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Abstract

Background: The microbial method for the treatment of azo dye is promising, but the reduction of azo dye is the
rate-limiting step. Zero valent iron (Fe®) can enhance microbial azo reduction, but the interactions between microbes
and Fe” and the potential mechanisms of enhancement remain unclear. Here, Shewanella decolorationis S12, a typical
azo-reducing bacterium, was used to characterize the enhancement of Fe® on microbial decolorization.

Results: The results indicated that anaerobic iron corrosion was a key inorganic chemical process for the enhancement
of Fe® on microbial azo reduction, in which OH~, H,, and Fe?™ were produced. Once Fe® was added to the microbial
azo reduction system, the proper pH for microbial azo reduction was maintained by OH™, and H, served as the
favored electron donor for azo respiration. Subsequently, the bacterial biomass yield and viability significantly
increased. Following the corrosion of Fe®, nanometer-scale Fe precipitates were adsorbed onto cell surfaces and even
accumulated inside cells as observed by transmission electron microscope energy dispersive spectroscopy (TEM-EDS).

Conclusions: A conceptual model for Fe%-assisted azo dye reduction by strain $12 was established to explain the
interactions between microbes and Fe” and the potential mechanisms of enhancement. This model indicates that the
enhancement of microbial azo reduction in the presence of Fe® is mainly due to the stimulation of microbial growth
and activity by supplementation with elemental iron and H, as an additional electron donor. This study has expanded
our knowledge of the enhancement of microbial azo reduction by Fe and laid a foundation for the development of

Fe®-microbial integrated azo dye wastewater treatment technology.
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Background

Azo dyes are widely used in the textiles, leather, plastics,
cosmetics, and food industries, with a global annual pro-
duction of more than 5,000 tons. Approximately 10% of
azo products are discharged into the environment,
resulting in a negative impact on the environment and
human health because most azo dyes are carcinogenic,
teratogenic, and highly persistent in the environment [1-3].
Conventional physicochemical methods for treating azo
dyes have severe limitations, including incomplete removal,
formation of hazardous products, and high operation costs,
and biological techniques enable complete mineralization
of the azo dye in a more environmentally friendly and cost-
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effective manner [4,5]. Azo dyes are not readily degraded
by biological methods under aerobic conditions, and thus,
they are normally decolorized by reductive cleavage of the
azo bonds (-N = N-) under anaerobic conditions and then
converted to aromatic amines, which are subsequently min-
eralized aerobically [6,7]. The decolorization process is typ-
ically rate-limiting, which hinders the biological treatment
of azo dyes [8].

Zero valent iron (Fe®) can enhance anaerobic micro-
bial azo reduction, but the exact mechanism of Fe’-
assisted microbial reduction remains unclear [9-11]. Be-
cause azo dyes are decolorized by functional microor-
ganisms, characterizing the Fe%-assisted decolorization
of azo dyes using a pure decolorizing bacterium may
provide some exact information about the reaction
mechanism, and understanding how the microbes in-
teracts with Fe® will facilitate the elucidation of the
mechanisms of enhancement and optimize the biode-
colorization process.
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Fe’ is a mild reducer and can chemically reduce several
azo dyes under acidic and neutral conditions [12,13]. Fur-
thermore, iron is an essential element for microbial sur-
vival because the active sites of diverse vital enzymes and
proteins contain iron [14,15]. Microorganisms may regu-
late the iron redox reaction by cellular assimilation of iron.
Meanwhile, Fe® can produce cathodic H, during the anaer-
obic corrosion process, and H, is a favorable electron
donor for microbial azo reduction [14,16-18]. According to
the following equation

Fe” + 2H,0 — Fe>" 4+ H, + 20H (1)

