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INTRODUCTION

Azo dyes are characterized by the presence of one or more azo groups (-N=N-).

They are the largest and most versatile class of dyes, and more than half of the

annually produced dyes are azo dyes (62). Presumably more than 2,000 different azo dyes

are currently used for the dyeing of various materials such as textiles, leather, plastics,
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cosmetics, and food (12). The textile industry consumes the largest amount of azo dyes,
and its estimated the approximately 10-15% of dyes used for coloring textiles might
be lost in waste streams (1). Sulfonated azo dyes are known to be resistant to
degradation by aerobic bacteria due to the strong electron-withdrawing property of the
azo group thought to protect against attack by oxygenases (28) so that there generally pass
biodegradative processes in conventional sewage treatment systems untreated (40, 48).
The azo dyes-containing effluents from these industries have caused serious environment
pollution, because the presence of dyes in water is highly visible and affects their
transparency and aesthetics even if the concentration of the dyes is low (23).

Microbial decolorization of sulfonated azo dyes readily occurs under anaerobic
conditions by a wide variety of bacteria utilizing several intracellular reductases
to reductive cleavage of the azo dyes to produce corresponding colorless aromatic amines
(9, 13, 19, 22, 44, 45). These reactions usually occur with rather low specific activities
but are extremely unspecific with regard to the microorganisms involved and the dyes
converted. In the textile processing industry, a wide range of structurally diverse dyes
is used within short time periods in one and the same factory and, therefore, the
effluents from the industry are markedly variable in composition (17). Moreover, in the
case of sulfonated azo dyes, sulfonic acid substitutions seem to be an effective inhibi-
tor of permeation of the dyes through the cell membrane (56) and therefore, intracellular
reductases do not function (46). Thus, an extracellular nonspecific biological process
may be vital for treatment of the textile effluents. From the currently known biological
systems, the required unspecifity may be obtained by using the suitable redox mediator
system. The unspecific anaerobic reduction of azo compounds very often low-molecular-
weight redox mediators (e.g., flavins or quinones) are involved (14, 26, 29, 42, 43, 50).
These mediators are reduced by bacterial enzymes to corresponding their reduced forms
(e.g., reduced flavins or hydroquinones) which enable the transfer of redox equivalents
to extracellular azo dyes in a purely chemical reaction (14, 42, 50). These alternative redox
mediators either occur naturally in groundwater and sediments or are possible additives for
stimulating in situ biodecolorization processes. Also, organic matter in the natural environ-
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ment may contain humic substances, which are known to accelerate reductive processes by
redox mediation (7, 11, 31, 47).

In the present study, humic substance is evaluated as a potential redox mediator
for the reduction of sulfonated azo dyes. Humic substance is the stable organic matter ac-
cumulating in soils and sediments (49). Although humic substance is generally consider
to inert for microbial catabolism, it has recently been reported to play an active role in an-
aerobic oxidation of a wide variety of ecologically relevant organic substrate (10, 15, 31).
These studies have demonstrated that the reduction of humic substances may be
important mechanisms for organic substrate oxidation in many anaerobic environments.
Quinone moieties of humus have been implicated as redox active groups (47) accepting
the electrons. Anthraquinone-2,6-disulfonate (AQDS) have been used as a defined model
for such moieties (10, 11, 31). Most AQDS-respiring microorganisms are capable of
transferring electrons to AQDS, reducing it to anthraquinone-2,6-disulfonate (AH2QDS).
The role of humic analog AQDS as an electron shuttle has been demonstrated previously
and thought to provide a strategy for Fe (Ill) reducers to access insoluble Fe (l11)
compounds (31). The anaerobic microbial oxidation of phenol and p-cresol in granular
sludge was recently found to be coupled to the reduction of AQDS (11). The addition of
humic acids or AQDS was also shown to stimulate the mineralization of the priority
pollutants vinyl chloride and dichloroethene by a humus-respiring consortium un-
der anaerobic conditions (7). The rates of azo dye decolorization are also enhanced in
the presence of different quinoid redox mediators, especially anthraquinone-2-sulfonate.
(29, 42, 59). Because the utilization of humic substance as a redox mediator should
allow very unspecific reduction processes with various azo dyes, in the present study
it was therefore to examined the mechanism which, humic substance stimulate
anaerobic reduction of sulfonated azo dyes by Paenibacillus sp. strain A5. The loca-
tion of the enzyme system which is responsible for the reduction of sulfonated azo dyes
by whole cells of strain A5 in the presence of humic substance was also determined.
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MATERIALS AND METHODS
Bacteria strain and culture condition

Paenibacillus sp. strain A5, a facultative anaerobic and endospore-forming bacteria,
was originally isolated from textile effluent treatment plant. The isolation and characterization
of this strain have been described before (51). Cell suspensions of strain A5 are able
to anaerobically reduce various sulfonated azo dyes to corresponding aromatic amines (52).
Strain A5 was routinely grown at 30 °C on minimal medium containing glucose as
a sole carbon and energy source. The basic composition of minimal medium (MMG) was
(in g I"): glucose 0.9, (NH,),SO, 0.28, NH,CI 0.23, KH,PO, 0.067, MgSO,*7H,0O 0.04,
CaCl,*»2H,0 0.022, FeCl,+6H,0 0.005, NaCl 0.15, NaHCO, 1.0 and 1 ml I* of a trace
element solution containing (in g 1) ZnSO,*7H,0 0.01, MnCl+4H,0 0.1, CuSO,*5H,0
0.392, CoCl,*6H,0 0.248, NaB,0,+10H,0 0.177 and NiCl_«6H,0 0.02.

