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Introduction

Brominated flame retardants are a large group of bromo-

aromatic compounds used in plastics, textiles, electronic

circuitry and other materials for flameproofing (De Wit

2002). Tetrabromobisphenol A [4,4¢-isopropylidenebis

(2,6-dibromophenol)] (TBBPA) is a flame retardant used

in the production of many plastic polymers and electronic

circuit boards (Masten 2002). TBBPA has been found in

environmental samples, as well as in human plasma, and

there is evidence of its potentially toxic effect (De Wit

2002; Masten 2002; Covaci et al. 2003; Per Ola 2003;

Schecter et al. 2004).

Structurally, TBBPA is similar to poly-chlorinated

biphenyls and chlorinated dioxins. These poly-haloge-

nated poly-cyclic compounds are resistant to aerobic
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Abstract

Aim: To study the effects of incubation conditions on the microbial

community structure and activity of a TBBPA-debrominating enrichment

culture composed of bacterial and archaeal species.

Methods and Results: The effects of the methanogen inhibitor 2-bromoethane-

sulfonate (BES), of the antibiotic ampicillin, of substrate (tetrabromobisphenol

A, TBBPA) omission and availability of different electron donors on microbial

community structure and activity were examined under anaerobic conditions.

Debromination of TBBPA was blocked in the presence of ampicillin, while

long-term incubation with BES resulted in delayed debromination activity. The

results suggest that the bacterial species responsible for the debromination of

TBBPA, while archaeal species involved in electron donor metabolism. The

enrichment culture lost its debromination activity after cultivation for

9 months without TBBPA, concomitantly with the disappearance of two DNA

bands in a denaturing gradient gel electrophoresis (DGGE) analysis of 16S

rRNA gene fragments corresponding to Pelobacter carbinolicus and Sphaerochae-

ta sp. TQ1 that were present in the original culture. When butyrate was used

as an electron donor, TBBPA debromination activity was attenuated. When

acetate was used as the electron donor, no debromination was observed and in

addition, there was a decrease in the abundance of the mcrA gene.

Conclusions: The results indicate that to maintain a high rate of TBBPA

debromination activity, it is essential to preserve the microbial community

structure (bacterial and archaeal members) of this culture and supply an elec-

tron donor that produces high amounts of hydrogen when fermented.

Significance and Impact of the Study: The study provides important informa-

tion for the management of cultures to be used in bioremediation of TBBPA

contaminated sites.
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microbial metabolism but can be reductively dehalogenat-

ed under anaerobic conditions. The dehalogenation prod-

ucts are presumed to be more susceptible to aerobic

degradation (Ronen and Abeliovich 2000; Wiegel and Wu

2000). Although there has been growing success in isolat-

ing micro-organisms that reductively dehalogenate aryl

halides (Smidt and deVos 2004), bacteria that reductively

dehalogenate poly-halogenated poly-cyclic compounds are

harder to isolate.

TBBPA has been found to be a major contaminant

near an industrial complex in the northern Negev desert

in Israel, and its concentration in some locations amounts

to 450 mg kg)1 soil (Arnon et al. 2006). Reductive debro-

mination of TBBPA by a microbial community found in

a sediment from this site (Ronen and Abeliovich 2000) as

well as from estuarine sediments (Voordeckers et al.

2002), a salt-marsh sediment (Ravit et al. 2005) and

anaerobic sewage sludge (Gerecke et al. 2006) has been

previously reported. However, to the best of our knowl-

edge, there is only one enrichment culture that can reduc-

tively debrominate TBBPA, namely, the one that was

obtained from a contaminated site in Israel (Arbeli and

Ronen 2003; Arbeli et al. 2006). The pathway of the

anaerobic debromination by this culture has been eluci-

dated (Arbeli and Ronen 2003). However, even though

some key physiological characteristics of the enriched cul-

ture were described, including the fate of electron donors

(Arbeli and Ronen 2003; Arbeli et al. 2006), the microbial

composition of this mixed culture was remained

unknown.

Attempts to treat industrial wastewater contaminated

with TBBPA using nonspecific microbial populations have

failed (Brenner et al. 2006). Yet Gerecke et al. (2006)

demonstrated that under strict anaerobic conditions,

TBBPA and other brominated compounds disappeared in

a mesophilic anaerobic digester. However, the conditions

that led to the long-term survival of this activity were not

investigated. Thus, it is clear that preserving debromina-

tion activity within a microbial population is essential for

the success of the bioremediation of TBBPA contami-

nated soil, wastewater and groundwater.

