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a b s t r a c t

The role of the humic model compound, anthraquinone-2,6-disulfonate (AQDS), in the anaerobic reductive
dechlorination of 2,4-dichlorophenoxyacetic acid (2,4-D) by the Fe(III)- and humic substances (HS)-
reducing bacterium, Comamonas koreensis strain CY01 was investigated. The results taken as a whole
indicated that (i) strain CY01 could couple glucose oxidation to 2,4-D reductive dechlorination; (ii) reduc-
tive dechlorination of 2,4-D by strain CY01 was greatly stimulated by the addition of AQDS; (iii) the transfer
of electrons from biogenic AH2QDS to 2,4-D was an abiotic process which can take place in the absence of
microorganisms; and (iv) AH2QDS was reoxidized during the chemical reaction, AQDS can serve again as
naerobic
eductive decholorination
,4-Dichlorophenoxyacetic acid
omamonas koreensis

electron acceptor for microorganisms, thus acting as electron shuttles. All the results suggested that 2,4-D
reductive dechlorination by CY01 strain was a biochemical process that oxidizes the electron donors and
transfers the electron to the acceptors through redox mediator, AQDS. We proposed the possible mech-
anism for the HS dependent reduction of 2,4-D. Our results suggested that microbial reduction of HS
and subsequent chemical reduction of organic pollutants represent an important path of electron flow
in anoxic natural environments. This work is a necessary preliminary step for better understanding the
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. Introduction

2,4-Dichlorophenoxyacetic acid (2,4-D) is the third-most widely
sed herbicide in North America and the most widely used
erbicide in the world [1]. It is the active ingredient in several for-
ulations of herbicides recommended for the control of broadleaf
eeds. It has major uses in agriculture crops, forestry, turf, non-crop

nd aquatic weeds [2]. Continuous use and improper disposal may
ause soil percolation and groundwater contamination. It causes
oxicity in receiving waters and inhibition of biological treatment
ystems even at low concentrations. The central nervous system
s a target organ for the effects of this herbicide in different ani-

al species [3]. Even though human exposure to these herbicides
as been associated with numerous clinical manifestations, such

s nervous system, liver and kidney damage [4], their continued
se is still widely practiced. In situations where these compounds
erve as environmental hazards, bioremediation appears to be a
otentially powerful clean-up tool [5].

∗ Corresponding author. Tel.: +86 20 87025101; fax: +86 20 87025101.
∗∗ Corresponding author.

E-mail addresses: wangyb02@163.com (X. Wang), sgzhou@soil.gd.cn (S. Zhou).
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urface soil.
© 2008 Elsevier B.V. All rights reserved.

2,4-D does not persist for long in the environment, because it is
eadily susceptible to microbial degradation [6]. Microbial degrada-
ion of 2,4-D has been extensively studied, the degradative pathway
or this herbicide has been elucidated and the enzymes involved
ave been characterized. As a result of this considerable attention, a
umber of bacterial genera, such as Arthrobacter, Alcaligenes, Achro-
obacter, Bacillus, Bortedella, Burkhoderia, Pseudomonas, Ralstonia,

phingomonas, Sarcina, Comamonas (Delftia) and Sporocytophaga,
re known to degrade 2,4-D, both in mixed and pure cultures [6–9].
lthough some studies described 2,4-D degradation by selected
acteria, there have been no reports, to date, on the degradation
f 2,4-D improved by humic substances (HS) by Comamonas strain.
echanisms of microbially catalyzed reductive dechlorination of

,4-D is not well understood and may be species-dependent [10].
Aerobic biotransformation of 2,4-D has been observed in

oth pure and mixed microbial cultures [11]. However, anaerobic
iodegradation of 2,4-D has not been as thoroughly eluci-
ated. It is known that the biological removal of halogen from

alogenated compounds under anaerobic conditions occurs by
eductive dehalogenation [12]. Reductive dehalogenation reactions
atalyzed by anaerobic bacteria are either co-metabolic processes
r linked to respiration; a process termed dehalorespiration [13]. In
he process of dehalorespiration, an anaerobic bacterium utilizes a

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:wangyb02@163.com
mailto:sgzhou@soil.gd.cn
dx.doi.org/10.1016/j.jhazmat.2008.08.097
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alogenated compound as a terminal electron acceptor, the reduc-
ion of which is coupled to ATP production [14]. Dechlorination
s the most commonly reported reductive dehalogenation pro-
ess, due to the widespread pollution of chlorinated compounds.
n the cases of 2,4-D, reductive dechlorination has been observed
n sewage sludge [15], pond sediment [16] and a methanogenic
quifer [17].