Anaerobic reduction of sulfonated azo dyes with whole cells

Cells of strain A5 were grown aerobically in MMG to an optical density at 600 nm
(ODG600) of approximately 1. Then cells were harvested by centrifugation, washed twice,
and resuspended in 50 mM Na-K phosphate buffer (pH 7.5). The cell suspension (protein
concentration of approximately 0.1 g I*) was transferred into screw cap-glass tubes (10 ml).
The reaction mixture contained in a final volume of 10 ml, 5 mM of glucose, 50 mM
of Na-K phosphate buffer (pH 7.5), and different concentration of redox mediators.
Oxygen was removed from reaction mixture by evacuation and flushing with oxygen-free
nitrogen gas for 5 min. The reaction was started by the addition of sulfonated azo dyes
(final concentration = 100 pM) from anaerobic stock solution into reaction mixture.
To prevent possible contamination with oxygen during sampling, tubes were opened
only once, and only as many glass tubes were incubated as measurements were planned.
The cells were removed by centrifugation (10,000 x g, 10 min), and the concentration
of sulfonated azo dyes in supernatant was determined spectrophotometrically
at A, of each azo dye.
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Standard assay for determination of azo reducatase activities with cell extracts
and soluble cell membrane in the presence of different redox mediators

The azo reductase activity was determined anaerobically in 1.5 ml-rubber-
stoppered cuvettes which were flushed before the assay with oxygen-free nitrogen gas.
Azo reductase activity was routinely measured by a modification of the spectro
photometric assay described previously by Kudlich et al. (29) and Russ et al. (46). For
the standard assay, the anaerobically prepared reaction mixtures contained in 800 pl
of 50 mM of Tris-HCI buffer (pH 7.5), 25 uM of the respective sufonated azo dyes, and 50
MM of redox mediators (FAD or AQDS). The cell extracts or solubilized cell membrane
from Paenibacillus sp. strain A5 were added (200 pl, about 0.05 to 0.1 mg of protein),
and the reaction mixtures were flushed again with nitrogen gas. Finally, the reaction was
started by the addition of 300 uM of NADH, and the initial rate was measured at 30 °C with
a model UV WINLAB, Perkin EImer molecular spectrophotometer for 30 min (by using
1-min measuring intervals). Reaction rates were calculated by using molar extinction
coefficient of these azo dyes, which are summarized in Table 1.

TABLE 1. Properties of sulfonated azo dyes used in this study.

Azo dye Generic name C.l. Ao Extinction
number (nm) coefficient
(mM*cm?)
Remazol Brilliant Orange 3R reactive orange 16 17757 495 154
Remazol Brilliant Violet SR reactive violet 5 18097 557 6.8
Remazol Black B reactive black 5 20505 595 29.1

®The dyes were provided by Dystar Thai Ltd., and not further purified. The absorption
maxima and molar extinction coefficients were determined in Na-K phosphate buffer (50 mM;

pH 7.5).
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Preparation of cell membranes

Strain A5 was grown aerobically under the conditions described above until
they reached the late exponential growth phase. Cells were harvested by centrifugation
at 10,000 x g for 10 min, washed twice, and resuspended in Na-K phosphate buffer
(50 mM, pH 7.5) to an OD_, of about 5. Cell-free extracts and cell membranes were
prepared by disruption of a suspension of whole cells (protein content, about 1 g I?)
by ultrasonication using an ultrasonic processor (Sonicator® W-385, Heat systems-
Ultrasonics, Inc.). After removing the cell debris by centrifugation at 10,000 x g for 15 min
at 4 °C, the supernatant was ultracentrifuged at 100,000 x g for 30 min at 4 °C (29, 43).
The supernatant of ultracentrifugation was used in certain experiment as the
“cytoplasmic fraction”. In the same time, the transparent pellet formed after
ultracentrifugation was resuspended in a volume of about 10 ml in 50 mM Tris-HCI
buffer (pH 7.5) and used in enzyme assay as the “membrane fraction” (29, 43). For the
isolation of the membrane-bound azo reductase, 1 ml of this preparation was incubated
on ice for 5 min with 950 pl of 50 mM Tris-HCI buffer (pH 7.5) and 50 ul of a solution
of Triton X-100 (20%, v/v). Finally, 200 ul of this mixture was used for the azo dye
reduction as described above. The remaining membrane-bound protein was stored
at -20 °C until used.

Enzyme assays
(i) NADH:quinone oxidoreductase

The NADH:quinone oxidoreductase was measured spectrophotometrically
by a modification of the method given by Matsushita et al. (32). In this anaerobic assay,
this enzyme activity is determined by the reduction of menaquinone (MK-2) or NADH.
In standard assay, cell extract and soluble cell membrane were added to a solution
(final volume, 1ml) containing 50 mM of Tris-HCI (pH 7.5), 50 uM of menaquinone
dissolved in dimethyl sulfoxide, and 2.5 mM of NaCN. The reaction was started by
the addition of 200 uM of NADH. Due to the behavior of menaquinone, which has
an intense peak at 336 nm in the oxidized form and 326 nm in reduced form (16), thus,
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the reduction rate of NADH was measured at 348 nm (molar extinction coefficient
= 5.9 mM*cm?), where reduced and oxidized forms of menaquinone have identical
absorbtivity.

