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� A synthetic anaerobic community
that mineralized 2,4,6-
tribromophenol was created.
� The community sequentially

comprised Clostridium, Dehalobacter,
and Desulfatiglans.
� Substrate concentrations and

inoculation sizes were optimized for
the community.
� High performance of mineralization

was achieved under optimized
conditions.
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a b s t r a c t

Anaerobic mineralization of 2,4,6-tribromophenol (2,4,6-TBP) was achieved by a synthetic anaerobe com-
munity comprising a highly enriched culture of Dehalobacter sp. phylotype FTH1 acting as a reductive
debrominator; Clostridium sp. strain Ma13 acting as a hydrogen supplier via glucose fermentation; and
a novel 4-chlorophenol-degrading anaerobe, Desulfatiglans parachlorophenolica strain DS. 2,4,6-TBP was
debrominated to phenol by the combined action of Ma13 and FTH1, then mineralized into CO2 by sequen-
tial introduction of DS, confirmed using [ring-14C(U)] phenol. The optimum concentrations of glucose,
SO4

2�, and inoculum densities were 0.5 or 2.5 mM, 1.0 or 2.5 mM, and the densities equivalent to 104 cop-
ies mL�1 of the 16S rRNA genes, respectively. This resulted in the complete mineralization of 23 lM 2,4,6-
TBP within 35 days (0.58 lmol L�1 d�1). Thus, using a synthetic microbial community of isolates or highly
enriched cultures would be an efficient, optimizable, low-cost strategy for anaerobic bioremediation of
halogenated aromatics.
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1. Introduction

Halogenated aromatics are a serious environmental concern
due to their high toxicity, persistence, and bioaccumulation (Sim
et al., 2009). Of these, 2,4,6-tribromophenol (2,4,6-TBP) is an
important flame-retardant intermediate such as end-capping
chemical of brominated epoxy resin, and also used as a pesticide
or wood preservative (Yamada et al., 2008). 2,4,6-TBP has been
reported to cause severe contamination in deep soil, aquifers,
and groundwater and has been listed as a hazardous wastes by
the United States Environmental Protection Agency (USEPA,
2003). The search for a cost-effective approach to eliminate this
contaminant is now a worldwide priority.

The use of microorganisms to degrade 2,4,6-TBP is a promising
approach for remediation. Thus far, several microbial mechanisms
have been identified, including aerobic hydroxylation and oxygen-
olysis or anaerobic reductive dehalogenation (Christof et al., 1999;
Häggblom, 1992). Reductive dehalogenation is considered appro-
priate to remedy 2,4,6-TBP as contaminated sites are generally
anaerobic or anoxic environments, devoid of aeration. Reductive
dehalogenation is often performed via dehalorespiration, an anaer-
obic, microbial process using halogenated compounds as terminal
electron acceptors, while removing the halogen component
(Christof et al., 1999). Previous studies have reported reductive
debromination of tribromophenols either by enriched cultures or
isolated strains (Ahn et al., 2003; Boyle et al., 1999; Ronen and
Abeliovich, 2000). In those reports, tribromophenols were trans-
formed to either monobromophenol or phenol as the metabolites,
which are still toxic to the environment. Further anaerobic miner-
alization of these less-brominated aromatic compounds can com-
pletely eliminate the toxicity of halogenated aromatics under
anaerobic conditions.

The construction of a microbial community capable of anaerobi-
cally mineralizing of halogenated aromatic compounds is challeng-
ing because of the difficulty in acclimatizing populations capable of
simultaneous anaerobic oxidization and reduction. In our previous
study, we demonstrated the mineralization of pentachlorophenol
(PCP) by co-inoculation of multiple consortia: one reductively
dechlorinating PCP and another anaerobically oxidizing the
dehalogenated metabolites (less-chlorinated phenols) in a batch-
type culture (Yang et al., 2009) and continuous-flow reactors (Li
et al., 2010, 2013). These results indicated that functionally-
designed communities prepared by co-inoculating multiple con-
sortia are a promising application of anaerobic systems. However,
in these combined consortia, the microbial communities were
complex and included very small populations of important, func-
tional populations such as dehalogenators and aromatic-oxidizers
(Li et al., 2010, 2013). Some secondary microbial reactions
occurred (Yang et al., 2009) and disturbed the mineralization pro-
cess, or even rendered the system ineffective (Li et al., 2010). How-
ever, the synthetic microbial community, constructed using
isolates or highly enriched microorganisms, is expected to over-
come these challenges (De Roy et al., 2014).

