicated that strain WSD was bacteria with

rod form and classified as Gram-negative bacteria. The 16S

rDNA gene sequence of strain WSD was submitted in the

GenBank database. Alignment of the strain indicated that

WSD was most closely related to Acinetobacter (99.9 %

homology), which was a coco-bacilli, oxidase-negative and

catalase-positive bacteria (Narciso-da-Rocha et al. 2013).

Therefore, strain WSD was named as Acinetobacter sp.

WSD.

Growth and biodegradation assays in flasks

Acinetobacter sp. WSD was tested for its ability to grow on

different PAHs-contaminants acting as single carbon

source such as low-molecular weight FLO (initial con-

centration 2 mg/L), and high-molecular weight PHE

(1 mg/L), PYR (0.14 mg/L), as well as a mixture of them.

When the biomass reached the maximum after culture in

the LB for 2–3 days, the bacteria was cleaned using MM

three times in order to remove carbon source, and then the

culture broth was used as inocula; 500 lL of inocula was

transferred into 10 mL MM containing different PAHs.

The course of biodegradation of PAHs in the Acinetobacter

sp. WSD culture (Fig. 2) shows that the initial PAHs

degradation activity was observed once the microorgan-

isms were inoculated. The degradation reached equilibrium

after 6 days; more than 90 % of FLO, 90 % of PHE and

50 % of PYR were degraded. Approximately, 12 h lag

phase of biodegradation and subsequent high biodegrada-

tion rate was observed for each compound, which indicated

that an acclimatization process, such as an induction or a

de-repression of enzymes or an adaptation to the toxic

chemical, occurred and allowed the bacteria to cope with

the toxicity of PAHs before further degradation (Hongsa-

wat and Vangnai 2011). Meanwhile, PAHs degradation

was associated with the concomitant increase in OD600nm,

indicating that strain WSD could utilize FLO, PHE and

PYR as sole carbon source for growth. Moreover, the

solution was treated with an extracting agent n-hexane,

measuring the possible residue of PAHs concentration in

the final solution in order to determine PAHs adsorption.

The results showed that a maximum of 7.5 % of FLO,

8.5 % of PHE, 5 % of PYR were adsorbed on the biomass.

By contrast, Moscoso et al. (2012) found that a maximum

of 17 % of PAHs was adsorbed on the biomass in their

study, thus proposed that the contaminants had undergone

biodegradation.

The logistic Eq. (1) was used to model the obtained

data, in which D is the PAHs degradation degree at a

specific moment of the time t, D0 and Dmax are the initial

and maximum degradation percentage, respectively, and

lD is the maximum specific degradation rate (Rosales et al.

2012).

D ¼ Dmax=ð1þ e½lnðDmax=D0�1Þ�lDt�Þ ð1Þ

The parameters were obtained by fitting the logistic

model. From Table 1, the maximum specific growth rates

varied significantly from FLO to PYR, and all of them

increased in the second batch after 12 h lag phase. The lD
values were much higher than those reported for bacterial
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culture of B. pumilus, Dyella ginsengisol and Mycobacte-

rium barrasi (Chang et al. 2008): PHE: 1.04 vs. 0.768

days-1, PYR: 0.95 vs. 0.36 days-1. Moreover, Dmax values

reflected almost complete degradation of FLO and PHE by

the strain Acinetobacter sp. WSD, which indicated the

biodegradation of the bacteria for low-molecular weight

PAHs was relatively strong. By contrast, the Dmax of PYR

was almost 50 %, indicating that high-molecular weight

PAHs was hard to be degraded by Acinetobacter.

Using single PAHs is an unrealistic simulation, since

they are usually present as multi-component mixtures in

natural environment (Chávez et al. 2004). Hence, when a

mixture of the three selected PAHs was used as carbon and

energy source, different behaviors could be expected. As a

matter of fact, higher maximum specific degradation rates

and microbial growth occurred under co-metabolic condi-

tions (Fig. 2b and Table 1). A fact that is advantageous in

terms of bioprocess economy. However, the maximum

degradation percentage basically remained at the same

level except PYR (increasing from 50 to 55 % in the

mixture). In addition, the reasons for the slight differences

detected can also be explained in the light of pH values

variation, even though pH was adjusted at the beginning of

the experiment (Moscoso et al. 2012). Peng et al. (2008)

pointed out that biodegradation of single PAHs in PAHs

mixture is strongly influenced by their different

bioavailabilities.