(i) NAD(P)H:flavin oxidoreductase

The NAD(P)H:flavin oxidoreductase was determined by a modification of the
method given by Izumi and Ohshiro (25) and Russ et al (46). The reaction mixture
(final volume, 1 ml) for the measurement of the enzyme activity contained 50 mM
of Tris-HCI (pH 7.5), 0.5-1 mg protein of cell extract or soluble cell membrane, and
3 UM of riboflavin. The reaction was started by the addition of 250 uM of NADH.
The decrease in the concentration of NADH was determined spectrophotometrically
at 340 nm, and reaction rates were calculated by using a molar extinction coefficient
of 6.2 mM*cm™.

Determination of protein content

The protein content of cell extracts and soluble cell membrane were determined
by the method of Bradford (6) with bovine serum albumin (Sigma, Fraction V) as the
standard. Proteins in whole cells were assayed after adding NaOH to the cells to 1 N
concentration, then boiling the cultures for 5 min. The supernatant fractions obtained
by centrifuging the suspensions were assayed by the Bradford method, using 1 N NaOH as
diluent for the standards.

Reduction of AQDS by whole cells of strain A5 and subsequent chemical re-
duction of sulfonated azo dyes by reduced AQDS

Strain A5 was aerobically grown in MMG until reach the late-exponential growth
phase. The cells were harvested by centrifugation, washed and resuspended in Na-K
phosphate buffer (50 mM, pH 7.5). One millilitre of the cell suspension (protein content
= 0.1 g I'Y) was transferred to screw cap-glass tube (10 ml.) containing 9 ml of 50 mM
Na-K phosphate buffer (pH 7.5) plus glucose (5 mM). The anaerobic incubation was
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started by the addition of AQDS (final concentration = 0.25 mM) form anaerobic stock
solution into reaction mixture. The concentrations of reduced AQDS (AH2QDS) were de-
termined spectrophotometrically at 450 nm. After 10 h of incubation, the cells of strain A5
were removed form suspension by filtration through a 0.2-pum-pore diameter filter under
anaerobic atmosphere. The resulting supernatant was then transferred into 1 cm
disposable plastic cuvettes. The chemical reduction of azo dyes by reduced AQDS was
started by the addition of anaerobic azo dyes solutions (final concentration = 0.1 mM)
into cell-free suspension. The reduction of azo dyes was determined spectrophoto-metrically
at A of each azo dye for 30 min (using 30 sec measuring intervals).

Determination of quinone component(s) in plasma membrane

Paenibacillus sp. strain A5 cells were grown either aerobically or anaerobically
in 100 ml. volumes. Cells were harvested by centrifugation for 10 min at 10,000 x g after the
cultures reached an OD,, = 2.0. Pellets were resuspended in 6 ml chloroform:methanol (2:1,
v/v) and the suspension was gently mixed overnight in complete darkness at room temperature.
The suspension was filtered though Whatman no. 1 filter paper and filtrate was evaporated
under reduced pressure. The residue was resuspended in ethyl acetate, and solution was spot-
ted on Silica Gel 60 F254 aluminum-packed TLC plates (E. Merck, Germany). Menaquinone
(MK-1) and ubiquinone (Q1) were used as standards. Samples were eluted with a mixture
of n-hexane and diethyl ether (85:15, v/v). Quinones were detected on TLC plates by brief
irradiation with short-wave ultraviolet light (33).

Analytical techniques

The concentration of sulfonated azo dyes was determined spectrophotometrically (UV
WINLAB, Perkin Elmer). Sulfonated azo dyes and the corresponding reduction products
were analyzed by high performance liquid chromatography (HPLC; Shimadzu model LC-3A
chromatograph (Shimadzu Corp., Kyoto, Japan) equipped with Shimadzu model SPD-2A
detector). A reverse-phase column was Pegasil ODS, (4.6 mm x 150 mm [inside diameter]
column, Senshu Scientific Co., Ltd., Tokyo, Japan). A mobile phase composed of 50%
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methanol, 0.3 % H3PO4, and 49.7% water was used with the flow rate of 0.5 ml min-.
The eluates were monitored by UV absorption at 275 nm. Concentration of AH2QDS
were determined spectrophotometrically by monitoring the absorbance at 450 nm
by using a molar extinction coefficient of 2.7 mM- cm obtained from a calibration curve of
AQDS chemically reduced by dithionite as previously described (10).

Chemicals

Remazol Brilliant Orange 3R, Remazol Black B, and Remazol Brilliant Violet 5R
were kindly supplied by Dystar, Thailand, Ltd. NADH, FAD, ubiquinone (Q1), and
menaguinone (MK) were purchased form Sigma Chemical Co., St. Louis, Mo. AQDS, riboflavin,
and humic acid were purchased from Aldrich Chemical (Milwaukee, Wis.). All other
chemicals used for minimum medium and buffer solutions were obtained from E. Merck AG.
(Darmstadt, Germany) and Aldrich Chemical (Milwaukee, Wis).

