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Polybrominated diphenyl ethers (PBDEs) are a class of
widely used flame retardants that have recently been detected
in environmental samples, diverse biota, human blood
serum, and breast milk at exponentially increasing
concentrations. Currently, little is known about the fate of
these compounds, and in particular, about the microbial
potential to degrade them. In this study, debromination of deca-
BDE and an octa-BDE mixture is demonstrated with
anaerobic bacteria including Sulfurospirillum multivorans
and Dehalococcoides species. Hepta- and octa-BDEs were
produced by the S. multivorans culture when it was
exposed to deca-BDE, although no debromination was
observed with the octa-BDE mixture. In contrast, a variety
of hepta- through di-BDEs were produced by Dehalococ-
coides-containing cultures exposed to an octa-BDE
mixture, despite the fact that none of these cultures could
debrominate deca-BDE. The more toxic hexa-154, penta-
99, tetra-49, and tetra-47 were identified among the
debromination products. Because the penta-BDE congeners
are among the most toxic PBDEs, debromination of the
higher congeners to more toxic products in the environment
could have profound implications for public health and
for the regulation of these compounds.

Introduction
Polybrominated diphenyl ethers (PBDEs) have been used
for more than three decades as flame retardants in a wide
variety of manufactured materials such as furniture, vehicles,
carpets, building materials, and electronic circuit boards
because of their demonstrated fire retarding abilities (1).
Usually, PBDEs are added to the materials as mixtures of
penta-BDEs, octa-BDEs, or deca-BDE. Currently, deca-BDE
accounts for over 80% of the total PBDE production (2).
Although the penta- and octa-BDEs are being phased out in
both the state of California and the European Union due to
their toxicity, bioaccumulation, and persistence, deca-BDE
continues to be heavily used (3).

PBDEs have very low solubility in water (ng/L to µg/L)
and are lipophilic; thus, they readily accumulate in fatty
tissues of humans and other animals. Although PBDEs have

low acute toxicity, they are proven endocrine disruptors that
destroy thyroid hormone balance and cause developmental
problems (4). Among the PBDE congeners, penta-BDEs are
reportedly the most toxic, causing developmental toxicity at
concentrations starting at 0.8 mg/kg body weight (5), while
octa-BDEs are teratogens (6) and deca-BDE is classified by
the U.S. EPA as a possible human carcinogen (7). Because
of their ubiquitous use, lipophilicity and inert characteristics,
PBDEs have been detected in environmental air, soil, and
water samples, as well as in fish and animal tissues (2, 8).
Recently, PBDEs have been detected in human blood serum
and breast milk at concentrations that are doubling every
five years (2).

Despite their heavy use, there have been few studies on
the transformation of these compounds in the environment.
PBDEs have been shown to be photolytically debrominated
to lower brominated congeners by natural sunlight in a solu-
tion of water/methanol (9), and by enzymatic debromination
in fish tissues (10-12). Two of the least brominated con-
generss4-BDE and 4,4′-BDEswere reported to be debro-
minate to diphenyl ether in a sediment column containing
an undefined anaerobic microbial community (13). Reductive
debromination of deca-BDE to nona- and octa-BDEs was
also observed in anaerobic sewage sludge after incubation
for 238 days (14). Recent studies at a wastewater treatment
plant found that PBDEs were removed from wastewater
predominantly through adsorption to biomass solids, raising
concerns about subsequent application of PBDE-laden
biomass solids as fertilizers and soil amendments (15, 16).

To our knowledge, microbial degradation of octa-BDEs
has not yet been demonstrated and the degradation of PBDEs
by defined isolates or enrichments has not been previously
described. PBDEs are relatively oxidized and are structurally
similar to polychlorinated biphenyls and dioxins which can
be dechlorinated via reductive dehalogenation (17-20). In
this study, we investigated anaerobic dechlorinating cultures
with the ability to reduce a variety of compounds for their
capability to sequentially debrominate PBDEs. In particular,
Dehalococcoides ethenogenes 195 has the ability to dechlo-
rinate chloroethenes, chlorobenzenes and polychlorinated
dibenzodioxins (19, 21) while Dehalococcoides sp. strain BAV1
is capable of dehalogenating dichloroethenes (DCEs), vinyl
chloride (VC) and vinyl bromide (22), and Sulfurospirillum
multivorans dechlorinates tetrachloroethene (PCE) and
trichloroethene (TCE) (23, 24). Additionally, dechlorinating
enrichments containing Dehalococcoides spp. were also
examined for their debromination capabilities. Degradation
of deca-BDE and an octa-BDE mixture containing 8 con-
geners ranging from hexa- to nona- was tested with the
various microbial cultures.