In addition to dehalogenators and aromatic-oxidizers, a bacte-
rium that produces hydrogen (H2) via fermentation of organic
compounds is required in the synthetic microbial community,
since the H2 generated is utilized as an electron donor in the reduc-
tive dehalogenation process (Li et al., 2013; Yoshida et al., 2013). In
our previous study, we demonstrated that Clostridium sp. strain
Ma13 could generate H2 from biodegradable plastics (BP) or
glucose. A co-culture of Ma13 with highly enriched Dehalobacter
species (KFL culture) resulted in sustainable generation of a larger
quantity of H2, which greatly facilitated reductive dechlorination of
4,5,6,7-tetrachlorophtalide (Yoshida et al., 2013). It has been
reported that in the KFL culture, Dehalobacter species phylotype
FTH1 and FTH2, occupying 44% and 7% of the total population,
respectively, were involved in the reductive dehalogenation pro-
cess (Yoshida et al., 2009).

In this study, we demonstrate, for the first time, anaerobic min-
eralization of 2,4,6-TBP by constructing a synthetic microbial com-
munity consisting of Clostridium sp. strain Ma13 (Yoshida et al.,
2013), the highly-enriched KFL culture of Dehalobacter species
(Yoshida et al., 2009), and a novel, 4-chlorophenol-degrading, sul-
fate-reducing, Desulfatiglans parachlorophenolica strain DS (Suzuki
et al., 2014). Reductive debromination was achieved by co-culture
of Clostridium sp. strain Ma13 and the KFL culture of Dehalobacter
species, followed by further mineralization of phenol by D. para-
chlorophenolica strain DS. The optimal concentrations of substrates
and inoculation sizes were determined by comparison of 2,4,6-TBP
debromination and mineralization activity in the co-cultures under
different conditions.
2. Methods

2.1. Chemicals

2,4,6-TBP (97.0% purity), 2,4-dibromophenol (DBP) (97.0% pur-
ity), 4-BP (97.0% purity) were purchased from Wako Pure Chemical
Industries (Osaka, Japan). Phenol (99.0% purity) was purchased
from Katayama Chemical Industries (Osaka, Japan). Starch-based
plastic (SP) was purchased as Mater-Bi NF01U from Novamont
Co. (Terni, Italy); l-lactic acid (PLA) was provided as Lacea H440
by Mitsui Chemicals Inc. (Tokyo, Japan); poly-b-hydroxybutyrate
(PHB) was provided as Biogreen by Mitsubishi Gas Chemical Com-
pany Inc. (Tokyo, Japan); poly-e-caprolactone (PCL) was provided
as Cell Green by Daicel Chemicals Ind. Ltd. (Osaka, Japan). Sodium
lactate solution (about 50% volume ratio), sodium acetate (96.5%
purity), sodium propionate (97.0% purity), glucose (98.0% purity)
were purchased from Wako Pure Chemical Industries. [Ring-14C
(U)] phenol (specific activity of 52 mCi mmol�1, 1.85 Bq in 500 lL
ethanol stock solution) was purchased from Moravek Co. (Brea,
CA).

2.2. Chemical analysis

The liquid sample (1 mL) was acidified, extracted with acetoni-
trile (1 mL) and ethyl acetate (2 mL), and dehydrated with
anhydrous sodium sulfate. The concentration of 2,4,6-TBP, 2,4-
dibromophenol (2,4-DBP), 4-bromophenol (4-BP), and phenol were
measured using a gas chromatograph-mass spectrometer (GC–MS)
equipped with a DB-5ms column (Shimadzu, Kyoto, Japan), as pre-
viously described by Li et al. (2013). Headspace gas of the batch
bottle was collected with 100-lL gas-tight syringes, and concen-
tration of H2 was analyzed on a gas chromatograph (GC-14B,
Shimadzu) equipped with a thermal conductivity detector. Total
concentration of H2 in the bottle was calculated by adding the vol-
atized concentration in the headspace to the dissolved concentra-
tion in liquid according to the equilibrium equation previously
described (Mazur and Jones, 2001).