The aim of this work was to obtain a more profound

understanding of TBBPA debromination by an enrich-

ment culture with respect to its microbial community

composition on the one hand and its function under

different conditions on the other.

Material and methods

Experimental conditions

This study focused on the TBBPA-debrominating activity

and the microbial community structure of an enrichment

culture established from stream sediment and enriched in

an anaerobic reactor as previously described (Arbeli and

Ronen 2003). Briefly, the enriched culture was cultivated

by replenishing 25% of the culture medium every 30 days

with fresh mineral medium (see later) containing 10%

(w ⁄ v) sterile pulverized grey chalk, 0Æ1% (v ⁄ v) ethanol

(95% solution) as an electron donor and TBBPA

(90 lmol l)1). All experiments and culture transfers were

carried out in a pre-equilibrated medium for 24 h in an

anaerobic chamber (Forma Scientific, Marietta, OH,

USA) under N2 : H2 (94% : 6%) without the addition of

chemical reductants. Resazurin was used to indicate the

achievement of anaerobic conditions. Enrichments were

maintained in mineral medium containing 10% (w ⁄ v)

sterile pulverized grey chalk that is essential for maintain-

ing culture activity (Arbeli and Ronen 2003), 0Æ1% (v ⁄ v)

ethanol (95% solution) as an electron donor and TBBPA

(90 lmol l)1) in an anaerobic chamber at 30�C. TBBPA

stock was dissolved (20 mg ml)1) in a diluted solution of

0Æ2 N NaOH, and its addition did not change the pH of

the medium. Once a month, 10 ml of the enrichment cul-

ture were transferred into 90 ml of fresh mineral medium

with the above-mentioned components.

Mineral medium was prepared as previously described

(Arbeli and Ronen 2003). Briefly, 900 ml of double distilled

water containing (in grams): KCl, 1Æ3; KH2PO4, 0Æ2; NaCl,

21 and resazurin, 0Æ001 was autoclaved and cooled, and

then the following were added: 1 ml vitamin solution, 3 ml

trace elements solution, 10 ml salts solution, 100 ll

NaSeO3 solution (40 mg l)1) and 90 ml NaHCO3 solution

(80 g l)1). The vitamin solution (sterilized by passing

through a 0Æ2-lm filter) contained (in mg l)1) folic acid, 20;

pyridoxine HCl, 100; riboflavin, 50; biotin, 20; thiamine,

50; nicotinic acid, 50; pantothenic acid, 50; vitamin B12, 1;

p-aminobenzoic acid, 50 and thiotic acid, 50. The trace ele-

ments solution contained (in g l)1) nitriloacetic acid, 2;

Fe(NH4)(SO4)2.6H2O, 0Æ8; MnSO4.H2O, 1; CoCl2.6H2O,

0Æ2; ZnSO4.7H2O, 0Æ2; CuCl2.2H2O, 0Æ02; NiSO4.H2O, 0Æ02;

Na2MoO4.2H2O, 0Æ02; Na2WO4.2H2O, 0Æ02; and H3BO3,

0Æ02. The salts solution contained (in g l)1): NH4Cl, 30;

CaCl2.2H2O, 15; and MgCl2.6H2O, 300.

Effect of inhibitors

The role of the Archaea methanogens was studied by

the application of 2-bromoethanesulfonate (BES), an

inhibitor of methyl coenzyme M reductase (Sparling and

Daniels 1987) that is involved in methane biosynthesis. The

culture was maintained on mineral medium containing

TBBPA, ethanol and BES (5 mmol l)1). Ten millilitre of

subsamples of this enriched culture was transferred once

a month to 90 ml fresh mineral medium with BES

(5 mmol l)1), and after 4 months, the culture was
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examined for TBBPA dehalogenation activity, methane

production and the abundance of mcrA gene encoding for

the a subunit of methyl coenzyme M reductase by PCR

amplification. For methane production measurements,

duplicate serum bottles (160 ml) with gas tight rubber

stoppers containing the cultures and BES were used.

In addition, ampicillin was added to subsamples from

the original enriched culture at concentrations of 100,

200 and 300 lg ml)1 to inhibit the bacterial populations,

and after 1 month, the culture was examined for TBBPA

dehalogenation activity.

