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h i g h l i g h t s

� Co-culture system for simultaneous Congo red degradation/bioelectricity generation.
� Biofilm formation and spatial coverage affect bioelectricity generation.
� Interspecies interactions affect functions of synergistic microbial consortium.
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a b s t r a c t

Microbial species coexist in natural or engineered settings, where they encounter extensive competition
and cooperation. Interactions occurring through metabolite exchange or direct contact might be impor-
tant in establishment of functional biodegradation consortium. Understanding these interactions can
facilitate manipulation of selected communities and exploitation of their capacity for specific industrial
applications. Here, a simple dual-species consortium (Pseudomonas putida and Shewanella oneidensis) was
established for examining simultaneous Congo red bioremediation in planktonic culture and power
generation in anode biofilms. Compared to mono-species cultures, co-cultures generated higher current
densities and could concurrently degrade Congo red over 72 h. Disabling the large secreted adhesion
protein, LapA, of P. putida greatly enhanced S. oneidensis biofilm formation on the anode, which increased
power generation in co-cultures. This demonstrates simultaneous control of specific planktonic and
biofilm communities could be effective in manipulating microbial communities for targeted applications.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Azo dyes are commonly employed in commercial textile indus-
tries and contain the aromatic functionality with one or more N@N
groups. 70% (by weight) of all the dye used by society are com-
posed of these compounds (Carliell et al., 1995). It was estimated
that 15% of all used dye are eventually discharged into water

bodies (Banat et al., 1996). The environmental release of dye-con-
taining wastewater constitutes a major pollution hazard and public
health concern as these synthetic compounds and their by-prod-
ucts are poisonous and mutagenic (Alves de Lima et al., 2007; De
Aragão Umbuzeiro et al., 2005). However, conventional wastewa-
ter treatment methods are inefficient in degrading azo dyes
(Nam and Renganathan, 2000; Oliveira et al., 2007). For example,
only 3 of the 18 azo dyes were found to be degraded by activated
sludge processes (Shaul et al., 1991). Better understanding of
microbial interactions within a process setting can facilitate opti-
mal manipulation of selected microbial communities for azo dye
biodegradation. The bioremediation process would be more attrac-
tive when coupled with bioelectricity generation in a single
platform.
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Microorganisms live as complex multi-species communities in
natural, industrial or engineered settings. Social traits such as com-
petition and cooperation are frequently observed in microbial
communities, which allow different microorganisms to coordinate
their behaviors to determine the functions of the entire commu-
nity. This form of interaction can be realized through endogenously
secreted metabolites, which is demonstrated by secretion of anti-
microbial compounds to inhibit the growth of neighbouring spe-
cies. Consequently, certain microorganisms rely on these
metabolites for survival (Hansen et al., 2007). The formation of sur-
face-attached biofilm communities further complicates inter-spe-
cies interactions. In biofilms, various microbial species are
embedded in a self-generated extracellular polymeric substances
(EPS) matrix (Flemming et al., 2007). Microbial cells interact exten-
sively with each other within biofilms, which is critical for shaping
structures and functions of microbial communities (Yang et al.,
2011). In different environments, microorganisms can adopt a
planktonic or biofilm mode of life.

Recent reports have demonstrated that microbial fuel cells
(MFCs) can be used to couple bioremediation of azo dyes with
bioelectricity generation (Fang et al., 2013; Solanki et al., 2013).
MFCs employ electroconductive microorganisms as bio-catalysts
to achieve oxidative breakdown of organic substrates which yields
free electrons at the anode of the bioelectrochemical device (Logan
et al., 2006; Lovley, 2006; Rabaey and Verstraete, 2005). In MFCs,
the electrochemically active microorganism (EAM), such as Shewa-
nella oneidensis, is able to transport electrons from its internal met-
abolic cycles to the anode via secretion of soluble redox mediators
(Rabaey et al., 2005), physical appendages such as conductive pili
(Reguera et al., 2005), and membrane associated cytochromes
(Lovley et al., 2004). Liberated electrons move through an external
circuit towards the cathode compartment which produces energy
in the process. Generated protons diffuse across the selective pro-
ton exchange membrane (PEM) to the aerobic cathode chamber
where a reduction process occurs with oxygen and electrons to
produce water.

Here, a simple dual-species microbial consortium was defined,
based on a model bioremediation organism Pseudomonas putida
and electrochemically active S. oneidensis, for examining inter-
species interactions. P. putida and S. oneidensis were cultivated in
MFCs. The azo dye, Congo red, was added to the MFCs with both
planktonic P. putida and S. oneidensis biofilm to examine the in-
ter-species interactions within the co-culture system. P. putida is
a well-known azo dye degrading microorganism (ADM) that can
break down azo dyes by reductive cleavage of the molecular bonds
(Nelson et al., 2002). In this contribution, the dynamics of power
generation, Congo red bioremediation, as well as the anode
biofilms were monitored in order to elucidate inter-species inter-
actions to achieve simultaneous power generation and
bioremediation.