HS and quinines [e.g. anthraquinone-2,6-disulfonate (AQDS)],
epresentative of structural moieties in humus, have also been
hown to mediate the abiotic reductive dechlorination of poly-
hlorinated pollutants by inorganic electron donors [18]. HS has
een also reported to act as an electron mediator to enhance
he reduction efficiency of chlorinated aliphatic compounds in
queous solutions containing bulk reductant [19] and to facilitate
he microbially mediated anaerobic dechlorination of chlorinated
ydrocarbons under iron-reducing conditions [20]. Although many
biotic experiments have shown that HS catalyzed reductive
echlorination reactions, there has been much less evidence that HS

s involved in biological dechlorination [21]. It has been recognized
hat HS may play an important role in the anaerobic biodegradation
nd biotransformation of organic as well as inorganic compounds
22]. Biological reductive dechlorination are believed to be the pop-
lar approach for the dechlorination of chlorinated ethenes. As little
tudies concerning the roles of HS in anaerobic biodegradation of
,4-D by bacteria, it is still not clear so far whether HS are involved

n the dechlorination processes of 2,4-D by Comamonas. Therefore,
nowledge of the role of HS in the dechlorination of 2,4-D is thus
equired.

Although a capacity for biodegradation of 2,4-D has been found
n Comamonas microorganisms, the precise mechanism of anaer-
bic reductive dechlorination is still unknown. In this work, we
eport 2,4-D reductive dechlorination mediated via HS by Coma-
onas koreensis. A facultative anaerobic bacterium, designated
Y01, was isolated successfully from an ancient forest sample col-

ected from Guangzhou, China. It was identified as a strain of C.
oreensis. CY01 had been tested for its ability to degrade 2,4-D and
he kinetics of 2,4-D degradation by C. koreensis was explored. The
esults indicated that Fe(III) and HS-reducing microorganisms, C.
oreensis CY01, may have a more important role in conversion of
,4-D in the presence of AQDS than previous considered.

. Materials and methods

.1. Bacterial strains

An efficient Fe(III) and HS-reducing bacterium, C. koreensis strain
Y01, used in the study was isolated from the submerged forest
ediment in Sihui City, China. Strain CY01 was tested for a num-
er of key characteristics by using standard procedures [23] and
as determined according to Bergey’s Manual of Determinative
acteriology (9th edition, 1994).

.2. Culture conditions

The strain CY01 was cultured aerobically at 30 ◦C with shak-
ng at 180 rpm in Luria–Bertani (LB) medium or anaerobically
n a defined medium (per liter of distilled water: 2.5 g NaHCO3,
.25 g NH4Cl, 0.6 g NaH2PO4, 0.1 g KCl, 0.2 g yeast extract, vita-
in solution, and mineral solution). After autoclaving and cooling
nder an atmosphere of N2/CO2 (80/20, vol/vol), 5 mmol l−1 glucose
nd 1 mmol l−1 AQDS as electron donor and acceptor were added
nto the defined medium. Strict anaerobic techniques were used
hroughout the study [24]. All gases were passed through a filter
rior to use.

m

r
p
m

Materials 164 (2009) 941–947

Microbial reduction of 2,4-D, cultures of CY01 were grown
vernight in LB medium. The cells were harvested under aerobic
onditions and centrifuged for 10 min at 8000 rpm at 4 ◦C, washed
wice, and resuspended in ultrapure water. The microbial reduction
f 2,4-D was conducted in 20 ml solutions of 2,4-D (20 ppm), glu-
ose (5 mmol l−1), AQDS (3 mmol l−1), and 1 ml of the cell solution.
he solutions (initial pH, 6.5) were dispensed into 25-ml serum
ials, bubbled with N2/CO2 (80:20) and filtered (0.22 �m filters)
efore incubation. Then the serum vials were stoppered with butyl
ubber bungs and crimped with aluminium caps at a constant tem-
erature (30 ◦C) in an anaerobic station (Manufactured In USA By
heldon Manufacturing Inc. 300N, 26Th Cornelius, or 97113). The
ontrol experiments were performed in the same manner except
hat no electron donor, glucose were added to the 2,4-D solutions
25].