The degradation of all PAHs was conducted as the same

as individual PAHs biodegradation experiments. Sixteen

kinds of PAHs could be degraded at varying degrees by

Acinetobacter sp. WSD (Fig. 3). Low molecular weight

PAHs such as Nap and Ant were completely degraded after

6 days. For high molecular weight PAHs, the degradation

percentage could reach 65 %, indicating that the Dmax of

high molecular weight PAHs were higher under co-meta-

bolic condition. So the existence of multiple PAHs could

promote the biodegradation of single PAHs. However, the

R2 value between concentration of total PAHs (
P

PAHs)

and FLO degradation,
P

PAHs and PHE degradation,
P

PAHs and PYR degradation were 0.34, 0.27, and 0.12,

respectively. Biodegradation percentages of individual

Fig. 2 Growth of strain Acinetobacter sp. WSD and PAHs biodegradation. a Individual PAHs degradation profiles; b PAHs degradation profiles

of three mixed PAHs

Table 1 PAHs biodegradation kinetic parameters defining the

logistic model in cultures of microbial consortium in flask

PAHs D0 (%) Dmax (%) lD (days-1) R2

FLO 0.16 94.27 1.20 0.987

PHE 0.11 85.79 1.04 0.984

PYR 0.07 50.84 0.95 0.993

FLO-mixed 0.28 94.35 1.68 0.981

PHE-mixed 0.19 87.46 1.31 0.985

PYR-mixed 0.13 55.23 1.11 0.992

FLO-mixed FLO biodegradation kinetic parameters in FLO, PHE and

PYR mixed cultures, PHE-mixed PHE biodegradation kinetic

parameters in FLO, PHE and PYR mixed cultures, PYR-mixed PYR

biodegradation kinetic parameters in FLO, PHE and PYR mixed

cultures

Fig. 3 Degradation of 16 kinds of PAHs by Acinetobacter sp. WSD

isolated from coal field
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PAHs were not related to levels of PAHs contamination in

aqueous solution. Potin et al. (2004) indicated that the

initial of individual PAHs influenced the level of PAHs

degradation significantly.

Effect of carbon source on degradation of PAHs

Glucose and HCO3
- were used to investigate the effect of

additional carbon source on PAHs degradation, the HCO3
-

was the main component of the karst groundwater. The

maximum specific degradation rates increased in the

addition of external carbon source, although the max

degradation percentage of PAHs remained at the same

level (Fig. 4). The OD600nm at 2 days was 0.12 in the

absence of glucose and 0.21 in its presence, which indi-

cated that supplement of glucose and HCO3
- have caused

increase in the growth of bacteria through the supplement

of additional carbon source. It was suggested that addition

of carbon source as nutrient may enhance the rate of pol-

lutant degradation by stimulating the growth of microor-

ganisms responsible (Haritash and Kaushik 2009).

Significant difference was observed in PAHs degrada-

tion percentage in cultures without carbon source addition

and with 200 mg/L of glucose or HCO3
-. The results

showed that Acinetobacter sp. WSD could use PAHs,

glucose and HCO3
- as its carbon source at the same time,

and that additional carbon source in the form of glucose or

HCO3
- may have increased the metabolism of PAHs in our

experiments. This was different from findings of Wong

et al. (2002) who reported that supplement of glucose at

450 mg/L had a negative influence on degradation activity

of PAHs. It was likely due to the assimilation of glucose

prior to PHE, which inhibited the production of relevant

enzymes for PAHs degradation. Hence, additional carbon

source became a promoting substrate at low supplement

rates. At higher concentration, it became a competitive

substrate in PAHs degradation. Our findings had important

implications for understanding the hydrogeochemical

behavior of PAHs in karst water systems, because disso-

lution or precipitation of carbonate minerals can elevate or

attenuate HCO3
- concentration of the groundwater, which

may affect the PAHs degradation in the aquifers.

