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To date, heavy metals present a main drawback for bioelectrochemical systems (BESs) performances.
Therefore, our results confirm, for the first time, that Hansenulafabianii is an electrochemical active
yeast that has a potential tolerance against various heavy metals. The bioreactor inoculated by Hansenula
fabianii in mediatoless conditions provided a maximum current density of 32 mA/m2; up to 300 mA/m2
in the presence of methylene blue. In mediatorless conditions, cyclic voltammetry (CV) on a yeast pellet
showed a single oxidative peak at 450mV and a pair peak, the CV of the supernatant confirmed that
Hansenula fabianii secretedits own mediator. The obtained results proved that Hansenula fabianii based
biofuel cell could be used for simultaneous current generation and heavy metal bioremediation.

Keywords: Electrochemical active yeast; heavy metals; Hansenula fabianii; mediatorless condition.

1. INTRODUCTION

Microbial fuel cells (MFCs) are a form part of an emerging technology that makes it possible to
deal with two of the major problems: water and fossil fuels availability. They generate electrical energy
through the oxidation of organic and inorganic matter catalyzed by microorganisms (biocatalyst).

Various microbial species and mixed cultures have been widely studied in Microbial Fuel Cells
(MFCs) with promising results in terms of wastewater treatment and power output [1,2]. They can be
classified into four groups: heterotrophic prokaryote, phototrophic prokaryote, heterotrophic eukaryote,
and phototrophic eukaryote [3]. So far, most of the fundamental investigations in the field were
performed by the utilization of heterotrophic prokaryotes such as bacteria of the genera Geobacter,
Shewanella and Pseudomonas[3,4]. However, relatively less work is available today concerning the
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eukaryotic species such as microalgae and yeast as bioelectrocatalyst in fuel cell operations. The easy
cultivation, broad substrate spectrum, fast growth and tolerance of the yeast to a wide range of
environmental conditions are advantageous for development of yeast-based biofuel cells[3-5]. Also,
complicated architecture of yeast cell respiratory chains gives the advantage harnessing the energy from
biocatalysts [6] and the membrane of the yeast cells generally have high protein content including
natural electron shuttles such as ferredoxin and cytochromes that be used by redox enzymes for electron
exchange with an electrode surfaces[7]. However, there is a little information about the yeast cells
electrocatalytic activity and electron transfer mechanisms without an addition of exogenous mediator.
On the other hand, the treatment of heavy metals by yeast cultures showed higher tolerance and removal
rates compared with prokaryotes based bioremediation [8,9].

The removal of heavy metals in MFCs was mostly studied in the cathodic chamber of dual
chambered MFCs. The presence of a physical separator is needed to prevent the cross-over of metals
from the cathode to the anode, which results in lower power generation, due to the inhibition of
electrochemically active anodic microorganisms. However, for practical reasons, such separation in
double chamber MFCs may not be feasible for wastewater treatment, as both metals and organic matter
co-exist in the same water stream. Indeed, high metal content in tannery wastewater presents a challenge
for conventional biological methods of treatment.

Recently, few authors started to evaluate the impact of heavy metals in single chamber MFCs.

For instance, Abourached 2014 reported the maximum tolerable concentrations for electroactive
microorganisms to be 22.40 mg/L and 26.00 mg/L for Cd and Zn, respectively. The increased Cd
concentrations to 33.60 mg/L and Zn to 32.50 mg/L resulted in voltage drops by 71 and 74%,
respectively [10]. More recently, Wu (2018) stated that a tolerable concentration of 12.50 mg/L of Cu?*
was effectively removed in single chamber MFCs. However, a higher concentration of 15.00 mg/L lead
to a decrease in copper removal and inhibited electricity production [11]. It should there be concluded
that above tolerable concentrations, heavy metals start to exhibit negative effects on the MFCs
performances due to their toxicity [10].
To defeat this challenge, this study targeted the isolation of novel electrochemically active yeast from
industrial tannery wastewater known for its high Chemical Oxygen Demand (COD) and Biochemical
Oxygen Demand (BOD) concentrations and also high levels of chromium ranging from 200 to 400mg/L.
The goal was isolate a species that is able to tolerate the presence of heavy metals, mainly hexavalent
chromium, with the purpose of treating industrial wastewater loaded by heavy metals. The mechanism
of yeast electrons transfer and current generation were also studied in bioelectrochemical systems.