Fe**, OH", and H, are the products of the anaerobic
corrosion process [19]. The electrode potential of the
redox couple Fe**/Fe° is —0.44 V, and hydrogen production
from corrosion exhibits autocatalytic behavior, attaining a
maximum rate of 1.9 mol kg™ d™* over 2 d of reaction in
a study by Reardon et al. [20]. Based on these knowledge,
it is hypothesized that anaerobic Fe® corrosion may be ac-
celerated in the azo dye biodecolorizing system, then (i)
the microenvironmental conditions are altered to produce
more favorable redox/pH conditions for the growth of mi-
crobes; (ii) the additional electron donor (H,) from Fe®
corrosion facilitates a greater microbial biomass yield; and
(iii) the activity of the azo-reducing bacteria is stimulated
by the supplementary elemental iron, resulting in the ac-
celeration of the azo bioreduction.

To test these hypotheses, S. decolorationis S12, an azo-
reducing bacterium isolated from a textile wastewater
treatment system [21,22], was used as a model organism
to characterize the enhancement of microbial azo re-
duction by Fe’ in this study. Specifically, we investi-
gated (i) the effect of Fe° dosage on the decolorization
rate, pH change, and H, release to determine whether
Fe° affects azo reduction by strain S$12 indirectly; (ii)
the morphology of Fe solids outside and inside the
cells to determine whether a direct interaction be-
tween microbes and Fe® occurs in the decolorization
process; and (iii) the effect of Fe° addition on the ratio
of live versus dead cells and protein contents to deter-
mine whether the addition of Fe’ influences the
growth and survival ability of strain S12. This study
provides new insights into our understanding of the
interactions between Fe’ and microbial cells in the
decolorization process and lays a foundation for fur-
ther optimization of Fe’-microbial integrated processes
for efficient azo dye treatment.

Methods

Chemicals, organism, media, and cultivation

Amaranth (Am), a typical water-soluble azo dye, was pur-
chased from Sigma (St. Louis, MO, USA). S. decolorationis
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S12 is a rod-shaped, gram-positive facultative bacterium
that was isolated from the activated sludge of a textile-
printing wastewater treatment plant by Xu et al. [22].

Strain S12 was cultivated by transferring a single col-
ony to a 100-mL conical flask containing 50 mL of
Luria-Bertani medium (10 g/L peptone, 5 g/L yeast ex-
tract, 10 g/L NaCl), which was then incubated in a
shaking incubator (160 rpm) at 30°C. The cells were har-
vested in the middle of exponential growth phase (ap-
proximately 8 h) by centrifugation, washed twice with
phosphate buffer (0.1 M, pH 7.4), and re-suspended in
the buffer prior to inoculation. The cells were inoculated
into a defined medium (pH 7.0) containing Na,HPO,,
764 g/L; KH,PO, 3.00 g/L; NH,Cl, 0.50 g/L; NaCl,
1.00 g/L; sodium lactate, 5.00 mM; yeast extract, 0.5 g/L;
and amaranth, 1.0 mM. The initial cell density was ap-
proximately 10’ CFU/ml (the protein mass was approxi-
mately 0.023 mg/mL). The cells were statically cultivated
at 30°C in an anaerobic workstation (BugBox, Ruskinn
Technologies). Standard anaerobic technique was used
throughout the study for anaerobic cultivation as previ-
ously described [23]. The medium was prepared by adding
concentrated stock solutions containing various medium
components in O,-free distilled water. The medium was
then bubbled with N, gas for 10 min to remove residual
air from the head space. All gases used were passed
through a 0.2-um filter prior to use. All batch experiments
were conducted in 100-mL serum bottles with a culture
medium volume of 40 mL under anaerobic conditions.
Three independent experiments with triplicate bacterial
samples were performed in each experiment.

