
Characterization of Pentachlorophenol Degrading Bacterial
Consortium from Chemostat

Ashwani Sharma Æ Indu Shekhar Thakur

Received: 23 April 2007 / Accepted: 14 April 2008 / Published online: 26 May 2008

� Springer Science+Business Media, LLC 2008

Abstract A microbial consortium was developed by

continuous enrichment of bacterial population isolated

from sediment core of pulp and paper mill effluent in

mineral salts medium (MSM) supplemented with penta-

chlorophenol (PCP) as sole source of carbon and energy in

the chemostat. The enriched consortium contained three

bacterial strains identified as Escherichia coli (PCP1),

Pseudomonas aeruginosa (PCP2) and Acinetobacter sp.

(PCP3) by morphological and biochemical tests, further

confirmation was done using 16S rDNA sequence analysis.

The potency of bacterial isolates in degradation of PCP was

monitored in terms of growth and utilization of PCP as

substrate with spectrophotometer and gas chromatograph-

mass spectrometer (GC-MS) analysis. The strains were

tested for their utilization of various organic compounds.

The strain PCP3, showed higher potency to utilize PCP as

sole source of carbon and energy than PCP1 and PCP2. The

bacterial strain were able to utilize PCP through an oxi-

dative and reductive route as indicated with the formation

of tetrachloro-p-hydroquinone (TeCH), 2-chloro-1,4-ben-

zenediol and 2,3,4,6-tetrachlorophenol, respectively.

Keywords Biodegradation � Chemostat � Consortia �
GC-MS � Pentachlorophenol

The chlorophenolic compounds are major environmental

contaminants giving global concern mainly due to use of

these compounds as wide spectrum biocides in industry and

agriculture (Vallecillo et al. 1999). The most common

sources of chlorinated phenols in the environment include

production of chlorine from bleaching of pulp, combustion

of organic matter, partial transformation of phenoxy pes-

ticides such as 2,4-dichlorophenoxy acetic acid and 2,4,6-

trichlorophenoxyacetic acid, treatment of wood against

fungi and insects and preservation of raw hides in leather

tanning industries (Shukla et al. 2001). The toxicity of

these compounds tends to increase with relative degree of

chlorination (Reineke and Knackmuss 1988; Fetzner and

Lingens 1994). Among chlorinated phenols pentachloro-

phenol (PCP) and its sodium salt have been widely used as

wood and leather preservative owing to their toxic effect on

bacteria, mould, algae and fungi (Kaoa et al. 2004). PCP is

toxic to all forms of life since it is an inhibitor of oxidative

phosphorylation (Shen et al. 2005; Yang et al. 2006). The

US Environmental protection agency (EPA) has listed PCP

as a priority contaminant because of its proven carcino-

genicity and toxicity (Bock et al. 1996). PCP may be

washed into streams and lakes due to surface runoff or may

infiltrate and contaminate groundwater. Its large amount

finally gets deposited onto sediments thus persisting in the

environment (Shiu et al. 1994; Thakur et al. 2001). Despite

widespread pollution observed, few indigenous bacterial

strains capable of degrading PCP have been isolated (Chan-

ama and Crawford 1997). Moreover, PCP is recalcitrant to

degradation because of its stable aromatic ring system and

high chloride content, thus persisting in the environment

(Saber and Crawford 1985; Okeke et al. 1997; Copley 2000).

In case of environmental contamination by PCP, tradi-

tional clean-up methods have not been proved successful

due to their higher treatment costs and possibilities of

causing secondary pollution. The biodegradation of PCP

has been studied in both aerobic and anaerobic systems.

Anaerobic biodegradation of PCP in aquatic, sludge and
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soil environment has been studied by various researchers

(Rensnick and Chapman 1994; McAllister et al. 1996;

Wang et al. 1998; Vallecillo et al. 1999; Tartakovsky et al.

2001; Thakur et al. 2001). Reductive dechlorination has

been suggested as the primary PCP biodegradation mech-

anism. The aromatic ring is thus totally dechlorinated prior

to ring cleavage (Wang et al. 1998; Tartakovsky et al.