Materials and Methods
Chemicals. Deca-BDE and the octa-BDE mixture were
obtained from Sigma-Aldrich (Sigma-Aldrich, Inc., St. Louis,
MO), with a purity >98%. The octa-BDE mixture contains
two nona congeners (207 and 208), three octa congeners
(196, 203, and one unidentified), two hepta congeners (183
and one unidentified), and one hexa congener (153). De-
cabromobiphenyl (DBB) and analysis quality isooctane were
purchased from Fisher Scientific (Fairlawn, NJ).

Cultures. The following cultures were investigated in this
study: Dehalococcoides ethenogenes 195, supplied by Stephen
Zinder at Cornell University; Dehalococcoides sp. strain BAV1,
supplied by Frank Löffler at the Georgia Institute of Tech-
nology; an enriched autotrophic culture containing D.
ethenogenes 195 designated EC195; and an enrichment
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containing a number of Dehalococcoides spp. designated
ANAS (25). A tetrachloroethene to dichloroethene dechlo-
rinating bacterium, Sulfurospirillum multivorans (DSM no.
12446) obtained from DSMZ (the Deutsche Sammlung von
Mikroorganismen und Zellkulturen GmbHsGerman Col-
lection of Microorganisms and Cell Cultures), was also
included in this study.

Culture Media and Cultivation. All microorganisms were
grown in 160-mL serum bottles filled with 50-mL bicarbonate-
buffered defined mineral salts medium reduced by L-cysteine
and Na2S‚9H2O (0.2 mM each) (26, He, et al., unpublished
data), which were sealed with blue butyl rubber septa to
ensure robust anaerobic protection (Bellco Glass Inc.,
Vineland, NJ) and aluminum crimp caps (Wheaton Science
Products, Millville, NJ). The headspace of the bottles was
filled with H2/CO2 (80:20 v/v) for all cultures except ANAS,
whose headspace was filled with N2/CO2 (90:10 v/v). Acetate
(5 mM) was added as the carbon source for all pure cultures,
whereas lactate (10 mM) was supplied to the ANAS culture
and no organic acid was fed to EC195 which grows au-
totrophically. After autoclaving the medium for 25 min at
121 °C and letting cool to room temperature, 5-µL of TCE
carrying dissolved PBDEs (∼1 mM of deca-BDE and ∼13
mM of octa-BDE mixture) were added to both the sample
and control bottles using a Hamilton glass syringe (Hamilton,
Reno, Nev.) for final concentrations of 1 mM TCE, 0.1 µM
deca- and 1.3 µM octa-BDEs. Active cultures growing on TCE
or in the case of strain BAV1 on VC were inoculated (5 or 10%
v/v) to the sample bottles. Each experiment was conducted
with duplicate biological samples and was repeated at least
once to confirm the results. Experiments also included abiotic
controls with no added inoculum and autoclaved controls
in order to detect possible nonbiological debromination and
to account for abiotic losses. All samples and controls were
incubated at 30 °C in the dark without shaking.

Sample Preparation. On a weekly basis, 1 mL of culture
was removed from the bottles by disposable plastic syringe
(Becton, Dickinson and Company, Franklin Lakes, NJ) and
subjected to a liquid-liquid extraction with an equal volume
of isooctane in a 4-mL amber glass vial. 2-µL of methanol
saturated with decabromobiphenyl (DBB), structurally similar
to PBDEs, was added to the samples as an internal standard
to determine extraction efficiency. The mixture was vortexed
for 5 min and then shaken for 16 h in order to extract the
PBDEs into the isooctane phase. The samples were then
centrifuged at 12 500 rpm for 5 min to remove any particulate
matter and bacterial debris. The solvent phase isooctane
(∼950 µL) was transferred to a 2-mL amber glass vial and
concentrated to 100 µL under a stream of N2.