2.MATERIALS AND METHODS

2.1. Isolation and identification of yeast strain

The strain AE6 used in this study was isolated following the protocol used by Bahafid 2013 [12]
from an industrial tannery wastewater in Fez, Morocco. The yeast was identified by PCR based
identification using the following protocols [13,14].
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The resulting sequence from genetic analysis system model 3130 was compared to the 5.8S
rDNA partial sequences published already in the GenBank, which had been generated using the BLAST
tool of the National Center for Biotechnology Information (NCBI).

2.2. Yeast strain and growth conditions

The yeast was grown in YPG (yeast extract, peptone and glucose) medium at temperature of
30°C and on a rotary shaker at 150 tr/min. The cells were then harvested by centrifugation at 6000 rpm,
washed several times with deionized water and finally suspended at optical density 600 nm (OD600) = 1.0

in YPG medium..

2.3. Procedures of heavy metals-resistance experiments

Heavy metal resistance of the strain AE6 was assessed on YPG-agar plates. Heavy metals were
filtered sterilized and added increasing concentrations (100-4000 mg/L) of Cr (VI), NiCl, CoCly,
ZnS0O4, CuSOs, Pb(NO3), separately to the YPG-agar medium. Minimum inhibitory concentration
(MIC) was determined after 48 h of incubation at 30 °C.

2.4. Electrochemical characterization

The experiment was conducted at 30 °C and was operated in three electrode bioreactors, each
equipped with a 16 cm? carbon felt as working electrodes connected electrically via a thin 0.5 mm
diameter platinum wire, a saturated calomel reference electrode (SCE, +0.24 V vs. SHE) and a 16 cm?
platinum grid auxiliary electrode. All the working electrodes were polarized at-0.1 VV/SCE using a multi-
channel potentiostat (Biologic VSP2). The polarization was periodically suspended to perform cyclic
voltammetries at 1 mV/s in the potential range of +0.6 V/SCE and -0.6 VV/SCE.

2.5. Environmental Scanning electron microscope (ESEM)

Microbial biofilms Micrographs were obtained using Environmental scanning electron
Microscopy (ESEM, FEI Company).

specimen is chemically fixed in phosphate buffers (400 mM, pH = 7.4) with 4% glutaraldehyde,
dehydrated through an acetone series after that immersed in acetone and hexamethyldisilazane (50:50),
and in 100% hexamethyldisilazane (HMDS). Then, left to dry at room temperature.

2.6. Epifluorescence microscopy

Firstly, after extraction of the electrodes from the bioreactors, they were washed with sterile
physiological water to remove all substances except attached biofilms. Afterwards, electrodes were
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stained with 0.03% acridine orange (A6014, Sigma) for 10 minutes, then rinsed with sterile physiological
water and finally allowed to dry at room temperature. The biofilms coverage ratio was evaluated by the
Carl Zeiss Axio Imager-M2 microscope equipped with an HXP 200 C light source and the Zeiss 09 filter
(for epifluorescence analysis).

3. RESULTS AND DISCUSSION

3.1. Molecular identification of the yeast strain

The comparison results of the sequences with those available in the databases (Gen Bank, EMBL,
DDJB and PDB) revealed that the yeast strain was closely matched to Hansenula fabianii with 100%
similarity. Hansenulafabianii has commonly been used in wastewater treatment containing a large
amount of nitrogen compounds, organic and inorganic substances in the wastewater [15].