Micrometer-sized iron (Fe°) particles (mean size of
18.51 um) were obtained from Tianjin Guangfu Tech-
nology and Development Co., Ltd., China, and were
pretreated by rinsing with 1 M HCI for 3 min, followed
by washing with distilled water for 1 min. Different
dosages of Fe® (0, 10, 20, 30, 40, 60 mM) were added to
the defined medium (40 mL) to examine the effect of
Fe® dosage on the decolorization reaction. The cell-free
abiotic control (no strain S12 cells) received 60 mM
Fe°. For the other tests, the dosage of Fe® particles was
maintained at 60 mM. Before and after decolorization
(a reaction period of approximately 30 h), the size
(hydrodynamic diameter) of the particles was deter-
mined using dynamic light scattering in a laser particle
size analyzer (Eyetech, Ankersmid, USA).

Growth and activity assays of microbial cells

Cells were grown in medium with and without 60 mM
Fe’ for 12 h and then collected for cell yield and activity
assays, including protein content and live/dead ratio.
The protein content was determined by the Coomassie
brilliant blue method [24] with slight modification. Briefly,
NaOH solution (1 M, 40 mL) was added to the serum
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bottle containing the cell culture in 40 mL of medium, and
the mixture was incubated in a water bath for 10 min at
95-99°C with gentle end-over-end inversion every 2 min.
After centrifugation at 12,000 x g for 5 min, the super-
natant was collected in a new centrifuge tube at room
temperature and reacted with Bradford solution containing
0.01% (w/v) Coomassie brilliant blue G-250, 4.7% (w/v)
ethanol, and 8.5% (w/v) phosphoric acid for 10 min prior
to measuring the absorbance at 595 nm. Bovine serum al-
bumin was used as a protein standard.

A LSM700 laser scanning confocal microscope (Zeiss,
Braunschweig, German) was used to examine the activity
of S. decolorationis S12 after a 12-h reaction. A rapid
fluorescence staining method using the LIVE/DEAD
BacLight™ Viability Kit (Molecular Probes Inc., Eugene,
Oregon, USA) was applied to estimate both the viable
and total counts of bacteria according to the manufac-
turer’s recommended protocol.

TEM and SEM analyses

Transmission electron microscopy (TEM) and scanning
electron microscopy (SEM) with energy dispersive X-ray
spectroscopy (EDS) were used to observe the structures
of the bacterial cells and the iron precipitates. Bacterial
cell samples were collected for TEM analysis after a 12-
h incubation, and Fe® samples for SEM analysis were
collected after a 30-h incubation. The suspended bacter-
ial cells and Fe® samples were collected separately. The
cell pellet was separated from the medium by centrifuga-
tion at 12,000 x ¢ for 5 min, and the pellet (containing
cells and Fe°) was washed twice with 0.1 M phosphate
buffer before fixation in 3% glutaraldehyde for 5 h. Then,
the pellet was washed twice with phosphate buffer and
dehydrated in a gradient series of ethanol solutions from
30 to 100% by incubation at each ethanol concentration
for 15 min. For TEM analysis, the sample was treated
with acetone and embedded in epoxy resin. Thin sec-
tions (80-90 nm) were cut with a diamond knife
mounted on a Leica EM UC6 ultramicrotome and col-
lected on carbon-coated Cu grids. TEM observation was
performed with a JEOL JEM-2010HR TEM at 200 kV or
a Hitachi H-7650 TEM at 80 kV. For SEM observation,
the sample was treated with tert-butanol and then freeze
dried. After sputtering with gold, the sample was depos-
ited on the Cu carrier and observed with either a Hitachi
H-3000 N SEM or a FEI Quanta 400 F SEM. The EDS
measurement was performed with an Oxford INCA
EDX spectrometer coupled with a JEOL JEM-2010HR
TEM or an FEI Quanta 400 F SEM.

Chemical analysis and calculation

The pH of the solution was measured using a digital
multi-parameter 3430 meter (WTW, Germany). The
Fe?* concentration in the aqueous phase was measured

Page 3 of 9

using the HCI extraction ferrozine assay method as pre-
viously described [25]. The H, concentration in
the medium after a 12-h reaction was examined by
hydrogen microelectrodes (model H,-50, Unisense A/S,
Denmark) polarized at +1000 mV.