Effect of electron donors

To investigate the effect of different electron donors,

subsamples of the enrichment culture were maintained on

mineral medium with TBBPA and modified with 0Æ1%

(w ⁄ v) either of butyrate, acetate, lactate or 0Æ1% (v ⁄ v)

ethanol (as a control). For each electron donor, duplicate

serum bottles (160 ml) with gas tight rubber stoppers

were used for methane analysis. The effect of the electron

donors was determined by the presence or absence of the

mcrA gene fragment and the kinetics of the debromina-

tion activity.

TBBPA analysis

Aliquots (2Æ9 ml) of the slurry were sampled and com-

bined with 0Æ1 ml 2 N NaOH to facilitate desorption and

dissolution of TBBPA, centrifuged at 13 000 g for 5 min

to remove the chalk particles, followed by membrane fil-

tration (13 mm diameter, 0Æ45 lm pore size regenerated

cellulose membrane). The concentrations of TBBPA

and its metabolites were determined for each sample by

high-performance liquid chromatography (HPLC) as

previously described (Ronen and Abeliovich 2000).

Methane analysis

Headspace samples (0Æ1 ml) were removed with a gas

tight syringe (Hamilton, Reno, NV, USA) and injected

into an Agilent 5890 II gas chromatograph (Agilent, Palo

Alto, CA, USA) for methane detection. The instrument

was equipped with a 30 m long capillary column (Stabil-

wax, 0Æ25 mm ID, Restek, Bellefonte, PA, USA). The flow

rate of the helium at 40�C was 1 ml min)1, and the injec-

tor and flame ionization detector temperatures were 225

and 250�C, respectively.

Bromide analysis

Bromide was measured using the phenol red colorimetric

method (standard methods; APHA 1998).

Polymerase chain reaction (PCR) amplification

DNA was extracted from enriched cultures with an Ultra-

Clean Soil DNA isolation kit (MO BIO, Solana Beach,

CA, USA). PCR amplifications were performed in 50-ll

reaction mixtures containing: 1Æ5 U Taq DNA polymerase

(Red Taq; Sigma, St Louis, MO, USA), 1· Taq buffer,

2Æ5 mmol l)1 MgCl2, 20 nmol of each of the four deoxy-

nucleoside triphosphates, 12Æ5 lg bovine serum albumin,

25 pmol of each primer, and 1 ll DNA template. To

amplify bacterial 16S rRNA gene fragments (323 bp), the

universal primers 1070f (5¢-ATGGCTGTCGTCAGCT-3¢)
and 1392r with a GC clamp (5¢-CGCCCGCCGCGCCCCG-

CGCCCGGCCCGCCGCCCCCACGGGCGGTGTGTAC-3¢)
were applied (Ferris et al. 1996). Archaea methanogens

16S rRNA gene fragments (575 bp) were amplified with

primers 340f (5¢-CCTACGGGGCGCASCAGGSGC-3¢) and

915r containing a GC clamp (5¢-CGCCCGCCGCGCC-

CCGCGCCCGGCCCGCCGCCCCCGCCCCGTGCTCCCCC-

GCCAATTCCT-3¢) (Loffler et al. 1997). PCR amplification

parameters for both primer sets were as follows: initial

denaturation at 94�C for 4 min; 30 cycles of 94�C, 1 min,

53�C, 1 min, and 72�C, 2 min; and a final extension at

72�C for 10 min, in an MJ Research PCR system mini

cycler (Bio-Rad, Hercules, CA). For the amplification of

the DNA fragment (750 bp) corresponding to the mcrA

gene encoding the a subunit of methyl coenzyme M

reductase originating from Archaea methanogens, the

primers ME1 (5¢-GCMATGCARATHGGWATGTC-3¢)
and ME2 (5¢-TCATKGCRTAGTTDGGRTAGT-3¢) were

applied (Hales et al. 1996). The following were the PCR

conditions : initial denaturation at 94�C for 4 min; 30

cycles of 94�C, 1 min, 45�C, 1 min, and 72�C, 2 min; and

a final extension at 72�C for 10 min.