3.2. Strain tolerance to heavy metals

Figure 1 illustrates the tolerance potential of the isolated yeast against various heavy metals. The
minimum inhibitory concentration (MIC) of various metallic salts viz. K2Cr207, NiClz, CoClz, ZnSOa,
HgCl2, Pb(NO3)2 has been determined.

3500—-
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2500—-
2000—-
1500—-
1000—-
500—- I
0 - mm N - - - - ; ;
Co Hg Ni zZn Cu Cr Pb

Heavy metals

Concentration (mg/L)

Figure 1. Resistance of Hansenula fabianii strain to different heavy metals

The level of survival against Cr (V1) toxicity was up to 1400 (mg/L). The MIC of various other
heavy metal salts viz, Hg?*, Co?*, Ni?*, Zn?*, Cu?*, Pb?*, were 150, 100, 300, 400, 1000, 3500 mg/L,
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respectively. It is known that microorganisms isolated from environments contaminated with heavy
metals often exhibit greater tolerance to heavy metal pollutants[12,14,16]. The mechanisms of microbial
resistance against toxic metals differ for each isolate, which depends on various parameters such as;
metal flow channels, metal resistance plasmids, adsorption uptake, DNA methylation and the
biotransformation of metals by specific enzymes or indirectly through cellular metabolites. This
difference generates several heavy metal resistance profiles. Furthermore, the comparison of metal
resistance levels with values reported in the literature is still complicated due to different used media
and culture conditions. In general; yeast strains have much higher metal resistance than that found with
bacteria[17].

3.3. Effect of chromium on the growth of yeast
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Figure 2. The effect of the initial Cr(\V1) concentration on the specific growth rate of Hansenula fabianii

Batch cultures of Hansenula fabianii were grown in YPG media containing different Chromium
(V1) concentrations ranging from 0 to 125 mg/L.

The relationship between the biomass yield and the initial concentration of Cr (V1) is shown in
Fig.2. The growth of cells was heavily influenced by Cr (V1) at a concentration of 100 mg/L, while Cr
(V1) at 25 mg/L had only a slight effect on the growth. Such behavior suggests that Cr (V1) may affect
negatively the metabolic activity of Hansenula fabianii. These findings are in good agreement with
earlier published studies. previous works by Liliana Morales-Barrera (2008). and Juvera-Espinosa
(2006) have shown that Cr (V1) has an inhibitory effect on the growth of some strains in particular;
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Hypocrea tawa [14] and Candida sp. [16] respectively, with a significant decrease in the specific growth
rate values. The concentrations of hexavalent chromium that inhibited activated sludge range from the
lower limit of 1 mg / L in an earlier study [18] to 87 mg /L Cr (V1) [19]and up to 40-201 mg / L of Cr
(V1) [20].

3.4. Bioelectrochemecal analysis

3.4.1. Chronoamperometry

In order to investigate the extracellular electron transfer capability of the yeast strain Hansenula
fabianii, a chronoamperometric analysis was performed under anaerobic conditions in the presence and
in the absence of methylene blue. Methylene blue was already demonstrated as an exogenous electron
transfer dye mediator that shuttle electrons between yeast cells and the electrode[6]. The experiment was
carried out in a 3-electrodes electrochemical bioreactor and the working electrode was polarized at -
0.1 V/SCE in YPG liquid medium inoculated by 5% (v/v) of Hansenula fabianii.

Figure 3 depicts the evolution of current density according to time. The current generated by
Hansenula fabianii in mediatorless conditions gradually increased, reaching 32 mA/mz2 after 25 days
following the inoculation. In order to confirm that generated current originates from in vivo electrons, a
sterile medium was studied as control. No current exchange was recorded on the -0.1 VV/SCE polarized
electrode in the sterile medium which indicated that Hansenula fabianii yeast plays an undeniable role
in the current generated. In short, this continuous production of anodic current demonstrates that
Hansenula fabianii is electrochemically active yeast. Several authors already reported yeast species as
anodic electrobiocatalysts in fuel cells such as Saccharomyces cerevisiae [6,21,22], Hansenula
polymorpha [23], Arxula adeninivorans [24,25] and Candida melibiosica [26,27]. But only A.
adeninivorans and C. melibiosica yeast species have been reported as electroactive microorganisms and
can be used as an electrobiocatalyst in a yeast-based fuel cell even in the absence of an artificial
exogenous mediator.