1999, 2001). Aerobic degradation of PCP has also been

studied extensively and several bacterial strains capable of

degradation have been reported such as Flavobacterium,

Arthrobacter, Pseudomonas, and Sphingomonas (Edgehill

and Finn 1983; Crawford and Mohn 1985; Saber and

Crawford 1985; Xun and Orser 1991; Orser et al. 1993;

Edgehill 1994; Miethling and Karlson 1996; Chanama and

Crawford 1997; Leung et al. 1999; Thakur et al. 2002;

Yang et al. 2006; Dams et al. 2007).

However, in solving serious problem of PCP contami-

nation, it is important to assess the potential of bacterial

strains indigenous to PCP contaminated sites for its deg-

radation. Bacterial isolates obtained from nature have not

been proved effective in complete degradation of PCP and

other related metabolites at contaminated sites. Conse-

quently a microbial consortium is usually required

to provide all the metabolic capabilities for complete

degradation of PCP. In light of these facts, it is important to

elucidate such biological interactions in a continuously

operating system such as chemostat in order to develop a

potential microbial consortium for the degradation of PCP.

Therefore objectives of present study at initial stage are to

develop a stable bacterial consortium by continuous

enrichment in the chemostat, characterize the members of

the bacterial consortium, identification of products released

during degradation of PCP and evaluation of utilization

potential of PCP in the presence of intermediary metabo-

lites. The study could help in developing strategies for

enhancing degradation and large scale removal of PCP

from the environment.

Materials and Methods

Sediment samples together with liquid effluent (1:10 w/v)

were collected from the drainage sites of pulp and paper mill

located at Lalkuan, Uttaranchal state, India. The unsieved

soil or sediment (4 g) and mineral salts medium (100 mL)

was mixed by the waring blender for about 3 min. The

mixture (8 mL) from waring blender was added to 100 mL

of mineral salts medium containing 10 mg L-1 of PCP as the

sole source of carbon and energy (Tartakovsky et al. 1999).

The mixture was placed on a shaker (120 rpm) in dark at

30�C. The mineral salts medium (MSM) contained the

following components at the specified concentrations

(in mg L-1): KH2PO4, 800; Na2HPO4, 800; Mg2SO4 � 7H2O,

200; CaCl2 � 2H2O, 10; NH4Cl, 500; plus 1 mL of trace metal

solution which include FeSO4 � 7H2O, 5; ZnSO4 � 7H2O, 4;

MnSO4 � 4H2O, 0.2; NiCl � 6H2O, 0.1; H3BO3, 0.15;

CoCl2 � 6H2O, 0.5; ZnCl2, 0.25; and EDTA, 2.5.

After 14 days of incubation at 30�C (120 rpm) in a

Gyratory Shaker, 1 mL of enrichment culture was trans-

ferred to 100 mL of MSM containing PCP (20 mg L-1).

This medium was incubated at 30�C (120 rpm) for 14 days.

The above procedures were repeated until the concentration

of PCP in the medium reached 40 mg L-1. The bacterial

strains enriched by utilization of PCP were used as inoculum

in the chemostat, and continuous enrichment was performed

using mineral salts medium and PCP (100 mg L-1) as

described above. The chemostat culture was run in 2 L glass

vessel (effective volume 1 L) provided by stirring, 250 rpm,

temperature, 30�C; pH, 7.2–7.4; an air flow of 500 mL min-1

and MSM flow rate of 10 mL h-1. Samples of the culture

were collected under aseptic conditions. The growth of the

bacterial community was determined by measuring the optical

density at 600 nm. The total number of bacterial cells was

determined by colony forming units (c.f.u.) by serial dilution

of the culture medium and plated (0.1 mL per plate) on MSM

agar plates.