The production of Cl−, the degradation of 2,4-D and the con-
umption of glucose was monitored simultaneously to examine the
,4-D reductive dechlorination activity of CY01 strain. The sample
ithout glucose, electron donor, was control. During the 25-day

ultivation period, under anaerobic condition, CY01 was added into
he defined medium, including 5 mmol l−1 glucose and 20 ppm 2,4-

as electron donor and electron acceptor.
3 mmol l−1 AQDS was added into the cell suspensions, includ-

ng glucose and 2,4-D to examine if HS had capacity to accelerate
he reductive dechlorination of 2,4-D by CY01 strain in anaerobic
ondition.

The concentration of Cl− and 2,4-D of samples which cells of
Y01 were killed by autoclaving (121.3 ◦C for 20 min) or the cells
ere omitted within a 25-day incubation period to examine if

nhanced 2,4-D reductive dechlorination was the result of abiotic
rocess of AQDS.

The biogenic AH2QDS can be obtained after autoclaving. After
he cells with glucose and AQDS were incubated for 2 days (For
0 h incubation, 3 mM AQDS was completely reduced by strain
Y01, date not shown, reported in another paper), the samples were
utoclaved to move the cells, and then 2,4-D was added into the
amples.

.3. Reagents

Methanol and acetic acid of high-performance-liquid chro-
atography (HPLC)-gradient grade was purchased from Shanghai

eagent Co., China. Chemical reagents such as AQDS, 2,4-D, 2,4-
ichlorophenol (2,4-DCP) and d(+)-glucose used in the experiment
ere of analytical grade and used without further purification.

tandards of these reagents were purchased from Sigma–Aldrich.
olutions were prepared using ultrapure water and NaOH or HCl in
roper amounts was used to get the suitable pH value.

.4. Analysis techniques

All the samples were centrifuged at 4000 rpm for 15 min and
ltered through 0.22 �m syringe filter; the filtrates were stored for
ll immediate analysis.

The concentration of Cl− was determined by ion chromatog-
aphy (Dionex ICS-90) with an ion column (IonPac AS14A
mm × 250 mm). A mobile phase consisting of Na2CO3 (8.0 mM)
nd NaHCO3 (1.0 mM) solution was operated at a flow rate of
.0 ml min−1.

Glucose was determined spectrophotometrically using the

ethod described by Miller [26].
The concentrations of 2,4-D and main aromatic intermediates,

esulting from the degradation of 2,4-D were analyzed using a high-
erformance-liquid chromatography apparatus (waters 1527/2487,
ade in USA). HPLC conditions were: injector volume, 1 ml;
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ig. 1. The effect of Comamonas koreensis CY01 on the production of Cl− (a) and the bi
erformed at 30 ◦C by addition of 5 mmol l−1 glucose, 20 ppm 2,4-D and 1 ml cell so
ith three replicates: values are means of triplicate ± S.E.

obile phase flow rate, 1 ml min−1; UV detector wavelength
85 nm; reverse-phase C18 column (4.6 mm × 250 mm) and an

socratic mobile phase (vol/vol) (methanol:ultrapure water:acetic
cid = 60:38:2).

All the experiments run were conducted in duplicate and analy-
is of each parameter was done triplicate for each run. Comparison
nalyse was performed by SPSS10.0 statistical package.

. Results and discussion

.1. Isolation and identification of C. koreensis CY01

In anoxic habitats, ferric-iron and humics-reducing microorgan-
sms presumably play an important role in the oxidation of organic

atter [27]. Given the abundance of HS in some soils and sedi-
ents, electron transfer to HS might also be important if a diversity

f microorganisms is capable of this form of respiration [28]. Fur-
her understanding of the potential importance of microbial HS
eduction requires knowledge about the distribution and diversity

f microorganisms that might be responsible for this reduction in
edimentary environments [29].