The decolorization of amaranth was measured by
monitoring the decrease in absorbance at a wavelength
of 520 nm with a Beckman DU640 UV/visible spectro-
photometer. The decolorization rate and efficiency were
calculated as follows:

Decolorization rate (%) = (A-B)/A x 100%

Decolorization efficiency (mmol L™ h')
= Decolorization rate x C/t

where A is the initial absorbance, B is the absorbance
after the reaction, C is the initial concentration of amar-
anth (1 mM), and ¢ is the decolorization reaction time
(12 h). All assays were performed in triplicate.

Statistical analysis was conducted with Office Excel
2010, Origin V8.0, and SPSS V17.0 (SPSS Inc. Chicago,
IL, USA) software. Treatment P values < 0.05 were con-
sidered significant.

Results and discussion

Effects of Fe® on azo dye decolorization by strain 512

To confirm that Fe® enhanced the anaerobic bioreduction
of azo dye, decolorization by strain S12 was performed at
six different dosages (0, 10, 20, 30, 40, and 60 mM) of Fe° at
pH 7.0 (Figure 1). The amaranth was completely decolor-
ized in 30 h, except in the treatment without strain S12
cells, suggesting that strain S12 was the major azo reducer
and that no observable direct reaction between Fe® and
amaranth occurred. In the presence of increasing doses of
Fe’, the complete decolorization time for strain S12 rap-
idly reduced from 27 to 12 h, and the decolorization effi-
ciency increased from 0.049 to 0.083 mmol L™' h™*
(Figure 1). In addition, the decolorization efficiencies of
the Fe®-added systems were much higher than those of
the Fe-free systems (0.035 mmol L' h™'), demonstrating
that the addition of Fe’ enhanced the biodecolorization of
azo dyes. This phenomenon might be attributable to the
H, supply from the cathodic corrosion of Fe’. Based on
Equation (1), H, is generated during the anaerobic corro-
sion of Fe’.

To determine if the H, evolved from Fe’ can serve as an
electron donor for strain S12 during the decolorization
process, the concentration of H, in the experimental sys-
tems after 12-h reactions with different Fe dosages was
determined. As shown in Figure 1b, the H, concentration
increased with Fe® dosage in both the presence and absence
of strain S12 (from 36 to 93 pumol L™ and from 129 to
148 umol L™, respectively), indicating that H, was gener-
ated from the anaerobic corrosion of Fe’. However, the H,
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Figure 1 Effect of Fe® dosage on the decolorization of azo dyes by S. decolorationis S12. (a) The time course of the decolorization rate at different Fe”
dosages. (b) Decolorization efficiency and H, concentration at different Fe® dosages after a 12-h reaction.

concentrations in the presence of strain S12 were signifi-
cantly lower than those measured in the cell-free tests (P <
0.001), suggesting that the produced H, was consumed as
an electron donor by strain S12 during azo reduction. In
addition, as shown in Figure 1b, the dosage of Fe® was a
rate-limiting parameter for azo reduction when the dosage
of Fe® was less than 40 mM, which could be due to the lim-
ited H, supply for strain S12. However, when the dosage of
Fe’ was greater than 40 mM,, the supply of H, became ad-
equate, and the decolorization efficiency reached a steady
state. This study thus confirmed the presence of a dosage
threshold for Fe® (40 mM) for strain S12 in azo reduction.
Previous study of the effect of Fe dosage on hexavalent
chromium and carbon tetrachloride removal also reported
a dosage threshold for Fe® due to the H, supply [26].
Furthermore, we also measured the Fe** concentra-
tions in the absence and presence of strain S12 cells in