Denaturing gradient gel electrophoresis (DGGE) analysis

All reagents and techniques were as previously described

(Abrams and Stanton 1992). DGGE analysis was performed

with a DcodeTM Universal Mutation Detection System

(Bio-Rad) under the following conditions: 1 mm thick 8%

polyacrylamide gels were prepared and run using 1· TAE

buffer (40 mmol l)1 Tris-base, 20 mmol l)1 glacial acetic

acid and 1 mmol l)1 EDTA; pH 8), with a denaturing gra-

dient of 30–60% urea–formamide. (100% denaturating

solution is defined as 40% v ⁄ v formamide and 7Æ0 mol l)1

urea). Forty microlitre of PCR products were loaded onto

the DGGE gel and run at 60�C, 240 V for 4 h. Gels were

stained with ethidium bromide (0Æ5 mg ml)1) and visual-

ized under UV. DNA bands were excised, extracted by bead

beating using 50-ll TE buffer (10 mmol l)1 Tris–HCl and

2 mmol l)1 EDTA, pH 8) and after 1 h incubation at 37�C,

re-amplified and cloned in a plasmid using pGEM-T Easy
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Vector (Qiagen, Valencia, CA, USA). DNA sequencing was

performed by Danyel Biotech Ltd. (Rehovot, Israel). The

resulting sequences were aligned to the 16S rRNA pro-

kMSA database using the Nast server (DeSantis et al.

2006). The alignment was used to construct a phylogenetic

tree in Mega (Kumar et al. 2004). Sequences obtained

from this study were deposited in GenBank and assigned

the accession numbers DQ222206, DQ149826-149832,

DQ155302–155305.

Statistics

The presented results are of two to three representative

similar experiments for each treatment. Each experiment

was run in triplicates.

Results

Loss of dehalogenation activity after prolonged cultiva-

tion without TBBPA

To test whether TBBPA is required to maintain debro-

minating activity, the enriched culture was cultivated

without TBBPA for 9 months (subsamples of 10 ml

were transferred every 30 days to 90 ml medium with-

out TBBPA). As a result, micro-organisms that could

not grow without TBBPA were diluted out of the final

community. This treatment caused a significant decrease

in the ability of the culture to debrominate TBBPA

(Fig. 1).

Enrichment culture characterization

A DGGE profile of 16S rRNA gene fragments was gener-

ated for both Archaea (Fig. 2a) and Bacteria (Fig. 2b)

domains in the enrichment cultures that were maintained

with and without TBBPA and clear differences in the

DGGE patterns between the two treatments were observed.

Differences were mainly associated with fragments ALA2

and ALA4 for the Archaea (Fig. 2a) and fragments LA2

and LA6 for the Bacteria (Fig. 2b) which were not detected

in the culture maintained without TBBPA. The DNA

bands marked in Fig. 2 were sequenced, and the closest

relatives are summarized for Bacteria in the phylogenetic

tree in Fig. 3 and for Archaea methanogens in Table 1.

The closest relatives of Archaea phylotypes were from

the Methanomicrobiales and Methanosarcinales groups

while the bacterial sequences exhibited similarity to a

number of different bacterial families, including Pelobacter,

Spirochaeta, Desulfovibrio and Pseudomonas.

Prolonged incubation of the enrichment culture

without TBBPA resulted in the loss of at least two of its

bacterial members, represented by bands LA2 and LA6

(Fig. 2b, lane B2). While LA2 is closer to Pelobacter

carbinolicus DSM 2380 (95%), LA6 is closer to Sphaero-

chaeta sp. TQ1 (97%) which was isolated from an anaero-

bic, dechlorinating enrichment culture (DQ833400).
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Figure 1 Kinetics of tetrabromobisphenol A (TBBPA) reductive

dehalogenation expressed as bromide accumulation by enrichment

culture that was maintained with TBBPA (h) and the same culture

that was maintained for 9 months without TBBPA ( ). All cultures

contained sediment slurry (10% w ⁄ v) and 90 lmol l)1 TBBPA and

incubated under anaerobic conditions.
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Figure 2 Denaturing gradient gel electrophoresis (DGGE) profiles of

16S rRNA gene fragments amplified with Archaea-specific (A) and

Bacteria-specific (B) PCR primers from total DNA isolated from the

tetrabromobisphenol A (TBBPA)-dehalogenating enrichment culture

grown in the presence (A1 and B1) or absence (A2 and B2) of TBBPA.
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There were also two missing Archaea bands, ALA2 and

ALA4. ALA2 had a sequence similarity of 95% to

the uncultured archaeon clone WLEA-64 (as well as

86% sequence similarity to Thermococcus sp. Ax99-47

isolate), while ALA4 had a sequence similarity of 96% to

Methanosarcina semesiae.