RESULTS

AQDS stimulation of different sulfonated azo dyes reduction by whole cells
of strain A5

To determine whether AQDS stimulated bacterial azo dyes reduction, cell
suspensions of azo dyes-reducing bacterium Paenibacillus sp. strain A5 were added
to phosphate buffer containing glucose as the electron donor and various sulfonated
azo dyes (for structural formulas see Fig. 1) and were incubated under anaerobic condi-
tion. Cell suspensions of strain A5 only slowly reduced azo dyes in the absence of addi-
tional redox mediator, but when the AQDS was also added to the buffer, azo dyes reduc-
tion was greatly stimulated (Fig. 2). The observed variations in the relative increase of the
azo dye reduction rates for different dyes were presumably due to differences in the redox
potentials of the individual azo compounds. The lesser but significant stimulation was
observed in this study with the commercially available Aldrich humic acids that was previously
found to stimulate the dissimilatory reduction of ferric iron (31). Abiotic reduction of
sulfonated azo dyes did not occur in controls without cells or added electron donor (Fig. 2).
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FIG.1 Chemical structure of the sulfonated azo dyes used in this studly.

Quinone component(s) in cell membrane of strain A5

Newman and Kolter have recently shown that there is a common biochemical
basis for AQDS and humic acid respiration involving the biosynthesis of menaquinone,
a lipophilic naphthoquinone with a prenyl side chain of variable length that participates in the
transfer of electrons to low-potential electron acceptors and normally found within the lipid
bilayer of cell membrane (34). Every Bacillus sp. so far examined contains menaquinone as
the sole quinone component and general absence of ubiquinone (33). Like all the other bacilli,
lipid extraction of culture grown aerobically showed that only menaquinone was found in Pae-
nibacillus sp. strain A5. (as assayed by thin layer chromatography). Thin layer chromatography
also revealed that menaquinone was not present in the supernatants of strain A5.
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FIG.2 Reduction of sulfonated azo dyes by
Paenibacillus sp. strain A5 in the presence or
absence of AQDS. The reduction of Remazol
Brilliant Orange 3R (A), Remazol Black B (B),
and Remazol Brilliant Violet 5R (C).

Reduction of different sulfonated
azo dyes by whole cells of strain A5
in the presence of different concent-
rations of AQDS

The addition of quinoid redox me-
diators resulted in an increased reduction
rate for azo compounds by various bacteria
(26, 29, 30, 42, 43). To demonstrate the
general applicability of this system for the
treatment of textile wastewaters, various
sulfonated azo dyes were incubated under
anaerobic condition with whole cells of
Paenibacillus sp. strain A5 in the presence
of different concentrations of AQDS. Thus,
it was found that the addition of AQDS
significantly increased the rate of decol-
orization of various sulfonated azo dyes
(Fig. 3). Concentration of AQDS as low as
50 uM significantly stimulated all sulfonated
azo dyes reduction by cell suspensions of
Paenibacillus sp. strain A5 (Fig. 3). The rate
of azo dyes reduction was also dependent on
the concentration of AQDS added.
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FI1G.3 Anaerobic reduction of sulfonat-
ed azo dyes in the presence of different
concentrations of AQDS by whole cells
of Paenibacillus sp. strain AS. The cells
of strain A5 were grown aerobically
in a minimal medium with glucose
(5 mM). When cell reached the lated-ex-
ponential growth phase, cells were har-
vested by centrifugation and resuspend-
ed anaerobically in Na-K phosphate
buffer (pH 7.5; 50 mM). This cell sus-
pension (protein content, 0.09 g 1) was
completely filled into cultured tubes
(10 ml). The oxygen-free reaction mixtures contained sulfonated azo dyes (0.1 mM), glucose (5
mM), and different concentration of AQDS. The decolorization of the sulfonated azo dyes was
measured spectrophotometrically at A, of each azo dye.

Comparison of the azo reductase activities in different cellular components
of Paenibacillus sp. strain A5 with different industrially sulfonated azo dyes

In the present study it was attempted to determine the location of the enzyme
system(s) responsible for the reduction of sulfonated azo dyes by Paenibacillus sp.
strain A5 in the presence of AQDS. Therefore, azo reductase activities of cellular
membrane and cytoplasm of strain A5 were compared in the presence of AQDS (0.05 mM)
in reaction mixtures. Thus, it was found that the majority of AQDS-dependent azo
reductases activities present in membrane fraction of strain A5 (Table 2).