The maximum specific degradation rates in glucose

were higher than in HCO3
-, which implied that Acineto-

bacter sp. WSD more inclined to use organic carbon than

inorganic carbon, though the PAHs degradation

Fig. 4 The effect of glucose and HCO3
- on PAHs degradation. a The FLO degradation; b The PHE degradation; c The PYR degradation; d The

variations of OD600nm values
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efficiencies did not show significant difference among

them. This was the same with Warskow and Juni (1972)

reported that some Acinetobacter grew better in glucose

than in inorganic carbon.

11.5 % of FLO, 15.5 % of PHE, 15 % of PYR were

adsorbed on the biomass in the presence of glucose, which

were higher than in the presence of HCO3
-, indicating that

the addition of glucose may have promoted PAHs adsorbed

on biomass as reported by Yang et al. (2011). With the

addition of glucose, the concentration of organic carbon

increased, which could promote the adsorption of PAHs.

Also the addition of glucose promoted the growth of the

microorganisms, which led to the increase of the amount of

adsorption.

Effect of humic acids on degradation of PAHs

The effect of humic acids (HA) on the degradation of

PAHs was evaluated. After 6 days, most of FLO and PHE

were removed that there was no significant differences

among the amounts of degradation at the two different

concentrations of HA (Fig. 5a, b). However, the

degradation rates of FLO and PHE were stimulated by

increasing HA concentrations. HA can promote the growth

of microorganisms through providing nutrients (Filip and

Kubát 2001). And HA shortened the onset of biodegrada-

tion by a carrier effect of HA on PAHs towards degrading

bacterial cells, which supplemented the diffusive uptake

from the freely dissolved phase. From the standpoint of

bioavailability, interaction between microorganisms, HA

(low concentration) and PAHs has been reported to

increase PAHs bioconcentration (Perminova et al. 2001). It

is noteworthy that HA greatly enhanced the ability of

Acinetobacter sp. WSD to degrade PYR. The percentage of

PYR degradation increased from 50 to 70 % in the pre-

sence of HA (Fig. 5c). This enhancement could be

explained that the addition HA contains hydroxyl groups,

which could be converted to the corresponding polarity

matrix under the action of microbes, then affect enzyme

activity and promoting the PAHs degradation (Itoh et al.

2000). A previous studies demonstrated that addition of

HA enhanced further the rate of PAHs transformation and

the amount of biodegradation (Bogan and Sullivan 2003;

Mayer et al. 2007; Smith et al. 2009).

Fig. 5 The effect of humic acids on PAHs degradation rate. a FLO; b PHE; c PYR; and the temporal change of remaining HA concentration in

solution (d)
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HA was obviously consumed in the biodegradation

process (Fig. 5d). And higher HA concentration (40 mg/L

instead of 20 mg/L) was inhibitory for PAHs degradation

rates. The inhibition of PAHs degradation may be attrib-

uted to the associated mineral salts that remained after

freeze-drying of the HA. The solution could not be dia-

lyzed since HA have molecular weights as low as 500 Da

(Chin et al. 1994). HA as the dissolved organic matter was

an important part sequestrating the organic pollutants to

decrease the availability of PAHs significantly (Nam et al.

1998). And with the increase of the amount of added HA,

competitve degradation might occur between HA and

PAHs. Therefore, in the real environment, HA will influ-

ence the microbial PAHs degradation through the ways

including nutrition supports, carrier for PAHs to cells and

the effects on the availability through sequestrations. The

effect of promoting degradation of PAHs was dominant

because of the low concentration of HA in Guozhuang

karst water system.