the presence of 60 mM Fe° (no rate limitation of azo re-
duction was observed at this dosage, as described above)
because Fe?* is one of the products of anaerobic Fe® cor-
rosion. After a 30-h incubation, the Fe** concentration
in the experiments with strain S12 was 13.0 + 0.5 pmol L™,
which was significantly higher than that of the abiotic con-
trol (2.1 £0.1 umol LY (P=003), suggesting that strain
S12 promoted the dissolution of Fe° particles. The same
phenomenon was also observed by De Windt et al. [27]
for anoxic Fe° corrosion coupled with nitrate reduction by
S. oneidensis MR-1. The mechanism of Fe’ consumption
remains unclear. There were two likely explanations: (i) the
consumption of H, released from the Fe® surface by strain
S12 allowed the reaction described in Equation (1) to occur
and shift to the right, or (ii) strain S12 reacted with Fe®
directly (such as from the uptake of iron discussed below)
and accelerated the transformation of iron. The data in this
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study indicate that both explanations are correct and com-
plementary, but more work is needed to clarify the exact
mechanism.

To further examine the changes in the microenviron-
ment around strain S12 and Fe?, we detected pH
changes during the biodecolorization process in the ab-
sence and presence of 60 mM Fe® conditions with an ini-
tial strain S12 cells of 10” CFU/ml (Figure 2). Generally,
the pH value decreased in the decolorization process
both in the absence and presence of Fe® conditions,
with the lowest pH values of 6.07 and 6.25 at 24 h, re-
spectively. This decrease in pH is likely due to the pro-
duction of acetate by lactate oxidation as well as proton
release during azo reduction [28,29]. Notably, higher pH
values were observed in the systems with Fe° than in the
Fe’-free tests (P = 0.047), which could be due to a buffer-
ing effect of OH™ from the corrosion of Fe based on
Equation (1). Slight changes in the microenvironmental
pH around the cells can lead to variations in the activity
and stability of enzymes and proteins (such as azoreduc-
tase) participating in growth and decolorization [30,31],
implying that the improved pH buffer capability of the
Fe’-microbial system may also contribute to enhance
azo reduction. Similar results have been reported in
other Fel-assisted biodecolorization studies [11].

Shifts in the size distribution pattern of Fe® particles
during biodecolorization

To measure the consumption of Fe’ during biodecolor-
ization, the change in the size distribution of the Fe°
particles before and after decolorization was character-
ized using dynamic light scattering (DLS) in the sys-
tems inoculated with strain S12 and 60 mM Fe® at
pH 7.0 (Figure 3). The percentages of small-sized
(<9 pm) and large-sized (43-70 pm) iron particles
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Figure 2 Changes in pH during the biodecolorization process
with/without Fe’.
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Figure 3 Shifts in the size distribution pattern of the Fe” particles
during the biodecolorization process.

dramatically increased from 7.06% to 17.47% and 2.44%
to 37.89%, respectively, while the percentage of
medium-sized particles (9-43 pm) decreased from
90.50% to 44.62% after decolorization. This trend was
consistent with the SEM analysis of the particles, which
revealed that after a 30-h biological azo reduction, the
medium-sized particles with rough surfaces disap-
peared, and the large-sized particles with smooth sur-
faces formed clusters (Additional file 1: Figure Sla and
Additional file 1: Figure S1b). The surfaces of the Fe’
clusters were further analyzed by EDS, and Fe, O, P,
and C were detected as the primary elements (Add-
itional file 1: Figure Slc). According to Equation (1),
this result may be due to the formation of ferrous iron
precipitates (e.g., Fe(OH),, Fe3(PO,),, and FeCO3) that
attached to the surface of Fe® [32,33]. These observa-
tions confirmed that partially solid Fe’ was consumed
during the biodecolorization process.
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Figure 4 Live/dead ratios and protein masses of bacteria with/without

Fe’. For the T-test, *, P value < 0.05; **, P value < 0.01.
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Effects of Fe® on cell morphology and viability