2.3. Pre-cultures of clostridium sp. strain Ma13, D.
parachlorophenolica strain DS and dehalobacter species

The pre-cultures of strain Ma13, strain DS and the KFL culture
including Dehalobacter species were prepared as previously
described (Suzuki et al., 2014; Yoshida et al., 2009, 2013). Each
batch bottle (60 mL) containing 20 mL mineral salt medium was
flushed with N2 gas for 2 h, sealed with a butyrate rubber cap
and sterilized at 121 �C for 30 min. Subsequently, 0.2 mL vitamin
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stock solution, 0.2 mL of 25 mM titanium(III)-trinitriloacetic acid
solution (Ti(III)-NTA) (Mohn and Kennedy, 1992), and other chem-
ical nutrients required for bacterial growth (substrates, carbon and
nitrogen sources, electron donors and acceptors) were fed into the
bottles through a 0.25-lm sterilized membrane filter. Then the
bottles were inoculated with the strains or the KFL culture of Deha-
lobacter species and incubated in dark at 30 �C (MIR-554, Sanyo
Electric Co., Osaka, Japan). The methods used for determination
of the optional conditions for H2 generation by strain Ma13, reduc-
tive debromination of 2,4,6-TBP by Dehalobacter spp., and phenol
degradation by strain DS are described in detail in the materials
and methods section of Supplementary Materials (SM).

2.4. DNA extraction and real-time quantitative polymerase chain
reaction (qPCR) analysis as indicator of microbial population

For quantitative detection of strain Ma13, DS, and Dehalobacter
species in culture, DNA was extracted and used as a template for
qPCR. DNA was extracted using a DNA extraction Isoplant kit (Nip-
pon Gene, Tokyo, Japan) from 2 mL cultures, which were sampled
from the batch bottle at intervals and stored at �30 �C until use.
qPCR was performed using the LightCycler system (Roche Diagnos-
tics, Mannheim, Germany) and a LightCycler Fast-start DNA Master
SYBR green I kit (Roche Molecular Biochemicals, Indianapolis, IN).
Primers and standard preparation for qPCR analysis are described
in materials and methods section of SM. The copy number of the
16S rRNA genes obtained from qPCR was used as an indicator of
the number of cells of individual strains in the synthetic bacterial
community.

2.5. Reductive debromination of 2,4,6-TBP by KFL culture co-cultured
with strain Ma13

Debromination of 2,4,6-TBP by combination of strain Ma13 and
the KFL culture was evaluated as follows. In 20 mL mineral salt
medium, glucose was supplemented as carbon and energy source
for strain Ma13. The glucose fermentation products, H2 and ace-
tate, were utilized as electron donor and carbon source, respec-
tively, by Dehalobacter spp. Debromination activity was
compared between different glucose concentrations ranging from
0.5 to 20 mM and between the different inoculation sizes of KFL
culture containing Dehalobacter species phylotype FTH1, as corre-
sponding to the copy number of the 16S rRNA gene, ranging from
1.0 � 102 copies mL�1 to 1.0 � 105 copies mL�1. Under each condi-
tion, three bottles run in parallel were used for performance
measurements.

2.6. Mineralization of the debrominated product by co-inoculation of
strain DS

Mineralization of 2,4,6-TBP was achieved by inoculating strain
DS via two different procedures: simultaneous co-inoculation of
strain DS with KFL culture and strain Ma13 at the starting point,
followed by sequential inoculation of strain DS after completion
of reductive debromination to phenol by co-culture of KFL culture
and strain Ma13. To evaluate simultaneous inoculation, 20 mL
mineral medium was supplemented with 20 lM 2,4,6-TBP, 0.01%
peptone, 0.5 or 2.5 mM glucose, and 1 or 2.5 mM SO4

2�. Strain
Ma13, Dehalobacter species in KFL culture, and strain DS were then
inoculated simultaneously, with each microbial density corre-
sponding to approximately 104 copies mL�1 of the 16S rRNA gene.
To evaluate sequential inoculation, the mineral medium and all
chemical compounds except SO4

2� were inoculated with KFL cul-
ture and strain Ma13. After debromination of 2,4,6-TBP to phenol,
strain DS (the density corresponding to 3.0 � 104 copies mL�1 as
16S rRNA gene) as well as SO4

2� (0.5 or 2.5 mM) were added to
bring about further degradation of phenol. Three bottles in parallel
were used for individual determination of the growth of the three
functional microorganisms as well as reductive debromination and
mineralization activities.