Up to the present, the most generally accepted hypothesis for bacterial reduction
of azo dyes is that many bacterial cells possess a rather unspecific cytoplasmic azo
reductases which transfers electrons via soluble or bound-flavins to the azo dyes (45, 56).
The involvement of different low molecular weight redox mediators (e.g., flavins and
quinones) in the bacterial reduction of azo dyes have been repeatedly suggested (14, 26,
29, 42, 43, 50). In this manuscript, it was also attempted for the first time to perform
the comparison of the effects of both flavin-type (FAD) and quinoid-type mediator (AQDS)
on azo reductase activities present in different cellular components.
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TABLE 2 Effect of the different redox mediators on anaerobic reduction of sulfonated azo dyes by

Paenibacillus sp. strain A5

Azo dye Redox mediator® Specific reduction rate”

(mol min™ g of protein™) with:

Whole cells Membrane Cell extract

Remazol Brilliant Orange 3R None 1.5 5.1 1.9
AQDS 2.2 9.4 2.2
FAD 1.6 6.5 4.8
Remazol Black B None 1.2 1.9 1.7
AQDS 1.7 2.9 2.4
FAD 1.3 1.9 3.4
Remazol Brilliant Violet 5R None 0.6 5.9 3.3
AQDS 1.0 10.2 5.0
FAD 0.7 6.4 7.0

“The redox mediators were added in concentration of 50 WM each. The E ’ values of AQDS
and FAD are -184 mV and -210 mV, respectively.
*Specific reduction rate of sulfonated azo dyes with whole cells, cellular membrane or cell

extract was determined as described in Materials and Methods.
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Without the addition of any redox mediators (FAD nor AQDS), the specific
decolorization rates of orange, violet and black dye of whole cells were significantly
lower than the specific decolorization rates of the same dyes determined with cell extracts
(Table 2). This suggested that either the cell membrane limited the uptake of highly polar
sulfonated azo dyes or the lack of some cofactors (e.g., free flavins) limited the reduction
of azo dyes by whole cells. The addition of FAD (0.05 mM) to whole cell suspensions and
the cell membrane fraction of Paenibacillus sp. strain A5 did not significantly increase
the azo reductase activities of whole cells and slightly increased the azo reducase
activities present in membrane fraction. In contrast, it was observed that the addition
of the same concentration of FAD in the cytoplasmic fraction of strain A5 resulting
in dramatically increased in the specific reduction rates of all azo dyes used.

On the other hand, the addition of the same concentration of AQDS, a quinoid
redox mediator, was significantly enhanced azo reductase activities of whole cells and
greatly stimulated the azo reductase activities present in membrane fraction of strain Ab5.
In cyto plasmic fraction, however, this externally added quinoid mediator had rather
lower stimulating effect on azo dyes reduction than the addition of FAD (Table 2).
Thus the membrane-bound and cytoplasmic azo reductases of strain A5 are prob-
ably different enzyme systems which the latter may have insignificant importance in the
reduction of sulfonated azo dyes in vivo.

Quinone reductase and flavin reductase activity in membrane and cytoplasmic
fraction of strain A5

In cytoplasmic membranes of almost all prokaryotes, it has been shown that
the reduction of soluble quinones is catalyzed by the membrane-bound respiratory
NADH:quinone reductase (4, 5, 32, 58). Furthermore, it was previously suggested that
in Sphingomonas xenophaga BN6 the (membrane-bound) NADH:quinone oxidoreductase
of respiratory chain is responsible for the reduction of anthraquinone-2-sulfonate (and
thus the azo reductase activity) (29). In the other hand, in earlier studies with facultatively
anaerobic bacteria, it was repeatedly suggested that the reduced flavins generated
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by cytosolic flavin-dependent reductases (flavin reductases) were responsible for unspecific
reduction of azo dyes (22, 45, 46). Because quinone reductases and flavin reductase
are hypothesized involving the unspecific reduction of azo dyes by bacteria, there-
fore, in this study we attempted to determine the activity of these enzymes present in
membrane and cytoplasmic fractions of strain A5. For strain A5, it has shown that the high
level of NADH: quinone oxidoreductase activity was found in membrane fraction
meanwhile the high level of NAD(P)H:flavin oxidoreductase activity was found in cytosolic
fraction of the cells (Table 3).

TABLE 3 Specific activities of quinone reductase and flavin reductase in membrane-bound and cell

extract of Paenibacillus sp. strain A5.

Specific activity (umol min-1 g of protein™)’

Enzyme

Membrane Cell extract
Quinone reductase 81.8 8.8
Flavin reductase 6.8 72.1

“The enzyme activities were determined spectrophotometrically as described in Materials

and Methods.

Mechanism which AQDS enhance sulfonated azo dyes reduction

The proposed mechanism by which AQDS enhance reduction of azo com-
pounds encloses two independent reactions: first, the quinones are enzymatically reduced
to the corresponding hydroquinones, and second, the hydroquinones cleave the azo
dyes in a purely chemical reaction (31, 42, 50). Therefore, both reactions were analyzed
separately (Fig. 4). For the first reaction, the experimental results shown that the anaerobic
Paenibacillus sp. strain A5 suspensions could drive a large fraction of AQDS to the
reduced state (anthrahydroquinone-2,6-disulfonate, AH,QDS) as evidenced by the orange
color formation and increased absorbance at 450 nm (10)) of the culture medium with
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FIG. 4 Enzymatic reduction of AQDS to
AH2QDS by Paenibacillus sp. strain A5
and subsequent chemical reduction of
sulfonated azo dyes by AH2QDS.
Washed cells of Paenibacillus sp. strain
A5 (0.09 g of protein I-1) were suspended
in 10 ml. Na-K phosphate buffer (50 mM;
pH 7.5) containing glucose (5 mM) as
the electron donor and AQDS (250 pM)
as electron acceptor. The concentration
of reduced AQDS (AH2QDS) was de-
termined spectrophotometrically at 450
nm. After 10 h of anaerobic incubation, cells were removed by filtration (0.2-uM-pore-diameter
filter). The cell-free culture supernatant was then filled into gas-tight cuvettes (final volume = 1
ml.) under anaerobic condition and anaerobic stock of each sulfonated azo dyes was added to 100
UM final concentration. The cuvettes were transferred to a spectrophotometer and the decoloriza-
tion of sulfonated azo dyes was determined at Amax of each azo dye.