We observed that the growth and viability of strain S12
were affected by added Fe’, and we investigated the
mechanism by which Fe’ significantly promoted azo
reduction. To evaluate cell growth, we measured the
biomass yield (i.e., the protein mass) in the presence of
60 mM Fe° and in the Fe’-free control after cultivation for
12 h. The protein mass in the Fe’-supplemented culture
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was nearly twice more than that in the culture without Fe’,
indicating that added Fe° can promote the growth of strain
S12 (P<0.05) (Figure 4). As an additional electron donor
provided by Fe® corrosion, H, likely contributed to this
growth promotion. The bacterial cell morphology and via-
bility after incubation with and without Fe® (60 mM) for
12 h were evaluated by CLSM and TEM. CLSM analysis re-
vealed more live (green) cells in the presence of Fe° than in
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Figure 5 Laser scanning confocal microscope (LSCM) and transmission electron microscopy/energy dispersive X-ray spectroscopy (TEM/EDS) analysis of
strain S12 cells. (@) and (b): LSCM images of cells after biodecolorization for 12 h with 60 mM Fe®. The red point represents dead cells, and the green point
represents live cells. The iron particles are indicated in black. (c): LSCM image of cells after biodecolorization without Fe® (d) and (e): TEM images and
EDS profiles of cells after biodecolorization for 12 h with 60 mM Fe®, showing the presence of iron precipitates inside and outside the cell membrane.
(f): TEM images and EDS profiles of cells after biodecolorization without Fe®. The white cross is the site of EDS analysis. The white short line is a scale
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the control (Figure 5a versus Figure 5c). The live/dead ratio
of strain S12 in the Fe° culture was approximately 3.5-fold
higher than that in the culture without Fe® (P<0.01),
indicating that the presence of Fe” was beneficial for
maintaining cell viability (Figure 4). CLSM also re-
vealed that strain S12 cells were attached to the sur-
faces of the micro-scale Fe® particles (Figure 5a,b),
suggesting that strain S12 decolorized azo dyes in both
the aqueous and solid phases. Bacterial cell appendages
(e.g., the flagella and pili), which were observed in
strain S12 (Additional file 1: Figure S2) and confirmed
by the genome sequence [34], played an important role in
adhesion to the micro-scale Fe® particles. Other Shewanella
spp., such as S. alga, S. putrefaciens and S. oneidensis, also
grow adhering to iron minerals [35-37].

The TEM/EDS images demonstrated differences in cell
morphology in the Fe’-supplemented culture (Figure 5d,e)
and the control (Figure 5f). In the Fe’-supplemented culture,
extracellular and/or intracellular fine-grained Fe precipitates
or clusters formed outside and/or inside the cell membrane
(with mean sizes of 80.52 + 15.82 nm and 25.90 + 6.53 nm,
respectively) (Figure 5d,e). These results indicated direct in-
teractions between Fe” and strain S12, providing good evi-
dences for microbial-driven biogeochemical cycling. These
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direct interactions promoted the transformation of iron
as well as the removal of contaminants. First, for con-
taminant removal, Fe precipitates provided more Fe
sources for the synthesis of enzymes and thus enhanced
microbial activity. Elemental iron assimilated by strain
S12 was an active ingredient for multiple dehydroge-
nases and hydrogenases (such as [Fe-S] cluster-containing
lactate dehydrogenase and [Ni-Fe] and [Fe—Fe] catalytic
site-containing hydrogenases), ensuring higher cell physio-
logical and azoreductive activities [14,34,38]. Second,
strain S12 cells, which were attached to the surface of Fe’,
coupled the consumption of H, (released from Fe° corro-
sion) and the reduction of azo dye by azo respiration.
For iron transformation, the process included several steps
as follows: (i) Fe** released from Fe® corrosion and revers-
ibly adhered to the surface of Fe® or strain S12 cells;
(it) Fe2+-containing precipitates formed (e.g., Fe(OH),,
Fe3(PO,),, FeCO3) when anions presented, and (iii) the
small size and high surface-to-volume ratio of fine-grained
particles (Fe’-Fe** [solid)) enabled significant adsorption of
Fe precipitates to the outer membrane of strain S12 cells
and the intracellular uptake of Fe precipitates to the cyto-
plasm of strain S12 cells. Fe® corrosion was accelerated be-
cause the concentration of Fe** [aqueous] Was diluted by