Analytical Methods. PBDE congeners were detected using
a gas chromatograph (Varian 3800, Palo Alto, CA) equipped
with an electron capture detector (GC-ECD). The analytical
column was a 15 m × 0.25 mm i.d. DB-5 capillary column
with a 0.25 µm film thickness (J & W Scientific, Folsom, CA)
and the temperature program was as follows: oven tem-
perature held at 110 °C for 2 min, increased at 15 °C/min to
310 °C, and held for 60 min. Injector and detector temper-
atures were 250 °C and 320 °C, respectively. The carrier gas
was nitrogen at a flow rate of 3.0 mL/min. A 5-µL amount
of the extracted isooctane was injected to the GC column.
The identification of specific PBDEs was performed by
comparing peak retention times with a standard solution
containing 27 identified mono- through deca-BDE congeners
(Cambridge Isotope Laboratories Inc. Andover, MA). Six-
point calibration curves for the 27 PBDE congers were
established. Extraction efficiency was determined by com-
paring the DBB peak areas in the samples with a four point
DBB calibration curve. The instrument detection limits for
PBDE congeners were 0.1-1.0 pmol, corresponding to low
nM concentrations in the samples analyzed. Specific iden-

tification of a subset of the PBDEs was confirmed based on
mass/ion ratio with a Finnigan Mat-95 GC-MS equipped
with an ECNI detector (8). A standard solution containing
twelve di- through hepta-BDEs was utilized for the GC-MS
analysis. For enumeration of microbial cells, 16S rRNA gene
based real-time polymerase chain reaction (RTm-PCR) was
performed as described previously (27). The following primer
pair and probe specific to Dehalococcoides spp. were selected,
forward primer 5′-GGTAATACGTAGGAAGCAAGCG-3′, probe
5′-VIC-ACATCCAACTTGAAAGACCACCTACGCTCACT-TAM-
RA-3′, reverse primer 5′-CCGGTTAAGCCGGGAAATT-3′.

Results
Degradation of Deca-BDE. S. multivorans cells that were
initially grown on 500 µM TCE and H2/CO2 headspace (80:
20) were transferred into defined medium amended with 0.1
µM deca- or 1.3 µM octa- BDEs dissolved in TCE. The TCE
was completely dechlorinated to cis-DCE in the samples
amended with H2 and acetate within one week, whereas no
PBDE debromination was detected during that period.
However, after two months incubation of S. multivorans with-
out additional TCE, deca-BDE was no longer detectable while
octa- and hepta-BDEs appeared in both replicates (Figure
1). In contrast, the deca-BDE peak was unchanged and there
were no debromination peaks detected in the autoclaved
controls. Incubation of S. multivorans with the octa-BDE
mixture in duplicates for over one year resulted in no new
debromination congeners, indicating that this organism is
incapable of debrominating lower PBDE congeners.

Debromination of an Octa-BDE Mixture. D. ethenogenes
195, that was initially grown on defined mineral salts medium
containing 500 µM TCE and H2/CO2 (80:20) headspace, was
able to debrominate the octa-BDE mixture containing hexa-
through nona-BDE congeners to hepta-, hexa-, and penta-
BDEs within 6 months of incubation when 1.3 µM octa-BDEs
were added to the culture dissolved in TCE (Figure 2a).
Debromination was not observed in the autoclaved controls
throughout the experiment (Figure 2f). Peak areas of the
debromination products continued to increase throughout
the one-year incubation, with tetra-BDEs appearing after six
months. Analysis by GC-MS confirmed the presence of two
hepta-, two hexa-, and three penta-BDEs in the 6-month
samples, and was used along with available standards to
positively identify hexa 154 and penta 99 in the live samples.
No debromination was observed in D. ethenogenes 195
cultures exposed only to deca-BDE even after one full year
of incubation. Complete dechlorination of TCE to VC and
ethene was observed in all strain 195 incubations in the first
8 weeks. The presence of PBDEs slowed TCE dechlorination
significantly, suggesting that PBDEs are toxic or inhibitory

FIGURE 1. GC chromatograms of deca-BDE debromination by S.
multivorans. (a) autoclaved control; (b) S. multivorans replicate 1;
(c) S. multivorans replicate 2. Shaded areas highlight degradation
products.
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to dechlorinating bacteria as has been observed for some
other halogenated compounds (28, 29).