In this study, a facultative anaerobic bacterium, designated
Y01, was isolated from the submerged forest sediment in Sihui
ity, Guangdong Province, China. The isolate was identified as

f
r
F
a
t

dation of 2,4-dichlorophenoxyacetic acid (b) and glucose (c). The experiments were
(1.3 × 108). Bars represent standard deviations of three independent experiments

strain of C. koreensis based on its biochemical, physiological
nd morphological characteristics as well as the analysis of 16S
DNA sequence and the DNA G + C content. CY01 strain was a
ram-negative, non-motile, non-flagella, rod-shaped (1.2–1.5 �m

ong, 0.3–0.4 �m wide), oxidase- and catalase-positive (under
erobic growth conditions) bacterium. The G + C content of the
NA was 64.8%. Analysis of 16S rDNA of CY01 indicated that

he isolate formed a monophyletic clade with the members of
he genus Comamonas. The closest phylogenetic relative among
he valid species was C. koreensis, with 98% 16S rDNA similar-
ty [30]. The optimal temperature and pH value for cultivation
as 30–32 ◦C and 6.5–7.0, respectively. Considering the results

eported here, all the experiments were conducted at 30 ◦C and
H 6.5.

Generally, a wide phylogenetic diversity of microorganisms
apable of Fe(III) reduction is also able to reduce HS [28]. Strain
Y01 showed the highest Fe(III) and AQDS reduction activity of
ll the strains isolated in this study. AQDS is a model compound
or quinine moieties in humic substances (it is a functional ana-
ogue, not a structural analogue or a model humic acid as claimed

requently in the literature). Therefore, AQDS has been used to
esearch HS-reducing instead of HS [27]. CY01 could not only reduce
e(III) and AQDS, but also 2,4-D with glycerol, glucose, citric acid
nd sucrose as electron donors under anaerobic growth condi-
ions.
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ig. 2. The effect of AQDS on the production of Cl− (a) and the biodegradation of 2,4
Y01. The experiments were performed at 30 ◦C by addition of 5 mmol l−1 glucose, 2
eviations of three independent experiments with three replicates: values are mea

.2. Reductive dechlorination of 2,4-D by C. koreensis CY01 under
naerobic condition

During the 25-day cultivation period, under anaerobic condi-
ion, the addition of CY01 to the defined medium, respectively,
esulted in a slight degradation of 2,4-D and glucose as well as
he production of Cl− in triplicate samples (the slight levels in
he presence of CY01 was to be statistically significant, P < 0.05),
hereas nearly no degradation of 2,4-D (Fig. 1b), consumption of

lucose (Fig. 1c) and production of Cl− (Fig. 1a) were observed of
he control. The dechlorination rate of CY01 was 13.3%. The results
ndicated that (i) CY01 strain has the ability to reduce 2,4-D directly,

hereas the 2,4-D-reducing ability of the microorganism is rela-
ively weak; and (ii) the reduction of 2,4-D by CY01 strain must
epend on the presence of glucose, when glucose was used as the
lectron donor. Under anaerobic or reducing conditions, several
hlorinated organic compounds have been shown to be dechlori-
ated by anaerobic and facultative microorganisms [5]. Our results
lso demonstrated that 2,4-D could be microbially reduced under
naerobic condition.

.3. Effect of AQDS on the biodegradation of 2,4-D by CY01 strain
HS are known to stimulate chlorinated organic compounds
eduction by serving as electron shuttles between the cells and
hlorinated organic compounds [18]. Previous studies demon-
trated that Comamonas was involved in the process of 2,4-D

i
o
C
g
5

lorophenoxyacetic acid (b) and glucose (c) in the presence of Comamonas koreensis
2,4-D, 3 mmol l−1 AQDS and 1 ml cell solution (1.3 × 108). Bars represent standard

riplicate ± S.E.

egradation, but the mechanisms involved were not elucidated
uring this process [29]. Therefore the role of HS in the anaero-
ic reductive dechlorination of 2,4-D was next examined. As can be
een from Fig. 2, under anaerobic condition, 2,4-D was reduced sig-
ificantly by CY01 strain. Concomitant with the decrease of glucose,
he amount of Cl− increased up to ∼3 ppm, because of the decom-
osition of 2,4-D. The dechlorination rate of CY01 was increased by
our times (the dechlorination rate of CY01 was up to 50%) in the
resence of AQDS. under anaerobic condition. Glucose was oxidized
sing 2,4-D as electron acceptor by CY01.The positive correlation
etween the oxidation of glucose and the reduction of 2,4-D. The
esults suggested that (i) the higher efficiency dechlorination of 2,4-

by the CY01 strain was dependent on the introduction of AQDS
hich were reduced during the assay. (ii) CY01 can couple glucose

xidation to 2,4-D reductive dechlorination, with AQDS to medi-
te the course. The stimulation of 2,4-D reductive dechlorination
aused by CY01 in the presence of AQDS clearly demonstrated that
his particular quinine can serve as an electron shuttle between
Y01 and 2,4-D. Quinones in humus, once microbially reduced, can
ransfer their reducing equivalents to chlorinated compounds [31].