a Water

B B B

Fe(I) OH- +H,
B B B

Fe

H,0

Figure 6 Proposed model for Fe%-assisted azo decolorization by S. decolorationis S12. (a) Four sections (I, II, lll, and IV) of Fel-assisted azo
biodecolorization. (b) Magnification of section IV in (a). Note: B =bacterium; Am =amaranth; RPs = reductive products of amaranth; AzoR =
azoreductase; Hase = hydrogenase; Ldhase = lactate dehydrogenase; Cyt = cytochrome protein.
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strain S12 through steps (i) and (iii), suggesting that strain
S12 contributed to the transformation of iron, although a
quantitative analysis could not be performed here. The
biosorption of Fe precipitates has also been observed for
other Shewanella spp. [27] and Dehalococcoides spp. [39]
involved in Fe-assisted bioremediation, revealing univer-
sal direct interactions between bacteria and minerals dur-
ing containment removal [40].

Mechanisms of Fe%-assisted biodecolorization

We propose a conceptual model for the Fe’-assisted azo
dye reduction process by S. decolorationis S12 (Figure 6).
In the model, four sections (I, IL, III, and IV) explain the
mechanism. In section I, the cells of strain S12, which
use the azo bond as the terminal acceptor to complete
anaerobic respiration, attach to the surface of the
micrometer-scale iron particles. In section II, Fe° reacts
with H,O in a neutral-pH, anaerobic environment and
produces H, and OH". Strain S12 cells utilize H, as an
electron donor and energy source for growth. In
addition, the OH™ generated from Fe® erosion neutral-
izes the H" released from bacterial metabolism, main-
taining the proper pH for microbial growth. In section
III, the strain S12 cells accelerate the dissolution of iron
particles due to the consumption of H,, resulting in the
generation of nanometer-scale particles and a higher
concentration of Fe**. In section IV, nanometer-scale Fe
precipitates adsorb to the surface of the outer mem-
branes and are transported inside the strain S12 cells,
improving cell growth and maintenance of viability. The
cellular physiological analyses in this study suggest that
the addition of Fe° enhances protein content and bacter-
ial activity. Potential functional proteins and pathways
for bacterial azo respiration in the presence of Fe® are
shown in Figure 6b, although further work is needed to
verify their involvement.

Conclusions

The results of batch experiments of azo decolorization
by combining the use of Fe® and the azo-reducing bac-
terium S. decolorationis strain S12 expanded our know-
ledge of the enhancement of microbial azo reduction by
Fe’. A conceptual model for Fe-assisted microbial azo
reduction was established based on the direct and indir-
ect interactions between microbes and Fe® after charac-
terizing the changes in the morphology of the Fe®
particles, the physiological activities of the bacteria, and
the physicochemical properties of the azo reduction sys-
tem. This model will facilitate the development of azo
dye remediation technology. However, to further eluci-
date the mechanisms underlying these processes, tran-
scriptomic and proteomic analyses should be performed
to track the dynamics and adaptive responses of strain
S12 during Fe’-assisted azo reduction processes.

Page 8 of 9

Additional file

Additional file 1: Figure S1. Scanning electron microscope/energy
dispersive X-ray spectroscopy (SEM/EDS) analysis of the iron particles. (a) Iron
particles before biodecolorization. (b) Iron particles after biodecolorization
for 30 h. The yellow cross is the site (containing the slice structure) of EDS
analysis. (c) The EDS profile of the slice structure on the iron particle surface
after biodecolorization. In (a) and (b), the white short line is a scale bar,
and the corresponding length is on the top of the scale bar. Figure S2.
Transmission electron microscopy (TEM) image of S. decolorationis S12 with a
flagellum. The white short line is a scale bar, and the corresponding length is
on the top of the scale bar. The white arrow indicates a flagellum on the polar
surface of the S. decolorationis S12 cell.
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