Enrichment cultures containing Dehalococcoides spp.
were also investigated for their ability to debrominate deca-
and octa- BDEs. A highly enriched autotrophic culture
containing D. ethenogenes 195 (EC195) exhibited detectable
debromination activity of octa-BDEs after 10 weeks of
incubation in the presence of 1.3 µM octa-BDEs dissolved
in TCE (Figure 2b). Complete dechlorination of TCE to VC
and ethene was observed in EC195 incubations in the first
8 weeks. More congeners were detected in the EC195 culture
than in the 195 isolate within a 3-month incubation, and the
debromination occurred more rapidly, reflecting the ap-
proximately 3-fold higher Dehalococcoides cell density ([3.90
( 0.11] × 107 cells/mL for the EC195 culture versus [1.19 (
0.18] × 107 for pure 195 culture) of the enrichment culture,
as quantified by 16S rRNA gene analysis. In addition to the
hepta-, hexa-, and penta-BDE byproducts detected in the
samples from the 195 isolate, a variety of tetra- and di- BDE
congeners were detected in the enrichment by GC-ECD and
GC-MS, while tri-BDEs were not detected in either culture.
Furthermore, EC195 generated one more hexa and two more
penta congeners than the isolate within 3 months incubation.

Debromination activity was not detected for Dehalococ-
coides sp. strain BAV1 after exposure to deca-BDE or the
octa-BDE mixture for over one year (Figure 2e). However,
when strain BAV1 was added to the EC195 enrichment,
debromination beyond that observed for EC195 occurred
within three months, with the appearance of additional lower
congeners (Figure 2c). This augmented enrichment also
demonstrated complete dechlorination of TCE to ethene with
no residual vinyl chloride within 9 weeks, indicating that
both strain 195 and BAV1 were active in the presence of
PBDEs. The previously detected hexa and penta congeners
could no longer be detected by GC-MS in the augmented
enrichment and only three detectable tetra- and five detect-
able di-BDEs remained after 3 months incubation. Tri-BDEs
were also not detected in these cultures.

An enrichment culture (ANAS) that dechlorinates 1.1 mM
TCE completely to ethene in the presence of 10 mM lactate

and that contains multiple Dehalococcoides spp., (25, 27) but
does not contain either strain 195 or strain BAV1 was
incapable of degrading the octa-BDE mixture after one year,
even after a second amendment of energy-generating TCE
was added resulting in final PBDE concentrations of 0.2 µM
for deca- and 2.6 µM for octa-BDEs. However, when strain
195 was added to the ANAS culture (ANAS195), debromi-
nation was observed after three months and products
included hepta through di-BDE congeners, similar to those
observed in the EC195 cultures amended with BAV1 (Figure
2d).

In the above experiments, deca- and octa-BDEs were
added to the cultures dissolved in TCE. To evaluate whether
the TCE might either promote or inhibit debromination
activity and to determine if the PBDEs could serve as energy-
generating electron acceptors, deca- and octa-BDEs were
dissolved in nonane and fed to the EC195 and the pure D.
ethenogenes 195 cultures amended with electron donor (H2)
and carbon source, but without other electron acceptors.
After one year of incubation, no lower PBDE congeners were
observed in either of these cultures, indicating that PBDE
debromination by these cultures required the presence of
energy-generating electron acceptors. In contrast, cultures
showed uninhibited TCE dechlorination activity in the
presence of nonane, demonstrating a lack of inhibitory effect
caused by this compound.