2.7. 14C-phenol tracer experiment

Phenol was the final debromination product of 2,4,6-TBP. The
metabolites of phenol were examined by 14C-tracer experiment
with [ring-14C (U)] phenol in the mixed culture with strain Ma13,
strain DS, and KFL culture. As soon as 2,4,6-TBP was debrominated
to phenol by strain Ma13 and KFL culture after 20 days, 1 lL
14C-phenol stock solution was spiked into the batch bottle,
together with strain DS and SO4

2�. Abiotic samples were prepared
in the same way, except for the addition of the strain DS. The final
14C-phenol concentration was approximately 105 dpm. Fifteen
days after spiking the samples with 14C-phenol, the concentrations
of 14CO2 and 14CH4 in the headspace of the bottles were deter-
mined using a custom-made gas-tight apparatus under a continu-
ous flow of pure O2 to purge gases from the liquid. Apparatus and
methods of 14CO2 and 14CH4 determination were carried out as
previously described (Li et al., 2013). All 14C radioactivity values
of the samples were determined using a liquid scintillation counter
(LSC 5100; Aloka, Tokyo, Japan) and a liquid scintillation cocktail
(EcoscintTM Ultra; National Diagnostics, Atlanta, GA). Samples from
six parallel cultures and three parallel Abiotic controls were used
for the determination.
3. Results and discussion

3.1. The effects of substrate and inoculum density on H2 production by
strain Ma13

As shown in SM Table S1, among the solid organics, starch-
based plastic (SP) (0.13% v/v) produced the highest amount of H2,
which was 9–120 times higher than the others; among the soluble
organics, glucose (10 mM) produced the highest amount of H2, �6–
10 times higher than others. The results showed that both SP and
glucose were appropriate, fermentable substrates for strain
Ma13. Due to its large adsorption capacity, SP was expected to
affect the further determination of aromatic compounds (Aktas
et al., 2012; Yoshida et al., 2013); therefore, glucose was selected
as the fermentation substrate in this study.

Glucose in the range of 0.05 to 20 mM, produced 13.3–
121 lmol�bottle�1 of H2 within two days, and the H2 concentration
became stable after three days. In this range, H2 production corre-
lated with glucose concentration (SM Fig. S1A). The high concen-
tration of glucose also resulted in quicker growth of strain Ma13
in the first two days (SM Fig. S1B). The higher inoculum density
of strain Ma13 resulted in quicker production of H2 at first but
did not affect the total amount of H2 and cell density (SM
Fig. S2). Under all conditions, strain Ma13 grew to the cell density
corresponding to approximately 107 copies mL�1 of the 16S rRNA
gene after five days (SM; Figs. S1B and S2B). The results showed
that the amount of H2 produced was dependent on the initial
glucose concentration and was not affected to a great extent by
inoculum density.

3.2. The effects of glucose and inoculum density on 2,4,6-TBP reductive
debromination by KFL culture (Dehalobacter species)

Reductive debromination of 2,4,6-TBP was attempted using KFL
culture based on the results of reductive debromination activity of
various halogenated aromatics by Dehalobacter species (Yoshida
et al., 2009). In the culture supplemented with H2 gas as an
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electron donor as well as acetate and peptone as sources of carbon
and amino acid, respectively, complete debromination of 2,4,6-TBP
to phenol occurred, via 2,4-DBP and 4-BP after 20 days (Fig. 1A).
Meanwhile, the concentration of bromide released gradually
increased to approximately 69 lM after 20 days (Fig. 1B), indicat-
ing complete debromination of 23 lM 2,4,6-TBP. During debro-
mination, a dominant Dehalobacter species phylotype FTH1 in
KFL culture increased in the population, as shown by the copy
number of the 16S rRNA gene from 1.0 � 104 copies mL�1 at start-
ing point increasing to approximately 4.6 � 106 copies mL�1. The
increase tendency of the released bromide corresponded to the
increase of phylotype FTH1, suggesting the involvement of Deha-
lobacter species phylotype FTH1 during 2,4,6-TBP reductive
debromination.

