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Abstract Halogenated organic compounds consti-
tute one of the largest and most diverse groups of
chemicals in the environment. Many of these com-
pounds are toxic, persistent and, as a result of their
often limited biodegradability, tend to bioaccumu-
late in the environment. Dibromoneopentyl glycol
(DBNPG) and tribromoneopentyl alcohol (TBNPA)
are brominated flame retardants commonly used as
additives during the manufacture of plastic polymers
and as chemical intermediates in the synthesis of other
flame retardants. Both are classified as not readily
biodegradable. In this paper, we demonstrate the
biodegradation of both DBNPG and TBNPA by a
common bacterial consortium under aerobic condi-
tions in enrichment cultures containing yeast extract.
DBNPG and TBNPA biodegradation is accompanied
by a release of bromide into the medium, due to a
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biological debromination reaction. Molecular analysis
of the clone library PCR amplified 16S rRNA gene was
used to characterize the bacterial consortium involved
in the biodegradation.
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Introduction

Halogenated organic compounds constitute one of the
largest and most diverse groups of chemicals in the
environment. While some of these compounds are
generated by naturally occurring biotic and abiotic
processes in the oceans and atmosphere (Gribble
2003), over the past 100 years the widespread use of
halogen-based chemistry in industrial-scale chemical
processes has introduced many additional man-made
halogenated organic compounds into the environment
(Jain et al. 2005). These compounds are widely used
as pharmaceuticals, herbicides, fungicides, insecti-
cides, flame retardants, etc. Additionally, many
halogenated organic compounds, such as dioxins
and polychlorinated biphenyls, are by-products pro-
duced during chemical synthesis (Gribble 2003; Van
Pee and Unversucht 2003).

Generally, the chemistry of halogenated organic
compounds reflects the physicochemical properties of
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their halogen substituent(s). The energy of carbon-
halogen bonds decrease with the increase in molecular
weight of the halogen (i.e., F > Cl > Br > I). Other
characteristics, such as electron-withdrawing effects
and the physical size and shape of the halogen
substituent, impact the chemical reactivity of a
compound. The physical size and shape of the halogen
substituent can further delay uptake into cells and
enzymatic attack during biodegradation. Moreover,
the halogen moiety of an organic compound increases
lipid solubility and reduces its water solubility.
Finally, the halogen substituent and its potential
organohalide metabolites may increase the inherent
toxicity of a compound (Haggblom and Bossert 2003).
The environmental consequences of these character-
istic include acute and chronic toxicity, persistence
and bioaccumulation in the environment and in
animals tissue (Belkin 1992). Thus, the presence of
halogenated organic compounds in the environment
represents a threat to human and ecological systems
and is thus of major concern.

Aerobic and anaerobic biodegradation of haloge-
nated organic compounds, mainly chlorinated organic
compounds, have been previously reported. Microor-
ganisms can use halogenated organic compounds in
four ways: (1) as a carbon source and an oxidizable
substrate (2) as an electron acceptor in the ‘halore-
spiration’ process (3) in co-metabolic transformation,
and (4) in fermentative metabolism, in which a
dehalogenated intermediate serves as an electron
acceptor (Janssen et al. 2001; Van Pee and Unversucht
2003). The key reaction during biodegradation of
halogenated organic compounds is the dehalogenation
step, in which the halogen is often replaced by a
hydrogen or hydroxyl group. Halogen removal usu-
ally reduces resistance to biodegradation, as well as
toxicity and the risk of forming toxic intermediates
during subsequent metabolic steps (Janssen et al.
2001). There are number of dehalogenation mecha-
nisms, involving a wide range of microorganisms,
which are known to occur aerobically and anaerobi-
cally (Fetzner 1998; Janssen et al. 2001; Van Pee and
Unversucht 2003).

Dibromoneopentyl glycol (DBNPG) and tribro-
moneopentyl alcohol (TBNPA) are reactive
brominated flame retardants that are used as additives
during the manufacture of plastic polymers and as
chemical intermediates for the synthesis of high
molecular-weight flame retardants (Fig. 1). The steric
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crowding of the halogen group of these bromo-
neopentyls provides DBNPG and TBNPA with rela-
tively strong resistance to biodegradation and, indeed,
both are classified as not readily biodegradable, having
half-lives of more that 100 years (Ezra et al. 2000).
DBNPG is believed to be a human carcinogen, based
on evidence of carcinogenicity from experimental
studies in animals, while TBNPA is considered to
cause aquatic environmental damage (Ezra 2005; EPA
2005).