Effect of inhibitors on debromination activity

Maintaining the enrichment culture on 5 mmol l)1 BES

for 4 months caused the reduction in methane accumula-

tion in the culture headspace to undetectable levels,

suggesting an inhibition of methanogenic activity. This

inhibition was confirmed by the inability to PCR-amplify

a mcrA gene fragment of Archaea methanogens from total

genomic DNA extracted from the BES-treated culture

(Data not shown). Examining the bacterial community

structure of enriched cultures grown with and without

BES showed differences in DGGE patterns. New 16S

rRNA gene bands were observed in the BES-treated

culture, and the intensity of some of the bands was chan-

ged (Data not shown).

The rate of dehalogenation was somewhat slower in the

BES-treated culture compared to the control. However,

after 21 days, the amount of BPA produced in both

cultures was identical. Thus, despite the reduction in the

methanogens population, TBBPA debromination activity

was sustained in this culture (Fig. 4). When ampicillin

was added to the culture, the debromination activity was

completely inhibited (data not shown).

Effect of electron donors

Replacing the electron donor ethanol with butyrate,

lactate or acetate affected the rate of debromination

(Table 2). When butyrate was the electron donor, the

U23141 Pelobacter carbinolicus

EF527234 Geobacter sp. Ply4 str. PLY4

FM897205 Uncultured spirochete MT6

Pelobacteraceae

Pseudomonadaceae

Desulfovibrionaceae

Spirochaetaceae
M71239 Spirochaeta bajacaliforniensis

AJ698859 Spirochaeta bajacaliforniensi

AY176773 Desulfovibrio capillatus str

AY394870 Pseudomonas EPR12

FJ170038 Pseudomonas sp. str. CF14-10
Archaea

0·05

U53464 Desulfovibrio gracilis SEBR6116

DQ149826 LA2

DQ149829 LA5
DQ149831 LA3

DQ149827 LA7
DQ222206 LA1

DQ149830 LA6

DQ149828 LA4

DQ149832 LA8

Figure 3 Neighbour-joining tree based on Bacteria-specific 322-bp DNA fragments. The phylogenetic tree shows the relationships of bacterial

16S rRNA gene sequences from the tetrabromobisphenol A (TBBPA)-dehalogenating enrichment culture to closely related sequences from the

GenBank database. Band sequences from this study are coded as follows: LA for Bacteria and numbered as on the denaturing gradient gel

electrophoresis (DGGE) gel (Fig. 2). Scale bars indicate Jukes-Cantor distances. Archaea were used as the out-group.

Table 1 Closest relatives of Archaea sequences extracted form the gel presented in Fig. 2 (Lane A1)

Closest isolate (similarity and accession number) Closest relative (similarity and accession number) Band (accession number)

Thermoplasma sp. str. S01 (87%, AB262008) Uncultured archaeon O23E2 (98%, AF220337) ALA1 (DQ155302)

Thermococcus sp. Ax99-47 (86%, AY559132) Uncultured archaeon clone WLEA-64 (95%, EF117382) ALA2 (DQ155303)

Methanoplanus sp. MobH (98%, AB370246) Uncultured archaeon clone WLEC-97 (98%, EF117504) ALA3 (DQ155304)

Methanosarcina semesiae (96%, AJ012742) Methanosarcina semesiae (96%, AJ012742) ALA4 (DQ155305)
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onset of debromination activity was delayed and started

only after 12 days of incubation, while acetate did not

support any debromination activity. After 21 days, the

control (the enrichment culture supplemented with

ethanol) and the culture modified with lactate had debro-

minated almost all of the TBBPA. Butyrate and acetate

also caused a reduction in methane production, to below

detection limits. The inhibition of methanogenesis was

further confirmed by the inability to PCR-amplify mcrA

gene fragment of Archaea methanogens from the total

DNA extracted from those cultures.