The utilization of PCP in the chemostat was monitored by

extraction of PCP from culture medium and analysis by GC-

MS. The bacterial strains from mixed culture were diluted and

were spread on MSM agar plates having PCP as sole carbon

source at a concentration of 100 mg L-1 to obtain single

colonies. The plates were incubated at 30�C for 12 h. Single

colonies were picked up and streaked on to MSM agar plates

containing PCP (100 mg L-1) to check for their purity. Iso-

lates were identified by morphological, physiological and

chemotaxonomic properties in accordance with Bergy’s

Manual of Systematic Bacteriology (Palleroni 1984). Further

identification was performed using 16S rDNA sequence

analysis. 1.4 kb fragment of 16S rDNA was amplified using a

Gene Amp 2400 PCR System (PE, USA). A 5 lL purified

genomic DNA served as a template in the PCR reaction

mixture with the following set of primers: upstream primer

27F (GAGAGTTTGATCCTGGCTCAG), and downstream

primer 1495R (CTACGGCTACCTTGTTACGA). Each

200 lL PCR micro-tube contained 5 lL purified extracted

DNA; 2 lL of dNTP at 2.5 mM; 2.5 lL of 109 Taq DNA

polymerase buffer; 11.3 lL of sterile MQ water and 2 lL of

amplification primers (10 pmol each). The tubes were then

subjected to the following thermal cycling programme:

denaturation at 94�C for 1 min, primer annealing at 54�C for

1 min, and chain extension at 72�C for 2 min with an addi-

tional extension time of 7 min on the final cycle, for a total of

30 cycles. The 16S rDNA sequence was compared against the

Gene Bank database using National Centre for Biotechnology

Information (NCBI) BLAST program.
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In extraction of metabolites, the cell suspension was

clarified by centrifugation at 8,000 rpm for 3 min. The cell

free supernatant fractions were extracted three times with an

equal volume of n-hexane by shaking vigorously for 15 min

in a standard separating funnel. The organic layer was dried

with anhydrous sodium sulphate, and the solvent was

removed by gently blowing under a steam of N2. The residue

was finally dissolved in 50 lL mixture of n-hexane: ethyl

acetate (10:1) and analyzed immediately on a GC-MS. The

GC-MS analyses were performed in electron ionization (EI)

mode (70 eV) with an Agilent 6890N gas chromatograph,

equipped with 5973 MSD (Agilent Technologies, Palo Alto,

CA, USA). A HP-5MS (Agilent, USA) capillary column (5%

phenyl 95% methylpolysiloxane; 30 m length 9 0.025 mm

i.d. 9 0.25 lm film thickness) was used at a temperature

programme of 50�C (2 min), then raised to 10�C min-1 to

280�C, where it was held for 10 min. Helium was used as the

carrier gas at a constant flow of 1.2 mL min-1. The samples

were analyzed in split less mode at an injection temperature

of 250�C, an EI source temperature of 230�C and a quad-

rupole analyzer temperature of 150�C, unit mass resolution,

scan range m/z 35–500, with a scan cycle of 3 scans s-1. The

injected volume was 0.1 lL.

Utilization of various chlorinated compounds by each

bacterial strain was assessed on MSM agar plates with the

test compound. Growth of bacterial strains at 30�C was

monitored daily by visual inspection for 3 days. The bac-

terial cells were then washed from the plate with saline and

absorbance (A600) values of the suspension were deter-

mined. The bacterial strains were inoculated in Erlenmeyer

flasks containing mineral salts medium supplemented with

test compounds (0.5 mM) as sole source of carbon and

energy, and incubated at 30�C on an orbital shaker at

150 rpm in dark. The samples were removed after 0, 6 and

12 h, and growth of bacterial strains and utilization of

carbon source was determined. All experiments were per-

formed in triplicates and data represents are a mean of

values obtained.

Results and Discussion

Sediment core along with liquid effluent from sampling

sites of pulp and paper mill initially yielded 18 bacterial

strains capable of utilizing pentachlorophenol tested on

MSM agar plates containing PCP (100 mg L-1) as sole

carbon and energy source. The bacterial cells were

extracted and enriched in the chemostat in MSM with PCP

by continuous process. Figure 1 shows the growth pattern

of the bacterial strains enriched in the presence of PCP.