In a previous study, we demonstrated the complete
bacterial biodegradation of DBNPG and the resulting
accumulation of bromides in the tested solution,
indicating debromination (Segev et al. 2007). DBNPG
was found to be biodegraded by a bacterial consortium
under aerobic conditions in an enrichment culture
containing sterile soil in the medium (the source of the
bacterial consortium was contaminated soil from the
Ramat Hovav Industrial Park, located in the Negev
desert, Israel. The same soil was used in the medium).
This sterile soil was found to be crucial for the
biodegradation. In the current study, we report bio-
degradation of both DBNPG and TBNPA under
aerobic conditions without external soil-supporting
medium.

Materials and methods
Bacterial consortium

After 16 sequential transfers of the bacterial consor-
tium, capable of biodegrading DBNPG to a soil-
dependent enrichment culture (Segev et al. 2007), we
established a stable bacterial consortium, capable of
biodegrading DBNPG without the presence of sterile
soil in the medium. DBNPG and TBNPA biodegrada-
tion experiments with the bacterial consortium
were conducted on this soil-free enrichment culture
medium.

(a) CH,0H (b) CH,Br

CHBr — C—— CH,Br CH,Br— C—— CH,Br

CH,O0H CH,O0H

Fig. 1 a Dibromoneopentyl glycol (DBNPG) chemical struc-
ture. b Tribromoneopentyl alcohol (TBNPA) chemical structure
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Medium and growth

The bacterial consortium was grown at 30°C under
aerobic conditions in an enrichment culture contain-
ing a sterile (autoclave; 20 min at 121°C) mineral salt
medium, following the Zahn-Wellens/EMPA test
(OECD 1992), with addition of 1,000 mg L™" yeast
extract and 1,000 mg L~! DBNPG (Bromine Com-
pounds, Israel), or 100 mg L~' TBNPA (Sigma
Aldrich) as the sole carbon source (hereinafter
referred to as DBNPG-YE medium and TBNPA-YE
medium, respectively).

DBNPG, TBNPA and bromide analyses

DBNPG concentration was determined by Agilent
1,100 High Performance Liquid Chromatography
(HPLC), performed with a Diode Array Detector 1
(DAD) GI1315B and a Lichrocart® 250-4 HPLC-
Cartridge Lichrosphere® 100 rp-18 column. HPLC
samples were prepared by mixing DBNPG enrich-
ment culture samples with HPLC-grade methanol
(1:1). After centrifugation, the samples were filtered
through a 0.45 um membrane filter (Schleicher &
Schuell MicroScience, Germany). TBNPA concen-
tration was determined with an Agilent 19091S-433
Gas Chromatography-Mass Spectrometry (GC-MS),
with a 5,973 Network mass selective detector and an
HP-5MS  (0.25 mm x 30 m x 0.25 pm) column.
GC-MS samples were prepared using Starta™™—X
33 u polymeric sorbent (Phenomenex®, USA).
Bromide concentration was determined by an
ISE25Br-9 Ion Selective Electrode (Radiometer Ana-
lytical, USA). Samples for bromide analysis were
prepared by diluting enrichment culture samples with
distilled water. Bromide concentration in the samples
was calculated from a bromide calibration curve.
Initial concentrations were measured 3 h after inoc-
ulation of the bacterial consortium. All experiments
relied upon three replicates.

DNA extraction and PCR amplification

Total genomic DNA was extracted using a MoBio
power soil DNA isolation kit (MoBio Laboratories,
Solana Beach, CA) according to the manufacturer’s
protocol, with one modification: The purified DNA
was eluted in 40 pl of C6 solution (MoBio Labora-
tories) and stored at —20°C. DNA concentration was

determined by an ND-1,000 UV-Vis spectrophotom-
eter (NanoDrop Technologies, Wilmington, DE).
Total DNA was amplified by PCR with Mastercycler
gradient thermocycler (Eppendorf, Westbury, NY)
using general 16S rRNA primers for bacteria (Sigma-
Genosys); forward primer, 8F, GGATCCAGACTT
TGATYMTGGCTCAG (as described by Felske et al.
1997) and the reverse primer, 907R, CCGTCAATT
CMTTTGAGTTT (as described by Lane et al. 1985).
The PCR reaction mixtures included 12.5 pl Reddy-
Mix (PCR master mix containing 1.5 m M MgCl,
and a 0.2 mM concentration of each deoxynucleoside
triphosphate) (ABgene, Surrey, UK), 1 pl each of the
forward and reverse primers, and 2 pl of the sample
preparation. Double-distilled water was added to
bring the total volume to 25 pl. The PCR protocol
included an initial step of 4 min at 95°C, followed by
34 cycles of the following incubation pattern: 94°C
for 30 s, 54°C for 40 s, and 72°C for 70 s. A final
extension at 72°C for 20 min concluded the reaction.
PCR samples were stored at —20°C until further
processed.