Discussion

The aim of this study was to examine the microbial com-

munity structure and the activity of an enriched TBBPA-

debrominating culture to find the best incubation settings

for sustaining its activity. The influence of inhibitors,

electron donors and substrate (TBBPA) omission was

tested with respect to debromination rate and microbial

community structure of the enriched culture. The results

indicated that ethanol was more effective than butyrate or

acetate in supporting TBBPA debromination as an elec-

tron donor (Table 2), and continuous inclusion of

TBBPA in the growth medium is essential to sustaining

the culture’s debromination activity (Fig. 1). In addition,

inhibition of methanogens by prolonged treatment with

BES delayed TBBPA debromination while ampicillin

caused its total inhibition. These results suggested a key

role of the bacterial species in TBBPA debromination

with a possible contribution of Archaea species to main-

tain high and efficient activity of the culture.

Indeed, DGGE analysis of the enriched culture with full

activity (ethanol as electron donor and grown in the pres-

ence of TBBPA) revealed dominant species belonging to

both Bacteria and Archaea domains (Fig. 2). It should be

stated that DGGE analysis points to the dominant species

that can be amplified by certain pair of PCR primers

(Muyzer and Smalla 1998), but it cannot rule out the

presence of low abundant species that might have a role

in the measured activity. Nevertheless, the DGGE analysis

showed changes in the microbial community composition

of the enrichment culture between the various physiologi-

cal conditions. The abundance of some species detected

by the DGGE analysis was TBBPA dependent and corre-

lated with the debromination activity of the culture,

(Fig. 2 and Table 1) suggesting the involvement of these

species in TBBPA debromination.

Arbeli et al. (2006) showed that various inorganic elec-

tron acceptors such as nitrate, sulfite, sulfate and amor-

phous iron were inhibitory to TBBPA debromination. It

was assumed that the bacterial community structure of

the enriched culture had changed during these experi-

ments. The experiments implementing prolonged cultiva-

tion without TBBPA were aimed to determine whether

the population involved in the dehalogenation activity is

TBBPA dependant. If the debrominating micro-organism

can only grow with TBBPA as an electron acceptor,

then sequential dilution in the absence of TBBPA will
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Figure 4 Kinetics of reductive dehalogenation of tetrabromobisphe-

nol A (TBBPA) by enriched cultures (Control) and culture that was

grown for 4 months in the presence of 5 mmol l)1 BES (BES) in a

10% (w ⁄ v) sediment slurry. TBBPA concentration with 5 mmol l)1 BES

(s) and control (d); formation of bisphenol A (BPA) in control ( )

and with 5 mmol l)1 BES (h).

Table 2 The effect of different electron donors on the debromination of tetrabromobisphenol A (TBBPA) in enrichment culture containing

sediment slurry (10% w ⁄ v) incubated under anaerobic conditions for 21 days

Days

Electron donor

TBBPA (lmol l)1)* BPA (lmol l)1)*

Ethanol Lactate Butyrate Acetate Ethanol Lactate Butyrate Acetate

3Æ3 ± 0Æ07 0Æ7 ± 1Æ2 0Æ6 ± 0Æ7 0Æ0 ± 0Æ0 74Æ2 ± 3Æ2 73 ± 3Æ1 69Æ3 ± 2Æ1 70Æ0 ± 1Æ9 0

69Æ4 ± 5Æ6 21 ± 3Æ2 6Æ6 ± 1Æ1 1Æ8 ± 1Æ0 0Æ85 ± 0Æ1 48 ± 1Æ7 55Æ3 ± 1Æ5 55Æ6 ± 2Æ3 13

74Æ5 ± 2Æ8 72 ± 4 35Æ1 ± 4Æ0 2Æ8 ± 0Æ3 0Æ85 ± 0Æ1 1Æ5 ± 0Æ6 21Æ8 ± 1Æ0 62Æ1 ± 1Æ1 21

*The results are average of triplicates ± standard deviation.
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eliminate this organism from the culture. A comparison

between the microbial communities of the enrichment

culture and the sample maintained without TBBPA might

enable the identification of the micro-organisms involved

in TBBPA debromination. The results show that the

debrominating population is indeed TBBPA dependent

because activity was lost after 9 transfers to a medium

that did not contain TBBPA (Fig. 1). The inability of this

culture to resume debromination indicates that the

responsible organism(s) were no longer there or were at

very low abundance. The micro-organisms which may be

responsible for the lost of the debromination activity were

represented by the 16S rRNA gene fragments LA2 and

LA6 (Pelobacter carbinolicus DSM 2380 (95%) and

Sphaerochaeta sp. TQ1 (97%), respectively) (Fig. 2b, lane

B2).