2. Methods

2.1. Bacterial strains and growth media

The M1 salt solution consisted of 7.2 g/L of HEPES, 0.3 g/L of
sodium hydroxide, 1.5 g/L of ammonium chloride, 0.1 g/L of
potassium chloride, 0.52 g/L of monosodium phosphate, and trace
amounts (1% v/v) of mineral stock solution, vitamin stock solution
and amino acids stock solution (Cao et al., 2011). Before use, 20 mL
of sodium lactate and 10 mL of calcium chloride were added to the
salt solution to yield final concentrations of 20 mM sodium lactate
and 0.68 mM calcium chloride. Monocultures of S. oneidensis MR-1
strain or wild type P. putida OUS82 and its mutant (P. putida OUS82
DlapA) for inoculation of MFCs were prepared aerobically in lysog-
eny broth (LB) medium at 37 �C.

2.2. Set up of MFCs

All materials were used as received, unless otherwise stated.
Angled tubular glass compartments (17 mm O.D. � 1.8 mm wall
thickness) forming the anode and cathode chambers of the MFCs,
carbon felt (3.18 mm thickness) and stainless steel pinch clamps
(#28) were purchased from VWR Singapore Pte. Ltd. (Singapore).
Titanium wire (0.25 mm diameter) and serrated silicone septa
(18 mm O.D.) were purchased from Sigma–Aldrich, Singapore
(Singapore). Nylon screws and nuts were purchased from Spec-
tra-Teknik (Singapore). Nafion� N117 proton exchange membrane
(PEM) was purchased from Ion Power (United States of America).

Dual chamber U-tube MFCs were constructed as reported previ-
ously (Sund et al., 2007, 2009; Wang et al., 2013a,b). Two 90� 28/15
ball-to-plain-end and socket-to-plain-end glass tubes were sepa-
rated by a piece of Nafion� N117 PEM. Grease was applied to the
joints of the glass tubes and sealed against a circular piece of
PEM (diameter of 2 cm). This was to ensure proper sealing of the
joints to prevent cross contamination of inoculants to the cathode
chamber. The device was secured in place and tightened with a
stainless steel pinch clamp. Carbon felt electrodes cut to
2 cm � 5 cm dimensions (width � length) were fastened to the
titanium wire with the nylon screw and nut. The assembled elec-
trodes were then seated inside the glass tubes. Before MFC opera-
tion, the devices were filled with ultrapure water and autoclaved to
sterilize the devices and internal components. After sterilization
and decanting off the ultrapure water, the anode and cathode
chambers were each filled with the growth medium. As reported
in literature, 2 mL of Congo red solution (5 mM stock solution)
was introduced only to the anode chamber to a final concentration
of 0.5 mM (Hou et al., 2011a,b; Sun et al., 2013; Xu et al., 2013).
1 mL of culture (OD600 � 1.0) for each bacterial strain was then
inoculated into the anode chamber only. The final total volume
of solution in each of the anode and cathode chambers was
20 mL. A serrated silicone septum was used to seal the anode
chamber, while the cathode chamber was loosely capped with an
inverted glass scintillation vial to provide an aerobic environment.
The titanium wire was threaded through the septum. The cathode
electrodes were partly submerged in the catholyte to allow for an
‘air-wicking’ aerobic configuration. The electrodes were then con-
nected to a 1 kX resistor and voltage measurements across the
resistors were recorded at a rate of 1 point per 5 min using an
eDAQ e-corder� data acquisition system (Bronjo Medi, Singapore),
equipped with Chart� software. Data collection started immedi-
ately after inoculation of the devices. MFCs were kept inside an
incubator set to 30 �C for up to approximately 3 days.

2.3. Characterization of azo dye

Congo red was purchased from Sigma–Aldrich, Singapore and
used as received. 5 mM stock solution was prepared with ultrapure
water and filter sterilized subsequently. Samples were collected
from the anode chambers at different time intervals. These aliquots
were centrifuged at 10,000 rpm for 10 min to remove suspended
biomass from the liquid media. Decolorization of Congo red
was monitored through optical absorbance spectroscopy at
k = 496 nm using a Shimadzu UV–visible spectrophotometer
(UVmini-1240). Actual concentration was acquired against a
standard calibration curve (absorbance vs. concentration).

2.4. Biofilm imaging

Brightfield, red fluorescent protein (RFP) and green fluorescent
protein (GFP) images of biofilms attached to carbon felt electrode
fibers were taken by Zeiss Observer.Z1 inverted epifluorescence
microscope at 20� magnification.
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