Quantification of Debromination Products. The con-
centrations of PBDE congeners produced by all cultures were
in the nM range. Figure 3a shows the concentrations of
identified intermediates generated over time by ANAS195.
Complete dechlorination of TCE to ethene was observed in
ANAS195 within the first 10 weeks. After 12 months, ap-
proximately 230 nM of positively identified products were
generated, yielding approximately 11.5 nmoles of identified
products from the 130 nmols octa-BDE mixture added to the
culture. Most product peaks could not be positively identified,
but could be classified within a certain homologue group
based on mass-ion ratios from the GC-MS analysis. Using
average response factors for homologue groups, the remain-
ing peaks were quantified, yielding over 500 nM of total PBDE
products (Figure 3b). In addition, losses of PBDEs during
incubation, sampling and analysis were expected due to their
high sorptive properties. EC195 plus strain BAV1 generated
debromination products at rates similar to ANAS195. On a
cell-normalized basis D. ethenogenes 195 exhibited about
half the debromination rate of the ANAS195 culture. E.g.,
after 11 months of incubation, ANAS195 produced 8.8 × 10-10

FIGURE 2. GC chromatograms of debromination of an octa-BDE
mixture by cultures containing Dehalococcoides spp. (a) D.
ethenogenes 195; (b) EC195; (c) EC195 plus strain BAV1; (d) ANAS195;
(e) Dehalococcoides sp. strain BAV1; (f) autoclaved control. Samples
were taken when cultures were incubated for 2 to 3 months, except
the D. ethenogenes 195 culture which was incubated for 6 months.
Shaded areas highlight different groups of PBDE isomers. Asterisks
(*) denote PBDE substrate peaks.

FIGURE 3. Average cumulative concentrations of octa-BDE mixture
debromination products generated by ANAS195 over 12 months. (a)
only positively identified products; (b) summed product concentra-
tions for each homologue group. Values are averaged from duplicate
cultures.
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nmol/cell of hexa 154 and 17.5 × 10-11 nmol/cell of penta
99, whereas pure D. ethenogenes 195 generated 4.3 × 10-10

nmol/cell of hexa 154 and 8.5 × 10-11 nmol/cell of penta 99.
Of course, the rates for individual congener generation are
rough estimates only, as it is likely that the debromination
products were being generated and debrominated simul-
taneously.

Debromination Pathway. Determination of the specific
PBDE degradation pathway is hindered by the difficulties
associated with positively identifying the 209 different
congeners, many of which coelute on a GC column (30).
Furthermore, since the commercially available octa-BDE
mixture contains two nona-BDEs, along with a variety of
octa, hepta, and hexa congeners in significant quantities, it
is not yet possible to determine which specific congeners are
being debrominated. Figure 4 illustrates the identified
substrates contained in the octa-BDE mixture along with
identified debromination products.

Discussion
The levels of PBDEs in environmental samples are overtaking
those of polychlorinated biphenyls (PCBs) which are now
distributed worldwide (31). Consequently, the fate of PBDEs
in the environment is attracting increased attention and
concern. This study is the first report of microbial PBDE
debromination beyond the octa congeners and of PBDE
debromination by pure microbial isolates. The dechlorinating
bacterium, S. multivorans, was found to debrominate deca-
BDE to octa- and hepta-BDE congeners, while this culture
could not debrominate an octa-BDE mixture to lower
congeners. Given that S. multivorans can only dechlorinate
the more highly chlorinated ethenes PCE and TCE, it may
not be surprising that it cannot debrominate less brominated
congeners.

In this study, D. ethenogenes 195 was found to be capable
of debrominating an octa-BDE mixture producing hepta-

through penta-BDE congeners within six months. More
extensive debromination was observed in the enriched
culture EC195 that exhibited the generation of tetra- and
di-BDE congeners within three months of incubation with
PBDEs. The more rapid and extensive debromination
observed with EC195 may have been due to the increased
cell density of this culture or the nutritional benefits that
Dehalococcoides gains by growing in the presence of other
species. When Dehalococcoides sp. BAV1 was added to the
enriched culture EC195, additional degradation peaks ranging
from tetra-BDEs to di-BDEs were detected, while the hexa
and penta intermediates disappeared. These results suggest
that strain 195 was responsible for debrominating the higher
congeners while BAV1 was responsible for debrominating
the hexa-, penta-, and tetra-BDE intermediates. It seems that
strain BAV1 debrominates certain PBDE congeners more
quickly than strain 195 given the lack of accumulation of the
hexa and penta congeners. This ability to debrominate the
lower PBDE congeners echoes the dechlorination pattern of
BAV1, a strain that grows on chloroethenes with only one or
two chlorine substituents.