It is accounted that the complete dechlorination of 20 ppm 2,4-D
ould produce 6 ppm Cl−. However, during the 25-day incubation,

n the presence of AQDS, about 85% 2,4-D was reduced and 80%
f glucose was consumed; only about 3 ppm Cl− was produced.
onsiderably less dechlorination occurred in incubations lacking
lucose. In the presence of AQDS, the removal of Cl− was less than
0% after 25 day of cultivation, but the biodegradation rate of 2,4-D
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ig. 3. The production of Cl− (a, c) and the biodegradation of 2,4-D (b, d) without Co
QDS. The experiments were performed at 30 ◦C by addition of 5 mmol l−1 glucose, 2
tandard deviations of three independent experiments with three replicates: values

nd glucose was ∼80–85%. This was an indication that some of the
ntermediates derived from 2,4-D decomposition remained, mainly
s chlorinated organic compounds, such as 2,4-dichlorophenol, 2,4-
ichloroanisol (2,4-DCA) and 4,6-dichloroanisolresorcinol, etc. [1].
ithin a 25-day period, it appears that the dechlorination of 2,4-D

s the result of CY01 action and that the addition of AQDS enhances
echlorination activity. C. koreensis CY01 and 2,4-D via HS acceler-
tes the microbial reductive dechlorination of 2,4-D.

AQDS reduction is a good predict of the capacity for HS reduc-
ng [28]. Using an intermediate is an effective strategy to accelerate
egradation of some environmental pollutants [32]. It was gener-
lly considered that HS can serve as redox mediators for microbial
eductive dechlorination. This is because reduced HS can directly
ransfer the electrons gained from microbial reduction to chlori-
ated compounds. HS are reoxidized during this chemical reaction;
S can serve again as electron acceptors for microorganisms, thus
cting as electron shuttles [33–35].

.4. Effect of AQDS on 2,4-D reductive dechlorination without
Y01 strain
Because the addition of AQDS enhanced the conversation of
,4-D by increasing the rate and extent of dechlorination of this
ollutant by C. koreensis CY01, we next examined if enhanced 2,4-D
eductive dechlorination was the result of abiotic process of AQDS.
he results showed the higher background concentration of Cl−

d

A
a

nas koreensis CY01 or with dead Comamonas koreensis CY01 cell in the presence of
2,4-D, 3 mmol l−1 AQDS or 1 ml autoclaved cell solution (1.3 × 108). Bars represent

eans of triplicate ± S.E.

f controls with dead CY01 strain (Fig. 3d) than that of controls
ithout CY01 (Fig. 3a). Cl− concentration of controls with dead
Y01 strain was about 1.1–1.2 ppm, whereas that of controls with-
ut CY01 strain was about 0.2-0.3 ppm. The observations can be
xplained as below: when cells were killed by autoclaving, the com-
onent of cytoplasm spilled from the dead cells (including Cl−),
hus Cl− concentration increased in the controls with dead CY01
train.

As also seen from Fig. 3, without CY01 cells or with dead CY01
ells, the addition of AQDS hardly affected the production of Cl−

Fig. 3a and d) and the decreasing of 2,4-D (Fig. 3b and c). The neg-
igible dechlorination achieved in no cells (the dechlorination rate
as about 0.63%) or autoclaved cell samples (the dechlorination

ate was about 0.34%) in the presence of AQDS indicated that 2,4-D
eductive dechlorination was a biological process and not a chem-
cal reaction as reduced AQDS was not able to reduce 2,4-D in the
bsence of CY01 strain, or when cells were killed by autoclaving.
he absence of C. koreensis CY01 strain cancelled the stimulating
ffect of AQDS on 2,4-D-dechlorination in anaerobic condition.