Initially there was an increase in turbidity, but after day 5 it

declined, which persisted up to day 20. The rate of nutrient

supply in the culture vessel was decreased from 10 mL h-1

to 5 mL h-1. The fluctuation in turbidity continued till day

120, with an almost constant growth rate. After day 140

there was an increase in turbidity up to day 200, followed

by almost constant growth rate even with increased flow

rate (10 mL h-1) till the end of the run (280 days). The

growth of the bacterial cells in the chemostat determined

by the c.f.u. on MSM agar plates was also concomitant to

the turbidity. The initial fluctuations in the turbidity of the

medium may be due to inability of the bacterial strains to

utilize PCP, formation of intermediary metabolites released

during its degradation and also because cells were not well

acclimatized to the new environment containing PCP. The

growth of bacterial cells in the chemostat was constant as

the cell became physiologically adapted to PCP, and was

probably due to nutritional interaction between the mem-

bers of the community. Results of the study indicated a

significant increase in utilization of carbon source from

51% on day 140 to 82.5% at the end of the run i.e. day 280.

Among the isolated 18 strains, only three bacterial

strains (PCP1, PCP2 and PCP3) with relatively high deg-

radation ability were selected and discussed in this work.

The bacterial strains were identified morphologically and

biochemically as Pseudomonas sp. (PCP2 and PCP3) and

Enterobacter sp. (PCP1). The morphological and bio-

chemical characteristics of selected bacterial strains have
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been shown in Table 1. The strains were also identified by

method based on 16S rDNA gene sequence analysis. The

analysis of 16S rDNA gene sequence confirmed that the

strain PCP1 as E. coli; PCP2 as Pseudomonas aeruginosa

and PCP3 identified as Acinetobacter sp.

Figure 2 shows degradation of PCP by individual strain

investigated in terms of growth and utilization of PCP as

substrate. Growth of bacterial strains exhibited by increase

in optical density (OD) was observed up to 48 h but after

that it declined (till 96 h). Utilization of PCP was deter-

mined by spectrophotometeric and GC-MS analysis. It was

observed that PCP3 had higher potency to utilize PCP,

more than 20% within 6 h, followed by PCP2, which could

utilize 15% PCP and PCP1 which utilized 10% PCP at the

same time interval. The most significant result observed in

this study was utilization of more than 80% pentachloro-

phenol by PCP3 by 96 h followed by PCP2 and PCP1,

which utilized almost 60% and 45%. The utilization

potency of PCP1 was less than the other two strains of the

consortium. A positive Rothera test for Pseudomonas

aeruginosa (PCP2) and Acinetobacter sp. (PCP3) con-

firmed ortho-ring cleavage. During utilization of carbon

source a stoichiometric amount of chloride was accumu-

lated in the culture broth. The release of chloride was

highest in the case of isolate PCP3 followed by PCP2 and

PCP1, indicating greater degradation of PCP by strain

PCP3 (data not shown).

The utilization of chlorinated phenols and intermediary

metabolite of PCP by the bacterial strains, PCP1, PCP2 and

PCP3, was tested on mineral salts medium containing

various carbon sources under aerobic conditions (Table 2).

The strain PCP3 was able to grow well on plates containing

pentachlorophenol, tetrachlorohydroquinone, chlorohydro-

quinone and catechol. The growth was observed minimum

when grown on 2,4,6-trichlorophenol. The utilization

potential of PCP2 and PCP1 was good on catechol. Normal

Table 1 Morphological and biochemical characteristics of bacterial

strains

Characters Bacterial strains and their responses

PCP1 PCP2 PCP3

Gram staining - - +

Morphology Rod, single Rod, single Cocci, in pair

Color Light yellow Cream Cream

Gelatin hydrolysis + + +

Urease production - - -

Oxidase production - + +

Indole production + - -

Catalase production - - +

Starch hydrolysis - - -

NaCl tolerance [10% [18% [22%

Spreading nature - - -

+, Positive; -, Negative
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Fig. 2 Utilization of PCP by

bacterial isolates (PCP1, PCP2

and PCP3) in terms of growth

and percent reduction of

substrate at different time

interval

Table 2 Growth of bacterial strains on various carbon sources

(20 mg L-1) on MSM agar plate

Carbon source Bacterial strains

PCP1 PCP2 PCP3

Pentachlorophenol ++ ++ +++

2,4,6-trichlorophenol + ++ +

2,4-dichlorophenol + ++ ++

p-chlorophenol + + ++

Tetrachlorohydroquinone - ++ +++

Chlorohydroquinone - + +++

Catechol +++ +++ +++

4-chlorosalicylic acid - + ++

4-chlorobenzoic acid - - ++

Dibenzofuran - - -

+++, Good growth; ++, normal growth; +, minimum growth; -,

no growth
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growth of strain PCP2 was observed on substrate such as

pentachlorophenol, tetrachlorohydroquinone, trichlorophe-

nol and dichlorophenol. None of the isolated strains were

able to grown on dibenzofuran as substrate. An apparent

lag in PCP utilization was greatly reduced by supplemen-

tation of readily degradable carbon source present along

with PCP in MSM. Dextrose, sodium acetate and sodium

citrate lead to significant growth. However, cellobiose and

inulin were proved poor substrates compared to dextrose.