Clone library

The PCR products were purified by electrophoresis on
a 0.8% agarose gel (Sigma), stained with ethidium
bromide, and visualized with a UV transilluminator.
The approximately 0.9-kbp heterologous 16S rRNA
products were excised from the gel and the DNA
products were purified from the gel slice, using a
Wizard PCR prep kit (Promega, Madison, Wiscon-
sin). The gel-purified PCR products were cloned into
the pCRII-TOPO-TA cloning vector, as specified by
Invitrogen (Carlsbad, CA) and transformed into
calcium chloride-competent Escherichia coli DH5«
cells, according to the manufacturer’s protocol and
standard techniques. Clone colonies were scanned and
plasmid DNA was amplified with M13-F and M13-R
primers annealed to the plasmid. The clones, with the
correct plasmid insert, were then used for sequencing.

Sequencing

Clones were sequenced at McLab DNA Sequencing
Services (South San Francisco, CA). A phylogenetic
tree was constructed by the neighbor-joining method
with Molecular Evolutionary Genetics Analysis,
version 4 (MEGA 4) (Kumar et al. 2004).
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Results

Using HPLC analysis and an ion selective electrode,
we were able to demonstrate complete DBNPG
biodegradation under aerobic condition in DBNPG-
YE medium after 21 days. As shown in Fig. 2, the
DBNPG concentration in the medium decreased and
the bromide concentration increased accordingly,
while the level of their concentrations in the sterile
control remaining constant.

In order to determine the effect of yeast extract on
DBNPG biodegradation, various concentrations of
this ingredient were tested. The bromide concentra-
tion in the medium was used as an indicator for
biodegradation. Figure 3 shows that addition of yeast
extract supports and accelerates DBNPG biodegra-
dation. Furthermore, without the addition of yeast
extract to the medium, biodegradation does not occur.

Since the DBNPG and TBNPA only differ by an
additional bromide in place of hydrogen, we exam-
ined the bacterial consortium’s ability to biodegrade
TBNPA. We found that TBNPA was degraded by the
DBNPG biodegrading consortium, with a similar
trend of bromide accumulation in the medium
(Fig. 4). TBNPA concentration in the sterile control
remained constant throughout the experiment (data
not shown in figure), with no bromide increase being
detected.

Our previous attempts to isolate debrominating
bacteria on different agar plates were not successful;
bacterial isolates grown on agar plates did not show
biodegradation activity (Segev et al. 2007). In order
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Fig. 2 DBNPG and Bromide concentrations in DBNPG-YE
medium—DBNPG concentrations: bacterial consortium (H);
sterile control (0). Bromide concentrations: bacterial consor-
tium (A); sterile control (A)
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Fig. 3 Bromide Concentration in Yeast Extracts gradient
media: initial concentration ([JJ); Bacterial Consortium after
30 days (OJ); Sterile control after 30 days (). Tested
compound in all experiments was DBNPG

to characterize the bacterial consortium involved in
the observed biodegradation, a clone library of PCR-
amplified 16S rRNA genes was applied to the
consortium grown on the DBNPG-YE medium.
Sequencing of 60 bacterial clones and their classifi-
cation revealed three groups of bacterial families:
Sphingomonadaceae (52% of the clones), Burkhol-
deriaceae (41% of the clones) and Rhizobiaceae (7%
of the clones). At the level of bacterial species, these
clones are closely related to Sphingomonas desicca-
bilis (99% similarity, 1 clone), Sphingopyxis
macrogoltabida (98% similarity, 30 clones) Ralstonia
sp. (99% similarity, 25 clones) and Sinorhizobium
meliloti (99% similarity, 4 clones) (see Fig. 5).
Alignment of these sequences with previously pub-
lished consortium sequences (Segev et al. 2007)

300
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Fig. 4 Bromide concentration in TBNPA-YE medium—bac-
terial consortium (H); sterile control (1)
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reveals that there is one mutually related species.
Clone DBNPG 64 and the excised DGGE band RH
Soil 227 are closely related to Sinorhizobium sp.
Alignment of the two sequences presents 99%
similarity.

Discussion

In this paper, we describe the bacterial biodegradation
of DBNPG and TBNPA under aerobic conditions, by
a bacterial consortium in mineral medium with an
addition of yeast extract. During the biodegradation
process, there is a release of bromide into the medium,
while the sterile controls remain constant. Thus, it is
clearly demonstrated that the biodegradation and
debromination reactions are due to bacterial activity.
Since it was suggested that removal of the halogen
substituent makes a compound more susceptible to
complete mineralization (Ronen and Abeliovich
2000), we assume that the debromination reaction is

Fig. 5 Phylogenetic tree of
PCR amplified 16S rRNA
gene—DBNPG enrichment
culture clones (A) and their
related species compared to
the previously reported
consortium species (Segev
et al. 2007): excised
denaturing gradient gel
electrophoresis (DGGE)
band (H); LB Agar isolates
(0O). Accession numbers are
given in parentheses. The
clones are representative
clones