in 10-h incubation period (Fig. 4). At the end of anaerobic incubation, the buffer turned
orange owing to the accumulation of AH,QDS. The fact that the introduction of oxygen
at the end of the anaerobic incubation resulted in immediate loss of orange color and
decreased absorbance confirmed that AQDS was enzymatically reduced during the anaerobic
incubation with strain A5 (data not shown).

To evaluate the second reaction in proposed mechanism, sulfonated azo dyes
were added into cell-free culture filtrates containing of AH,QDS, it was found that
the orange color of AH,QDS disappeared immediately. Furthermore, it is evident that the
amounts of three sulfonated azo dyes reduced rapidly and Remazol Brilliant Orange 3R and
Remazol Brilliant Violet 5R were completely removed within a few minutes after addition into
filtrates of 10-h anaerobic incubated cell suspensions containing 0.25 mM AQDS. In the other
hand, AQDS not incubated with Paenibacillus sp. strain A5 did not reduced all sulfonated azo
dyes and filtrates of cell suspensions that did not contain AQDS did not reduced all azo dyes.

The addition of fixed concentration of all sulfonated azo dyes (0.1 mM) into the
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cultured-filtrates containing known concentration of AH,QDS (= 0.25 mM) demonstrated
that the chemical reduction of orange and violet dye required two moles of AH,QDS
to produce the corresponding aromatic amines and by four moles of AH,QDS to produce the
corresponding aromatic amines of black dye. The stoichiometry suggested a complete reduc-
tion of sulfonated azo dyes to the corresponding aromatic amines.

Characterization of products formed from chemical reduction of various sul-
fonated azo dyes

The reduction products of sulfonated azo dyes present in the reaction mixtures were
analyzed by HPLC as described in Materials and Methods. HPLC chromatogram of reduction
products of individual azo dyes by AH,QDS was compared with the HPLC chromatogram
of completely reduction products of each azo dye obtained by reduction the dye with sodium
dithionite, a strong chemical reducing agent (2). Form comparison results, the complete re-
duction of each azo dye to its corresponding amines by AH,QDS was proposed in this study
(data not shown).

DISCUSSION

Several different mechanisms have been proposed for reduction or degradation
of azo dyes and similar compounds. A description of a nonspecific azo reductase sys-
tem involved in azo dye reduction has been provided for selected bacterial species, and
it has been shown that the relevant gene is relatively conserved in various anaerobic and
facultative bacteria (29, 41). In this research it was also hypothesized that coenzyme
reducing equivalents (e.g., NADH) involved in normal electron transport through oxi-
dation of organic substrates may act as electron donors for reduction of azo dyes. This
would likely explain the observation that azo dye reduction occurs more readily as a co-
metabolic event when additional readily degradable substrates (glucose) are provided (Fig.
2). There were at least two possible ways for glucose to enhance reduction of sulfonated
azo dyes. It could act as a donor of reducing equivalents [e.g., via NADH or FADH,],
or its addition could result in more actively respiring cells, thus rapidly removing the oxygen
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in culture medium and enabling corresponding enzymes to transfer reducing equivalent to
azo dyes (46).

In many intestinal bacterial isolates, a flavin compound (riboflavin, flavin ad-
enine dinucleotide, of flavin mononucleotide (FMN)) is required for azoreductases activity
(19, 22, 45, 46). The most generally accepted hypothesis for this phenomenon is that
many bacterial cells possess a rather unspecific cytoplasmic favin-dependent reductases
(flavin reductases) which transfers electron under anaerobic conditions via (soluble) fla-
vins to the azo dyes (46, 50). In the present study, a rather rapid decolorization of all
azo dyes was observed when incubated them with cytoplasmic fraction of strain A5
in oxygen-free buffer with NADH as a source of reduction equivalents (Table 2). However,
the reaction rate increased dramatically in the presence of flavin adenine dinucleotide (FAD).
A possible explanation for this phenomenon is that FAD is reduced enzymatically by
NADH and reduced FAD (FADH,) can then spontaneously reduce the three sulfonated
azo dyes to the corresponding amines (19, 22, 45, 46). In contrast, it was shown that the
addition of FAD did not lead to enhancement of the reduction rates of sulfonated azo dyes
by whole cells of strain A5 (Table 2). Thus, this has generally been explained by the low
permeability of the cell membranes for the highly polar sulfonated azo compounds (56).
Moreover, the bacterial membrane are also hardly permeable for flavin-containing cofactors
and restrict the transfer of reducing equivalents by flavins from cytoplasm of intact
cells to extracellular sulfonated azo dyes (56). In addition, it was clearly demonstrated
in our study that the almost activity of flavin reductase, which hypothesized to function
under adequate conditions as flavin-dependent azo reductase, was present in the
cytoplasmic fraction (Table 3). Therefore, it appears reasonable that, with intact cells,
intracellular enzymes like flavin reductases are of little importance for reduction of
extracellular sulfonated azo compounds by strain A5. These results supported the
hypothesis of Russ and coworkers that the reduction of sulfonated azo dyes by reduced flavins
formed by cytosolic flavin-dependent azo reductases is mainly observed in vitro and in vivo
is of insignificant importance (29, 46, 50).