Nitrogen source supplements included yeast extract, glu-

tamate and aspartate as organic nitrogen and ammonium

chloride and ammonium nitrate as inorganic nitrogen in

MSM containing PCP. No PCP utilization was observed in

the presence of readily available carbon source and yeast

extract.

Figure 3 shows the GC-MS profile of PCP degradation

by bacterial strains PCP1, PCP2 and PCP3. Peaks were

identified using documented data from National Institute of

Standards and Technology (NIST) library. The results of

the study indicated degradation of PCP only after 48 h by

PCP3 and emergence of two new peaks, tetrachloro-

p-hydroquinone (TeCH) [m/z (% relative intensity)]:

250 (16), 248 (81), 230 (21), 211 (17), 147 (34), 111

(18), 87 (53), 49 (11) and 2-chloro-1,4-benzenediol [m/z

Fig. 3 GC-MS chromatograms

of metabolites of PCP

degradation after 48 h of

incubation by (a) E. coli (PCP1)

(b) Pseudomonas aeruginosa
(PCP2) (c) Acinetobacter sp.

(PCP3); I: Pentachlorophenol;

II: 2,3,4,6-tetrachlorophenol;

III: Tetrachlorohydroquinone;

IV: 2-chloro-1,4-benzenediol
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(% relative intensity)]: 207 (31), 144 (68), 80 (46), 52 (15).

A decrease in the concentration of PCP was observed in

case of PCP2 at 48 h with emergence of single peak of

TeCH was observed. However, PCP1 showed little

decrease in PCP concentration with the emergence of a

new peak of 2,3,4,6-tetrachlorophenol [m/z (% relative

intensity)]: 232 (82), 203 (13), 194 (24), 153 (32), 116 (11),

96 (38), 71 (9), 48 (7). So far, two types of pathways for

aerobic degradation of PCP have been described; one is via

chloro-catechols and other is via hydroquinone. In the

pathway via chloro-catechols, these chlorophenols are

further metabolized via ortho or modified ortho ring

cleavage pathways (Thakur et al. 2002). In the hydroqui-

none pathway, subsequent dechlorination leads to the

formation of hydroquinone, which is subsequently cleaved

by ortho ring cleavage enzyme (Chanama and Crawford

1997; Copley 2000; Hu et al. 2006). The results of the

study clearly indicate the nature of pathway followed by

individual bacterial strains. PCP2 and PCP3 were able to

degrade PCP via hydroquinone pathway. However, detec-

tion of tetrachlorophenol as a metabolite of PCP1 indicates

a novel degradation pathway followed by this strain in

aerobic condition.

This study has shown transformation of PCP in a chemo-

stat during enrichment in a continuous culture by microbial

population isolated from sediment core of pulp and paper mill

effluent. The microbial community was characterized based

on structure and physiological characteristics of individual

bacterial strains. Out of three predominant strains present in

the acclimated mixed bacterial consortia, the most efficient

pentachlorophenol degrader was Acinetobacter sp. (PCP3).

The strain manifests high degradation capabilities. The strain

Pseudomonas aeruginosa (PCP2) was able to degrade pen-

tachlorophenol fairly well. However, the utilization potency

of E. coli (PCP1) was less than PCP3 and PCP2. Results of

the study indicated significance of PCP3 and PCP2 in deg-

radation of PCP and acted as a potential member of the

consortium, however, PCP1 may have played as associated

members of the consortium in degradation of pentachloro-

phenol. The relationship between the structural and

functional properties of bacterial strains in PCP transforma-

tion provided in this study may provide insight about

potential enrichment of in situ microbial population.
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