99

the first step in DBNPG and TBNPA biodegradation
and that the resulting intermediates then undergo
complete mineralization. To this point, no intermedi-
ates were detected, however, further research is
required. In addition, since biodegradation of con-
taminants is most often controlled by environmental
conditions and/or the availability of compound
(Bouwer and Zehnder 1993), and since different
studies have demonstrated that intermediates and
degradation products can be even more toxic and
harmful than the original compound(s) (Camara et al.
2004; Ronen and Abeliovich 2000; Salkinoja-Salonen
et al. 1995), it is of utmost importance to identify
DBNPG- and TBNPA- derived intermediates.
Previously, we reported the complete biodegrada-
tion of DBNPG in a soil-dependent enrichment culture
(Segev et al. 2007). After 16 sequential transfers, we
established a stable bacterial consortium capable of
biodegrading DBNPG without the presence of sterile
soil in the medium but with an addition of yeast extract.
Furthermore, we found that the consortium is also
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Sphingomonas desiccabilis (AI871435)

100 |: Sphingopyxis macrogolfabida (AB255383)
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capable of biodegrading TBNPA under the same
conditions in the presence of yeast extract. Yeast
extract provides substrate and inorganic nutrients for
stimulating microbial activity and supports aerobic and
anaerobic dehalogenation (Erable et al. 2005; Lee et al.
1998; Olaniran et al. 2004). The ability to replace the
sterile Ramat Hovav soil with yeast extract suggests
that the latter provides a factor or co-metabolite that
exists in the Ramat Hovav soil which is necessary for
the biodegradation process and debromination reac-
tion. Aerobic dehalogenation, as a result of co-
metabolism, is a known mechanism in which haloge-
nated organic compounds compete with the growth
substrate in the enzyme active site (Fetzner 1998). The
replacement of sterile soil with yeast extract and
consequently the establishment of soil-free enrichment
culture are important to the understanding of the
biodegradation processes of DBNPG and TBNPA and
for future bioremediation, since there is no use of an
external specific soil in the medium, which is defined.

Although the DBNPG concentration in the medium
is greater than that of TBNPA concentration, the
DBNPG biodegradation rate is faster. We believe that
the number and arrangement of halogen substituents
have important effects on the biodegradation and
further study should be conducted. In general, the
greater the number of halogens per organic compound,
the more difficult it is to biodegrade (Slater et al. 1995).

At present, our attempts to isolate debrominating
bacteria were not successful (Segev et al. 2007).
Various studies have shown that the degradation
activity of microorganism consortia is much more
efficient than the activity of single strains (Bastos et al.
2002; Olaniran et al. 2001). Thus, it is possible that the
debromination of DBNPG and TBNPA is more active
in a consortium. Since culture-independent technique
allows for microorganism characterization without
isolation, we applied the clone library of PCR-amplified
16S rRNA gene technique to characterize the bacterial
consortium. Sequencing of 60 bacterial clones revealed
that most of the clones are closely related to
Sphingopyxis sp., which has a potential to carry out
debromination reactions (Aranda et al. 2004). None-
theless, it is important to note that specific populations
involved in the dehalogenating reactions do not always
dominate their consortia (Smidt and De Vos 2004).
Actually, all the bacterial clone sequences that are
closely related species to S. meliloti, S. desiccabilis and
Ralstonia sp. have a potential for performing the
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debromination reaction (Finan et al. 2001; Schenzle
et al. 1999; Song et al. 2000; Wilkes et al. 1996).
Additionally, a previously published bacterial Dena-
turing Gradient Gel Electrophoresis (DGGE) band
sequence, which is closely related to Paracoccus sp.,
also has debromination potential (Segev et al. 2007).

It is important to notice that the previously
published bacterial DGGE band sequences (Segev
et al. 2007) and the clone library sequences share only
one sequence, closely related species of S. meliloti, in
common. The reason for this can be that although the
same bacterial consortium was characterized, the two
techniques are applied on different cultures, namely a
soil-dependent (DGGE) enrichment culture and a soil-
free (clone library) enrichment culture. Moreover, the
DGGE and the clone library are two different molec-
ular techniques, in which different set of primers are
used and thus, different fractions of the population are
revealed (Ben-Dov et al. 2006; Diez et al. 2001). The
fact that the two techniques share one sequence in
common suggests that the bacterial consortium pop-
ulation has low diversity. S. meliloti is known to
possess genes that are involved in dehalogenation
reactions (Finan et al. 2001). This might suggest that a
Sinorhizobium sp. bacterium is the abundant debromi-
nating microorganism, although further research is still
needed to confirm this hypothesis.

We believe that understanding the biodegradation
process of these bromo-neopentyls and the character-
ization of the dehalogenating microorganisms will be
an important milestone in developing practical bio-
logical treatment processes for wastewater and
sediments contaminated with compounds like DBNPG
and TBNPA and, perhaps, other halogenated organic
compounds.
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