.5. Effect of the biologically reduced AQDS on reductive

echlorination of 2,4-D

The above results provided evidence that C. koreensis CY01 and
QDS were responsible for the enhanced conversion of 2,4-D in
naerobic condition. To further investigate the possible mechanism
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ig. 4. The effect of biogenic AH2QDS on the production of Cl− (a) and the biode
erformed at 30 ◦C by addition of 5 mmol l−1 glucose, 20 ppm 2,4-D, 3 mmol l−1 AQDS
xperiments with three replicates: values are means of triplicate ± S.E.

f microbially catalyzed reductive dechlorination process of 2,4-
in the presence of AQDS, the further research on the effect of

iogenic AH2QDS may be necessary. By autoclaving to exclude the
echlorination activity of strain CY01, and only that of biologically
educed AQDS was investigated. As shown from Fig. 4, controls with
ead CY01 strain served as calibration standard, the net production
f Cl− (Fig. 4a) can be calculated as about 2.3–2.7 ppm (the dechlori-
ation rate was about 38.3–45%) during 25 day. The biodegradation
ate of 2,4-D and glucose (Fig. 4b and c) almost reached the level of
amples without autoclaving (Fig. 2b and c). The biogenic AH2QDS
as shown to directly cause the chemical reduction of 2,4-D when

he microorganisms were moved by autoclaving from samples.
nce oxidized by 2,4-D, AQDS may again accept electrons from
umics and Fe(III)-reducing strain, CY01. The results suggested
hat 2,4-D reductive dechlorination by CY01 strain is a biochem-
cal process that oxidizes the electron donors and transfers the
lectron to the acceptors through redox mediator, AQDS. Quinones
n humus, once microbially reduced, can transfer their reducing
quivalents to chlorinated compounds [21]. Thus, in environments,
ven small quantities of humics could be important in electron
ransfer as they could be recycled as electron acceptors numerous

imes [20].

The proposed mechanism for the HS dependent reduction of
,4-D is: AQDS is reduced to the corresponding hydroquinone
AH2QDS) by CY01 strain, then the biogenic AH2QDS can transfer
lectrons directly to 2,4-D in a purely chemical reaction, however,

D
H
i
c

ig. 5. The hypothetical mechanism describing the enhanced reductive dechlorina-
ion of 2,4-D by C. koreensis in the presence of humic substances (Hum).

here may be biological interaction between microbial anaerobic
umic reduction and 2,4-D reductive dechlorination, which was lit-
le known. Because AH2QDS were reoxidized during the chemical
eaction, AQDS can serve again as electron acceptors for microor-
anisms, thus acting as electron shuttles. This allows an indirect
educing of 2,4-D without direct contact to the bacterial cells in the
resence of AQDS, thus enhancing the rates of microbial reduction
f 2,4-D. This was proved indirectly by Kappler et al. [36] and Lovely.
he proposed mechanism for the HS dependent reduction of 2,4-D
s outlined in Fig. 5.

. Conclusions
In this study, the influence of HS on the dechlorination of 2,4-
by C. koreensis CY01 was examined. The results indicated that

S and Fe(III)-reducing bacterium may have more important role
n the conversion of 2,4-D in the presence of HS than previously
onsidered. To our knowledge, the present study constitutes the
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Strain CY01 has the ability to reduce 2,4-D directly, whereas
he 2,4-D-reducing ability of the microorganism is relatively weak.
owever, when the humic model compound, AQDS was introduced,

he dechlorination activity of strain CY01 was enhanced under the
ame conditions. The reduction of 2,4-D by CY01 strain with or
ithout AQDS must depend on the presence of glucose, when glu-

ose was used as the electron donor. These results suggested that
train CY01 can couple glucose oxidation to 2,4-D reduction, with
QDS to mediate the course. Electron shuttling between C. koreensis
Y01 and 2,4-D via HS accelerates the anaerobic biodegradation of
,4-D. It was believed that CY01 may transfer electrons via HS to 2,4-
. The negligible dechlorination achieved in no cells or autoclaved
ell samples in the presence of AQDS indicated that 2,4-D reductive
echlorination was a biological process in anaerobic condition. The
iogenic AH2QDS was shown to directly cause the chemical reduc-
ion of 2,4-D when the microorganisms were moved by autoclaving
rom samples. Higher efficiency of 2,4-D reductive dechlorination
epends on the combination of the biologically reduced AQDS and
hemical reduction of 2,4-D. AQDS can serve as electron shuttles.
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lossary

,4-D: 2,4-dichlorophenoxyacetic acid
QDS: anthraquinone-2,6-disulfonate

S: humic substances
B: Luria–Bertani
H2QDS: anthrahydroquinone-2,6-disulfonate
PLC: high-performance-liquid chromatography
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