Thus, in the intact cells, other enzyme systems, which does not require transport of the
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azo dyes though the cell membrane, are presumably responsible for the unspecific reduction of
various sulfonated azo dyes by Paenibacillus sp. strain A5. Several quinoide redox mediator
compounds, for example; anthaquinone-2-sulfonate (AQS), 2-hydroxy-1,4-naphthoquinone
(lawsone), 4-amino-1,2-naphthoquinone and AQDS, have been shown to enhance degradation of
sulfonated azo dyes by acting as electron shuttles that facilitate reduction of the azo dye (26, 27,
29, 30, 42, 43). In this article we report that external added AQDS not only stimulate quinone-
dependent azo reductase activity in detergent-soluble membrane fractions but also enhance an-
aerobic reduction of intact strain A5 cells. In addition, it could be demonstrated in the cell-frac-
tioning experiments that the NADH: quinone oxidoreductase activity was almost restrictively
present in the membrane fraction (Table 3). These results suggest the existence of an NADH-de-
pendent quinone reductase in Paenibacillus sp. strain A5 membranes that catalyze the reduction
of endogenous quinones (e.g., menaquinone), may responsible for the reduction of
exogenous quinones (e.g., AQDS) which then transfer reduction equivalents to sulfonated azo
dyes outside the cells.

The anaerobic decolorization occurred only in the presence of cells, indicting that
the cells reduced the AQDS to the corresponding hydroquinone (AH,QDS). This reaction
may be catalyzed anaerobically by NADH-quinone oxidoreductase (NDH) of the respiratory
chain, which appeared to have a low substrate specificity of the quinone-binding site
in several bacterial genera (18, 29, 42, 43, 50, 57). NDH play their most important role
as a primary dehydrogenase, linked with the central metabolism, in the respiratory chain of all
organisms having an aerobic or anaerobic electron-transport system. Several types of NDH
occur in bacteria, the most common of which are referred to as NDH-1 and NDH-2 (16).
NDH-1 is an energy-transducing enzyme meanwhile NDH-2 appears to have no role
in energy transduction (16). Some gram-positive bacteria such as Bacillus subtilis have non-
energy generating NDH 1 but not NDH 1 (3).

In addition, it has recently suggested that oxygen-insensitive nitroreductase
(NfsA and NfsB) are capable of effectively reducing not only nitro compounds but
also quinones, which may not be natural substrates (60). The nitroreductase, and other
enzymes in different families, which had sequence homologies to a certain group of NfsA
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and NfsB such as flavin reductase (FRP) (61), may be also able to function under anaerobic
conditions in the appropriate conditions as quinone-dependent azo reductases in many bacte-
rial genera (43, 60). Indeed, the further study is necessary to identification the real enzyme
system which is responsible for the ability of Paenibacillus sp. strain A5 to reduce AQDS
and thus to reduce sulfonate azo dyes under anaerobic condition in the presence of AQDS or
other quinoide mediators.

In biological systems, quinones were also shown to accelerate azo dye reduction
by anaerobically incubated aerobic biomass as well as granular sludge (29, 42, 43).
Theoretically, feasible quinoide redox mediators should have redox between those of
the two eventual half reactions, the reduction of azo dyes and the oxidation of a primary
electron donor. Although standard redox potential (EQ’) for the reduction of the sulfo-
nated azo dyes to their constituent aromatic amines are not available, an indication can be
derived from paragraphic data. Redox potentials of the azo compounds are approximately
vary between —180 mV and —430 mV (19, 42). For bacterial azo dye reduction, i.e., coupled
to the oxidation of organic primary electron donors by anaerobically incubated bacteria,
the EQ’ value of NAD(P)H, the cellular redox cofactors with the lowest electron potential
(-320 mV), can be taken into account (54). It was recently suggested that quinoide re-
dox mediators with standard redox potentials (EO’) between approximately —320 mV and
—50 mV could in general function as effective redox mediators in the bacterial reduction
of sulfonated azo dyes (42). Thus quinones with a rather negative redox potential such as
AQDS are suitable as redox mediators for the anaerobic treatment of azo dyes.