The additional glucose supplementation in a concentration
range of 0.5 to 20 mM did not impact the growth of Dehalobacter
species or its reductive debromination activity (SM Fig. S3). The
favorable inoculum density to support reductive debromination
was also evaluated as shown in SM Fig. S4. When the inoculum
density exceeded the corresponding copy number of 103 cop-
ies mL�1 as the 16S rRNA gene, the concentration of bromide
released gradually increased and approached approximately
69 lM after 20 days, indicating the complete removal of bromine.
However, when the inoculum density was low (equivalent to the
density under 102 copies mL�1 of the 16S rRNA gene), the strain
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Fig. 1. Reductive debromination of 2,4,6-TBP in KFL culture. (A) Concentration
changes of 2,4,6-TBP and its aromatic metabolites over time; (B) Concentration
changes of the bromide released and 16S rRNA gene copy number of Dehalobacter
species phylotype FTH1 over time (the inoculum density equivalent to 6.0 � 103 -
copies mL�1 of the 16S rRNA gene). The concentration of bromide released was
calculated in terms of disappearance of 2,4,6-TBP, by subtracting the quantities of
2,4-DCP and 4-CP generated, after multiplying their corresponding bromine
numbers. Standard deviations from three parallel bottles are indicated by positive
vertical bars.
grew sluggishly and no reductive debromination occurred for
20 days. Therefore, the inoculated density of reductively debromi-
nating bacteria should be higher than that corresponding to
103 copies mL�1 of the 16S rRNA gene to maintain the reductive
debromination activity.

3.3. Effects of organic carbons and inoculum density on phenol
degradation by strain DS

In the culture supplemented with phenol as the sole carbon
source, 18.5 lM phenol was completely degraded in 6 days with
the inoculated density of strain DS shown as the equivalent to
105 copies mL�1 of the 16S rRNA gene, using SO4

2� as the electron
acceptor (SM Fig. S5). The inhibitory effects of glucose and acetate
during phenol degradation were examined. The results showed
that addition of 2.5 mM acetate or glucose affected neither the
growth of strain DS nor the phenol degradation process (SM
Fig. S5), which is consistent, as strain DS does not utilize glucose
or fatty acids such as acetate and propionate (Suzuki et al.,
2014). However, phenol degradation rate varied with different
inoculum density, in that when the inoculum density decreased
to that corresponding to the copy number of 16S rRNA gene rang-
ing from 105 to 102 copies mL�1, the time required for phenol deg-
radation increased from six to 13 days (SM Fig. S5). It was
concluded that higher inoculum density is more favorable for phe-
nol degradation. To insure the degradation activity, SO4

2� (1 or
2.5 mM) was supplied in excess of the required amount for com-
plete degradation of phenol (18.5 lM), calculated as 64.8 lM
according to the theoretical equation: C6H6O + 3.5SO4

2�?
6CO2" + 3H2O + 3.5 S2�.

3.4. Reductive debromination of 2,4,6-TBP by the synthetic microbial
community comprising strain Ma13 and KFL culture (Dehalobacter
species)

During reductive debromination by the microbial community
composing of the strain Ma13 and the KFL culture, H2 was firstly
produced via glucose fermentation by strain Ma13, which was in
turn utilized as electron donor for 2,4,6-TBP reductive debromina-
tion by Dehalobacter species as previously reported (Yoshida et al.,
2013). During these steps, glucose served as the fermentation sub-
strate and carbon source for strain Ma13 and indirect source for
electron and carbon in the form of H2 and acetate, respectively,
for Dehalobacter species (Yoshida et al., 2009, 2013). The effects
of glucose concentration on 2,4,6-TBP debromination activity by
the synthetic microbial community was examined as shown in
Fig. 2. The concentration of bromine released indicated that debro-
mination activity was observed only in the culture supplemented
with 0.5 or 2.5 mM glucose (Fig. 2A). Under these conditions, Deha-
lobacter species phylotype FTH1 increased to the density corre-
sponding to 106–107 copies mL�1 of the 16S rRNA gene (Fig. 2B).
Meanwhile, glucose at concentrations higher than 5 mM inhibited
both, reductive debromination activity and growth of Dehalobacter
species phylotype FTH1. In contrast, strain Ma13 tended to grow in
proportion to glucose concentration (Fig. 2C).