Identification of PAHs degradation pathway

The aforementioned results showed the great potential of

Acinetobacter sp. WSD for PAHs degradation. It is there-

fore worthwhile to identify the metabolic PAHs degrada-

tion pathway. Oxygen is a most common electron acceptor

in bacterial respiration, also participating in the activation

of the substrate via oxygenation reactions (Cao et al. 2009).

For the case of Guozhuang karst water system, before their

transport into karst aquifer, the PAHs-containing waste-

water or gas emissions were first discharged or deposited in

the surface water containing free oxygen. Leaking river

water then transported PAHs into the karst aquifer (Shao

et al. 2014). Thus the initial step may include the oxidation

of the benzene ring by mono or dioxygenase enzymes,

converting the aromatic compounds to hydroxy aromatic

intermediates which are further dehydrogenated to form

carbonyl compounds. Besides, this process may contain

ortho- or meta-cleavage pathway depending on the intra-

diol or extradiol ring-cleaving (Moscoso et al. 2012).

Fluorenone and salicylic acid were identified in FLO

degradation by Acinetobacter sp. WSD (Fig. 6), indicating

that the initial route of FLO degradation was mono-oxy-

genation. This result matched well with those obtained by

Grifoll et al. (1994) who found fluorenone as the main

intermediate and protocatechuate as the end product, the

toxicity of protocatechuate was relatively weak.

Usually, the existence of mono-oxygenases and dioxy-

genases favors the oxidative degradation, through two

possible degradation pathways: salicylate or protocatech-

uate. The results of GC–MS analysis demonstrated that

Acinetobacter sp. WSD completely degraded PHE via

salicylate as has been previously documented (Zhang et al.

2011). In this case, as shown in Fig. 6, the precursor of

salicylate and the absence of protocatechuate, suggested

degradation route via salicylate instead of protocatechuate.

PYR, a four-ring PAH has been often used as a model

high molecule weight PAHs for biodegradation, although

its cleavage has not been well understood. With its

metabolites such as phenanthrene-4,5-dicarboxylate and

salicylate were identified by our GC–MS analysis, it can be

proposed that after the initial dioxygenation steps, PYR

degradation pathway should be the same as PHE. Kim et al.

(2007) found 3,4-dihydroxyphenanthrene and salicylate as

metabolic intermediates when studied PYR degradation by

Mycobacterium. As a result, the schematic pathway for the

degradation of PYR by the Acinetobacter sp. WSD was

proposed.

PAHs degradation products usually include alkanes,

carbon dioxide and water. It is important to note that after

2 days biodegradation phenol, 2,5-bis(1,1-dimethylethyl)

was formed, which has not been reported as a degradation

product of PAHs in previous studies. And to the end of the

degradation process, its concentration did not decrease,

indicating that this compound could not be degraded or

utilized by Acinetobacter sp. WSD. Wang et al. (2011) also

found phenol, 2,5-bis(1,1-dimethylethyl) in the effluent of

Fig. 6 Proposed metabolic pathway of FLO, PHE and PYR by

Acinetobacter sp. WSD cultured at flask
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coal gasification wastewater after aerobic biodegradability.

And in our investigation of the soil and groundwater

samples in the karst system in 2013, we also detected

phenol, 2,5-bis(1,1-dimethylethyl). However, little has

been known about the degradation pathway resulting in its

formation, including its toxicity and physicochemical

property.

Conclusions

In view of the results obtained in the present study, Acine-

tobacter sp. WSD isolated from PAHs-contaminated karst

groundwater was found to be efficient in the degradation of

PAHs. The degradation percentage of low ring PAHs was

higher than that of high ring PAHs. Significant increase in

PAHs biodegradation was shown by the addition of glucose

and bicarbonate, indicating that dissolution or precipitation

of carbonate minerals in karst system may affect the degra-

dation. The presence of HA can lead to a direct increase in

PYRdegradation. Of particular interest was a possible role in

the degradation of heavier PAHswith their lower solubilities

and higher sorption, on which even lower HA concentrations

could have impact. The results of metabolic pathway study

help will improve our ability to predict the fate of PAHs

compounds in karst groundwater system.
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