FIG. 5 Model for mechanism by which AQDS, a humic analogue stimulate sulfonated azo dyes

reduction by Paenibacillus sp. strain A5
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Kudlich et al. (29) localized a quinoide redox mediator-dependent azo reductase
activity in the membrane of a gram-negative bacterium, Sphingomonas sp strain BN6.
Therefore, in the present study, the AH,QDS is suggested to shuttle reduction equivalents
in the cells to extracellular sulfonated azo dye and reduce the azo compound in a purely
chemical reaction ((Fig. 5). The anaerobic reduction of AQDS occurred only in the presence
of glucose, which seems to be the source of reduction equivalents to reduce the AQDS
outside the membrane of strain A5. The proposed mechanism demonstrated in Fig.
5 could be useful in the treatment of sulfonated azo dyes containing wastewaters
by strain A5 or other bacteria which able to reduce AQDS. Under anaerobic condi-
tions, the chemical reactions of the reduced AQDS (AH,QDS) with the sulfonated azo
dyes allows for extremely unspecific reduction processes which are mainly governed by
the redox potentials of the AH,QDS and azo compounds therefore, a wide range of azo dyes
can be reduced. The main restriction to this mechanism is that the amines that are formed
are usually not further metabolized under anaerobic conditions. Since aromatic amines
and also sulfonated aromatics are aerobically degraded by bacteria (8, 20, 37, 35, 36),
it has been repeatedly suggested to combined the anaerobic reduction of the azo dyes with an
aerobic treatment system for the amines formed (21, 24, 38, 39, 52, 53).

The ability of quinone compounds (i.e., AQDS) to convoy electrons between
the bacterial membrane and the dye in solution at the same distance from the cell sug-
gests that Paenibacillus sp. strain A5-AQDS couple can be used to reduce dye in a
separate compartment without direct contact between the sulfonated azo dyes and bacte-
rial cell membrane. Since hydroquinones are readily oxidized by sulfonated azo dyes, this
hydroquinones only needs to be present at substoichiometric concentrations to be
an effective electron carrier as long as these azo dyes are abundant in the wastewaters.
Although the effective AQDS dosage levels were low, continuous dosing implies
continuous expenses related to procurement of the chemical as well as continuous
discharge of this recalcitrant sulfonated azo compounds. Therefore, it is desirable to
immobilize the redox mediator in the bioreactor for treatment azo dye-containing
wastewater continuously. For this propose, various reactor configurations were em-



The Journal of the Royal Institute of Thailand
Vol. 37 No. 1 Jan.-Mar. 2012

oo AN ANTEANANNFHNTINTAR. .

ployed to demonstrate that, though the use of redox mediator such as AQDS, direct con-
tact between azo dye and microbial cells is not required, which allows microbial activity
to decoupled in space and time from azo dyes reduction process. For example, a sys-
tem of two separated columns which one used for redox mediator reduction and the an-
other one use for azo dye reduction has been set up for stimulation of azo dye reduction
by Burkholderia cepacia (30). Alternatively, the laboratory-scale upflow anaerobic sludge
bed (UASB) containing activated carbon as an immobilized quinoid redox mediator
in the sludge bed has been tested for its accelerating effect on anaerobic reduction
of a recalcitrant azo dye (54).

The fact that exogenous extracellular molecules (such as humic substances)
can participate in electron transfer to extracellular environmental contaminants indicates
that they may make a significant contribution to biotransformation of such xenobiotics in
many environments (7, 10, 11). Whether microbially produced extracellular molecules
have a similar role remains an important question. Another possibility for the reduction
of extracellular quinoide redox mediator such AQDS, which does not require the transport
of both redox mediators and azo dyes though the cell membrane, has been suggested
for humate-respiring bacterium, Shewanella putrefaciens (34). Non-proteinaceous
small compound that has characteristics similar to a quinone and can be excreted into the
medium is involved in electron transfer to AQDS and humic acid by this strain (34). More-
over, a derivative of 1,4-dihydroxy-2-naphthoate (DHNA), precursor of menaquinone, is
responsible for the carbon tetrachloride transformation activity observed in Shewanella
oneidensis MR-1 after aerobic growth (55). Menaquinone (MK) is the only common link
for the different electron transfer routes in B. subtilis, and it is tempting to propose that MK
itself can be the component whose reduction-oxidation is controlled by energization (34).

Because the rather high reduction rate of sulfonated azo dyes in the absence of any
exogenous redox mediators found in whole cells experiment (Fig. 2 and Table 3), we cannot
eliminate the possibility that some unknown enzymatic activities are involved in the anaerobic
reduction of sulfonated azo dyes by whole cells of strain A5. We are currently attempting to
explore the other extracellular electron transferring mechanisms of strain A5 which are involved
for the reduction of the AQDS to clarify this mechanism.
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Abstract Humic substance enhanced anaerobic reduction of sulfonated azo dyes by
Paenibacillus sp. strain A5
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The humic quinone moiety model compound anthraquinone-2,6-disulfonate
(AQDS) could function as redox mediator in the unspecific anaerobic reduction of
different industrially relevant sulfonated azo dyes by Paenibacillus sp. strain A5.
This compound was enzymatically reduced by the cells of strain A5 to corresponding
hydroquinone, which subsequently reduced the azo dyes outside the cells
in a purely chemical redox reaction, and ultimately causing decolorization.
Cell fractioning experiments demonstrated that the AQDS-dependent azo
reductase activity was located in the cell membranes of strain A5. For strain A5,
the presence of both membrane-bound and cytoplasmic azo reductase activities was
shown, and they were probably different enzyme system, and the former system
has significant importance in the reduction of sulfonated azo compounds in vivo, when
quinoid redox mediators may be present. Possible applications of AQDS stimulated
anaerobic reduction of azo dyes for the treatment of dye-containing wastewaters are
also discussed.

Key words: sulfonated azo dyes, azo reductase, anthraquinone-2,6-disulfonate,
Paenibacillus sp.
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