Inoculum density of Dehalobacter species phylotype FTH1 also
affected debromination activity, as shown in Fig. 3. When the phyl-
otype FTH1 was inoculated at the density equivalent to 5.0 � 103

or 1.0 � 105 copies mL�1 of the 16S rRNA gene, the phylotype
FTH1 grew to the density corresponding to 107 copies mL�1 of
the 16S rRNA gene, meanwhile 2,4,6-TBP was successfully debro-
minated to phenol after 20 days. However, when the applied inoc-
ulum density was low (the density equivalent to 102 copies mL�1

of the 16S rRNA gene), bacteria grew tardily and nearly no reduc-
tive debromination activity occurred after 20 days. Under all con-
ditions, the growth of strain Ma13 was not affected.
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The results provide the optimized glucose concentration (0.5 or
2.5 mM) and inoculum density (the equivalent density over
103 copies mL�1 of the 16S rRNA gene for Dehalobacter species) for
complete reductive debromination of 2,4,6-TBP in the mixed culture
of fermenting bacteria and Dehalobacter species. The required
amount of H2 for 2,4,6-TBP reductive debromination (23 lM in
25 mL of medium) was about 1.5 lmol, calculated from the theoret-
ical equation: C6H3OBr3 + 3H2 ? C6H6O + 6 H+ + 6Br�. As shown in
Fig. S1 and Table S1 (SM), the glucose concentration of >0.5 mM pro-
vided was sufficient for H2 production by strain Ma13, for further
utilization by Dehalobacter species. Compared with the stable activ-
ity of strain Ma13, the variable activity of debrominating bacteria
indicated that reductive debromination could become the rate-
limiting step due to sensitivity. The reason that >5 mM glucose con-
centration inhibited the debromination process could be attributed
to the decline in pH, caused by the production of organic and car-
bonic acids via fermentation. The results showed that pH in the cul-
tures supplemented with 5 to 20 mM glucose decreased from 5.1 to
5.9 after 20 days, while the pH was maintained between 6.6 and 6.9
with the addition of 0.5 or 2.5 mM of glucose. Inhibitory effect of
acidic conditions on reductive dehalogenation has been previously
reported (Lacroix et al., 2014), while glucose itself had no effect on
the debromination (SM Fig. S3).

In enriched cultures, the syntrophic relationship of fermenters
and reductive dehalogenators has often been reported, where
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Fig. 4. Reductive debromination of 2,4,6-TBP and further mineralization by the
combination of Clostridium sp. strain Ma13, D. parachlorophenolica strain DS and
Dehalobacter species phylotype FTH1. The initial concentration of 2,4,6-TBP was
approximately 23 lM. (A) Changes in concentration of 2,4,6-TBP, 2,4-DBP, 4-BP and
phenol over time; (B) Changes in the 16S rRNA gene copy number of Clostridium sp.
strain Ma13, D. parachlorophenolica strain DS and Dehalobacter species phylotype
FTH1 over time. Glucose and Na2SO4 were added at concentrations of 2.5 and
2.5 mM, respectively. The individual inoculum densities of strain Ma13, strain DS
and Dehalobacter species phylotype FTH1 were equivalent to approximately
104 copies mL�1 of the 16S rRNA gene. The vertical black arrow indicates the time
when strain DS was introduced into the bottle with co-culture of Clostridium sp.
strain Ma13 and the KFL culture containing Dehalobacter species phylotype FTH1.
Standard deviations from three parallel bottles are indicated by positive vertical
bars.
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fermenters account for a much larger proportion of the population
than the reductive dehalogenators (Smatlak et al., 1996; Mazur
et al., 2003; Li et al., 2013). However, due to rate limiting nature
of the debromination process, inoculum density of the dehalogen-
ating bacteria rather than fermenting bacteria was pivotal and
directly affected the rate of the complete reaction. Chang et al.
(1998, 1999) reported that the reductive dehalogenation rate of
2,4,6-trichlorophenol or pentachlorophenol was significantly
delayed in case of low inoculum density in the mixed culture.
Yoshida et al. (2009) used the KFL culture containing Dehalobacter
species at a concentration equivalent to 3 � 105 copies mL�1 of 16S
RNA gene of FTH1 for the activity of fthalide reductive dechlorina-
tion. Our study showed that debromination of 2,4,6-TBP was
achieved by inoculation of Dehalobacter species phylotype FTH1
at a concentration equivalent to at least 103 copies mL�1 of the
16S rRNA gene for a period of 20 days (Fig. 3 and SM Fig. S4).