The results obtained in this study indicate that there

are at least six different groups of micro-organisms in

the enrichment culture, the closest 16S rRNA gene

sequences similarity of which being to species of the

genera Pelobacter, Spirochaeta, Desulfovibrio, Pseudomo-

nas, Methanomicrobium and Methanosarcina (Fig. 3,

Table 1). These results support the potential of metha-

nogenesis and sulfate reduction activities in the enrich-

ment culture as were found in previous studies (Ronen

and Abeliovich 2000; Arbeli and Ronen 2003; Arbeli

et al. 2006). Like other dehalogenating consortia, these

organisms belong to both Bacteria and Archaea domains

(Dolfing and Tiedje 1991; Becker et al. 1999). The

presence of ethanol as an electron donor requires the

presence of hydrogen-consuming micro-organisms from

the Archaea domain to facilitate ethanol fermentation.

This suggests that there are syntrophic relationships

between bacterial species and archaeal methanogens

(Schink 2006).

Addition of ampicillin to the enrichment culture com-

pletely abrogated debromination activity. This observation

suggests that the micro-organisms that debrominate

TBBPA belong to the Bacteria domain. Several examples

exist in literature for the inhibition of dehalogenation

activity by various antibiotics (Wu et al. 2000; Ahn et al.

2003). The fact that most of the anaerobic dehalogenation

micro-organisms originate from the Bacteria group, such

as Desulfitobacterium (Villemur et al. 2006) Desulfovibrio

TBP-1) Boyle et al. 1999), Anaeromyxobacter dehalogenans

2CP-1 (Sanford et al. 2002) and Dehalococcoides etheno-

genes (Maymó-Gatell et al. 1999) also support this

hypothesis.

Reduction in the methanogen population was possible

only after prolonged, repeated exposure to BES. The fact

that there was noticeable debromination activity even

though there was clear inhibition of the Archaea metha-

nogens may suggest that in this case, most of the hydro-

gen was consumed by Bacteria. For example, Laanbroek

et al. (1978) showed that Campylobacter species are bacte-

rial species which utilize hydrogen produced in mixed

cultures.

Adding different electron donors to the enrichment

culture had a dramatic effect on the debromination rate,

with very slow and delayed activity in the presence of

butyrate and no activity at all with acetate (Table 2). This

is in good agreement with Arbeli et al. (2006), who

showed that the same enriched culture debrominates

TBBPA at a high rate when ethanol or acetate with

hydrogen was added to the medium. However, they

found that acetate alone did not support TBBPA

debromination at all. They also showed that ethanol was

fermented to acetate, which was not consumed in the

presence of TBBPA. Ethanol and lactate fermentation the-

oretically produces large amounts of hydrogen (Lovley

et al. 1995) while butyrate as an electron donor releases a

slow, constant amount of hydrogen and acetate does not

release hydrogen at all (He et al. 2002). The threshold

model presented by Löffler et al. (1999) can explain the

different rates of TBBPA debromination on one hand and

methanogenesis on the other, in the presence of different

electron donors. When ethanol is the electron donor, the

large amount of hydrogen can support a high rate of both

reactions, methanogenesis and dehalogenation. However,

when butyrate functions as the organic electron donor,

the relatively low amount of hydrogen released promotes

only a slow dehalogenation of TBBPA as the hydrogen

concentration is too low to be used for the methanogene-

sis reaction (Löffler et al. 1999). This explanation sup-

ports our results because methanogen populations were

reduced in the presence of butyrate electron donors and

debromination was slower (Table 2).

TBBPA debromination is the first step of degradation

of this harmful compound. This study has provided more

profound information about the enrichment culture

which debrominates TBBPA. The enrichment culture is a

diverse culture bearing various micro-organism families

from both Bacteria and Archaea domains. The TBBPA

debromination activity was species dependent and origi-

nated from the Bacteria domain. Methanogens Archaea

were not essential for the TBBPA debromination activity

but their presence stimulated this process. An electron

donor, that produces high amounts of hydrogen when

fermented, was crucial for efficient debromination activ-

ity. The syntropic relationships between the ethanol fer-

menters and hydrogen consumers allow the sustainable

debromination activity needed for maintaining the cul-

ture. The valuable knowledge obtained in this study may

help to design a bioremediation solution for TBBPA pol-

lution in the northern Negev desert in Israel and other

contaminated sites.
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