The TCE-dechlorinating ANAS enrichment culture was
found to debrominate the octa-BDE mixture only when
amended with D. ethenogenes 195. Though ANAS contains
other yet unidentified Dehalococcoides strains, it is clear that
strain 195 is responsible for the debromination of octa-BDE.
Given the abilities of ANAS to dechlorinate TCE to ethene
without residual vinyl chloride, it is possible that the
debromination products generated when strain 195 was
added to ANAS were further debrominated by other indig-
enous Dehalococcoides spp. within ANAS. This hypothesis
was supported by the production of a new tetra-BDE
congener by ANAS195 that was also produced when the
EC195 culture was amended with strain BAV1 yet was absent
from the EC195 culture. This observation suggests that
Dehalococcoides strains capable of metabolizing mono-

FIGURE 4. Specifically identified PBDE substrates (black) and debromination products (red) detected for ANAS195 amended with the
octa-BDE mixture. Arrows connect substrates with potential debromination products assuming no isomerization.
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chlorinated ethenes likely participate in the debromination
of the lower PBDE congeners. In all cases, PBDE transfor-
mation by Dehalococcoides spp. proceeded slowly, with
approximately 500 nM (25 nmoles) of debromination prod-
ucts detected over a twelve month period in the most active
culture. Previous studies conducted with sewage sludge
generated 0.5 nmol of products within 8 months from the
debromination of deca-BDE, that however, did not debro-
minate beyond octa-BDEs (14). Kinetics may be limited by
PBDE toxicity effects to the microorganisms or by mass
transfer of the more highly brominated congeners.

Recent work suggests that each strain of Dehalococcoides
spp. has multiple reductive dehalogenases that have diverged
to fill unique functional niches (32). Strain 195 and BAV1
possess dissimilar reductive dehalogenases (33, 34) that may
target different PBDE congeners. Although strain 195 and
ANAS both contain the tceA gene that codes for a TCE
reductive dehalogenase (33, 35), the former culture debro-
minates octa-BDEs, whereas the latter does not. Therefore,
it is likely that a reductase other than tceA is responsible for
the debromination of the higher congeners. Moreover, strain
195 has been reported to share with Dehalococcoides sp. strain
CBDB1 the ability to dechlorinate chlorobenzenes and
polychlorinated dibenzodioxins, although strain CBDB1 does
not contain a tceA-like gene and cannot dechlorinate TCE
(17, 19), indicating the potential role of uncharacterized
reductive dehalogenases in a variety of reductive dehalo-
genations. Attempts to test the capability of strain CBDB1 to
debrominate PBDEs were unsuccessful because the titanium
citrate present in the CBDB1 medium debrominated PBDEs
abiotically at rates sufficiently high to make it impossible to
detect biological debromination.

The appearance of identified hexa, penta, and tetra
congeners along with unidentified hepta, and di congeners
(Figure 4) indicates that debromination beyond octa-BDEs
is occurring in the Dehalococcoides spp.-containing cultures.
It is possible that multiple substrates are being debrominated
given the variety of debromination byproducts. Moreover,
individual substrates could be debrominated to multiple
products. It also appears that bromines in the 2 (ortho) and
4 (para) positions (e.g., penta 99 and tetra 47) are the most
recalcitrant since these positions are more commonly
brominated in the identifiable byproducts. This raises public
health concerns since a recent study found that when PBDEs
are hydroxylated with bromines in the ortho and para position
they can compete with the natural hormone thyroxine to
bind with transthyretrin, the thyroid hormone-binding
transport protein, thereby disrupting normal endocrine
function and causing significant toxicity (36). D. ethenogenes
195 can remove the meta chlorines from PCBs and dioxins,
which would appear to match the debromination pattern
exhibited in this study (19). In all, debromination products
generated by cultures containing Dehalococcoides spp.,
including penta 99 and tetra 47, compounds known to be
more potent endocrine disruptors and more bioavailable
than the higher brominated congeners, raise a potential
health concern since the higher congeners are considered to
be relatively safe and continue to be used heavily as fire
retardants.
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