3.5. Mineralization of 2,4,6-TBP by combination of strain DS with
strain Ma13 and Dehalobacter species

To construct a mixed culture capable of mineralizing 2,4,6-TBP,
strain Ma13, strain DS, and KFL culture were inoculated simulta-
neously in the culture medium supplemented with 2,4,6-TBP, glu-
cose and SO4

2–. However, neither reductive debromination activity
nor the growth of Dehalobacter species was observed under this
combination of conditions after 20 days, with 1 or 2.5 mM SO4

2–

concentration. It is considered that the addition of SO4
2– inhibited

debromination activity of Dehalobacter species. A previous study
also reported a delay during reductive dechlorination of fthalide
in the KFL culture by the addition of SO4

2– (Yoshida et al., 2009).
Next, from the speculation that SO4

2– probably inhibited the
debromination of 2,4,6-TBP by Dehalobacter species, strain DS
and SO4

2– were sequentially added after the completion of 2,4,6-
TBP debromination step, to produce phenol as shown in Fig. 4.
After simultaneous inoculation of strain Ma13 and KFL culture,
23 lM 2,4,6-TBP was completely debrominated to phenol after
20 days (Fig. 4A), while strain Ma13 and Dehalobacter species phyl-
otype FTH1 grew to a density approaching the equivalent of high-
est copy number, 7 � 107 copies mL�1 of the 16S rRNA gene at
5 days and 5 � 106 copies mL�1 at 15 days, respectively (Fig. 4B).
Just after strain DS and 2.5 mM SO4

2– were added, phenol began
to be degraded and almost no phenol was detectable after 30 days
(Fig. 4A). The strain DS grew from an equivalent of 104 to 108 cop-
ies mL-1 of the 16S rRNA gene within 10 days, in the presence of
strain Ma13 and Dehalobacter species phylotype FTH1, while these
bacterial populations decreased slightly (Fig. 4B). Addition of
0.5 mM SO4

2– also resulted in phenol degradation and growth
of strain DS, while the trend was similar to that with addition of
2.5 mM SO4

2– (data not shown).
To determine the decomposition metabolites of phenol,

[ring-14C (U)] phenol was added to the mixed culture at 20 days,
when 2,4,6-TBP was completely debrominated. As shown in Table 1
and 88.8% of the 14C introduced as 14C-phenol was released as
14CO2, besides 6.2% of 14C remained in the liquid phase; none of
14C was detectable in the form of 14CH4 and the total recovery of
14C was 94.9%. In Abiotic control, where strain DS was not added,
neither 14C-CH4 nor 14C-CO2 was detectable and 94.1% of 14C was
found in the liquid phase. The results confirmed the decomposition
of phenol and 2,4,6-TBP mineralization to CO2 as the final
metabolite.

This study has demonstrated for the first time that 2,4,6-TBP is
anaerobically mineralized to CO2 as the end product by a synthetic
bacterial community, comprising of two isolated strains and one -
highly enriched culture containing dehalogenating species. So far,
no study has reported anaerobic mineralization of halogenated
aromatics by a single strain, and the synthetic microbial
community provides an alternative technology to completely min-
eralize and eliminate toxicity of halogenated aromatics in an
anaerobic environment. The optimized conditions of required
chemicals and inoculum densities, such as glucose (0.5 or
2.5 mM), SO4

2– (1 or 2.5 mM), and inoculum density equivalent to
>103 copies mL�1 of the 16S rRNA genes for individual bacterial
population, largely improved bacterial compatibility in the miner-
alization process. Simultaneously, successful coexistence of three
genera without the need for a complex culturing environment
was achieved. The TBP-debrominating Dehalobacter species phylo-
type FTH1 (NITE P-353, under a Japanese patent 2008-263925) and
anaerobic phenol degrader D. parachlorophenolica strain DS (DSM
27197 or JCM19179) have been submitted to the public domain,
allowing for future application. Due to predefined characteristics,
the mineralization process did not cause any secondary byprod-
ucts, which improved the management and efficiency of the sys-
tem, compared to the method of inoculating undefined, mixed
cultures in previously reported mineralization systems, where
most of the population in the community were not involved in
the mineralization process. (Yang et al., 2009; Li et al., 2010,
2013). Restricting such unnecessary microorganisms in the reac-
tion mixture would increase the efficiency and achieve better con-
trol of the system. Additionally, the chemical concentrations used
in the synthetic community in this study were much lower than



Table 1
Distribution (%) of 14C fed with [ring-14C (U)] phenol to determine further phenol degradation in active samples after 2,4,6-TBP was debrominated by strain DS as compared to the
Abiotic samples devoid of strain DS.*

Day 0 Day 15 Total recovery rate (%)

14C-phenol 14C in gas phase 14C in liquid phase

CO2 CH4 Phenol and the metabolites

Active samples Concentration ( � 103 dpm�mL�1) 35.6 ± 3.8 31.6 ± 3.7 N.D. 2.2 ± 3.6
14C distribution percentage (%) 88.8 0 6.2 94.9

Abiotic samples Concentration ( � 103 dpm�mL�1) 32.1 ± 2.5 N.D. N.D. 30.2 ± 3.8
14C distribution percentage (%) 0 0 94.1 94.1

* Radioactivity in active samples was the mean result from 6 parallel samples with standard deviation. Radioactivity in Abiotic samples was the mean result from 3 parallel
samplings with standard deviation. The distribution percentage (%) was calculated by dividing the radioactivity determined at Day 15 by that of 14C-phenol at Day 0. The total
recovery rate was calculated by dividing the sum of radioactivity from metabolites at Day 15 by that of 14C-phenol at Day 0. N.D. denotes the abbreviation of ‘‘not detected’’
where the concentration of radioactivity was less than the detection limit of 36 dpm�mL�1.
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those used in previous reports, i.e. 4 or 20 mM lactate, 20 mM FeO-
OH, 20 mM SO4

2–(Yang et al., 2009; Li et al., 2010, 2013), and would
avoid excessive resource consumption and decrease cost.

Previous studies have reported the microbial degradation of
2,4,6-TBP aerobically or anaerobically (Ahn et al., 2003; Boyle
et al., 1999; Uhnakova et al., 2009; Yamada et al., 2008). The min-
eralization of 2,4,6-TBP was achieved by Bacillus sp. GZT (Zu et al.,
2012), Ochrobactrum sp. strain TB01 (Yamada et al., 2008), and
within anaerobic sediment slurry (Ronen and Abeliovich, 2000).
In our study, the achieved 2,4,6-TBP mineralization rate
approached 0.58 lmol L�1 d�1, calculated from dividing the initial
concentration of 2,4,6-TBP (23 lM) by the time taken for miner-
alization (35 days) and then multiplying with CO2-conversion
percentage (88.8%), based on results of the 14C-phenol experi-
ment. The mineralization rate was comparable with that achieved
by the aerobic strain Bacillus sp. GZT, at 0.49 lmol L�1 d�1, calcu-
lated in the same way (Zu et al., 2012). The mineralization rate
achieved by Ochrobactrum sp. TB01 was not evaluated by CO2

production, but seemed higher because of the disappearance of
100 lM 2,4,6-TCB in the culture within 36 h (Yamada et al.,
2008). However, this aerobic bacterium has a limited application
in anaerobic zones or systems. The study using anaerobic sedi-
ment slurry (Ronen and Abeliovich, 2000) reported reductive
debromination of 2,4,6-TBP and further phenol degradation. How-
ever, the mineralization efficiency was not reported as well as the
metabolite profiles including final metabolites, and microbial
composition was unclear, which made the results difficult to
reproduce.

In summary, the synthetic anaerobic microbial community
using isolated strains or highly enriched cultures with optimized
conditions of nutrients and inoculation size can be used to miner-
alize and detoxify halogenated aromatic compounds with high effi-
ciency. Compared with using undefined, mixed cultures, the
synthetic community comprising isolated strains or highly
enriched cultures simplified the challenges otherwise posed by
complex microbial compositions as well as increased treatment
efficiency, which would ultimately reduce cost. The synthetic
microbial community composing of predefined microorganisms
is expected to optimally manage microbial resources for various
applications (De Roy et al., 2014). Sequential combination of Clos-
tridium sp. strain Ma13 with KFL culture of Dehalobacter spp., fol-
lowed by D. parachlorophenolica strain DS can be used as a
synthetic anaerobic community forming a permeable reactive
microbial barrier with two, sequential, anaerobic reactions, namely
dehalogenation and phenol degradation. This can be applied to
anaerobic underground environments, where residues containing
halogenated aromatic compounds have often been reported.
Because the contaminants are often distributed as a mixture of var-
ious chemicals, the simultaneous mineralization of different types
of halogenated organic compounds, such as aliphatic and aromatic
compounds, using synthetic microbial community should be
further explored.
4. Conclusions

To our knowledge, this study reported, for the first time, the
anaerobic mineralization of 2,4,6-TBP to CO2, using a synthetic
microbial community composed of three sequentially combined,
functional bacteria from the genera Clostridium, Dehalobacter, and
Desulfatiglans. The results of this study suggest a means for com-
plete mineralization of halogenated aromatic compounds in an
anaerobic system by optimizing nutrient supplements and inocula.
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