The influence of methylene blue as an electron shuttle was studied separately, in order to increase
the rate of electron extraction,. The plots of current density vs. time in the presence of methylene blue
are presented in Fig.3B. The current density began to recover rapidly and reached a higher level of 500
mA/m? than in the absence of methylene blue. The current decreased over time, reaching a stable current
of 32 mA/m?2 after 5 days of inoculation. The current density obtained in mediator conditions was 100
times higher than that in mediatorless conditions. Once the entire reduced mediator pool has been
consumed after day 5, the basal current density is again of the same order of magnitude as previously
determined in Figure 3.A, i.e. 30-40 A/m2. Hansenula fabianii therefore does not seem to be able to
ensure the reduction of methylene blue as other yeasts do very well, such as Saccharomyces cerevisiae,
Hansenula polymorpha, Arxula adeninivoransor Candida melibiosica.
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Figure 3. Evolution of the current density on carbon felt electrode polarized at -0.1 V vs. SCE in YPG
liquid medium inoculated with Hansenula fabianii A/ without methylene blue and B/ with 300
mM of methylene blue.

3.4.2. Cyclic voltammograms

To elucidate how electrons are shuttled from living Hansenula fabianii cells to the anode surface,
the bioelectrochemical activity of the anode in the presence and absence of methylene blue in addition
of non inoculated YPG sterile liquid medium were examined by cyclic voltammetry (CV). The CV
performed on carbon felt electrode in sterile YPG medium shows no electroactivity. However, the
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reactor inoculated by Hansenula fabianii in the absence of a mediator (Fig.4A), showed two pair of
redox peaks and one individual oxidative peak, while large pairs of redox peaks and one individual
oxidative were observed in the presence of methylene blue (Fig. 4B).
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Figure 4. Cyclic voltammetries recorded using carbon felt in YPG liquid medium. A/ without methylene
blue, B/ with methylene blue and C/ supernatant.

In the absence of methylene blue, the oxidative and reductive peak potential were -0.41 V, +0.1V
and —0.36 V, -0.25V (vs SCE), respectively, which means that Hansenula fabianii can produce its own
mediator. To confirm these results, cyclic voltammetry (Fig. 4C) was used to examine the
electrochemical activity of the supernatants obtained by centrifugation of the anolytic yeast culture. The
curve shows that the culture of Hansenula fabianii synthesizes and secretes into the medium an
electrochemically active soluble compound that should serve as an endogenous mediator of electron
transfer. However, there was a large pair of redox peaks with potential at approximately-0.36 V (vs.SCE)
or +0.04 V (vs. SCE) related to the presence of methylene blue, while the pair of redox peaks produced
by Hansenula fabianii disappeared.

The cyclic voltammograms obtained under mediator and metiatorless conditions both showed
that the oxidative peak were similar. The oxidative peak potential of redox pair 1 against the saturated
calomel reference electrode was 0.08 VV which means that Hansenulafabianii might be able to transfer
electrons to the electrode via direct contact with the anode surface and can contribute to current
generation.

Our results corroborate with the study of Haslett (2011) in which soluble electroactive molecules
in A. adeninivorans suspension were detected in MFC anodic compartment[24]. Also,C. melibiosica
produces electrochemically active soluble compounds under polarization in MFC, which are not formed
during normal yeast cultivation [26] and the yeast electron transfer is most probably accomplished via
the production and secretion of redox molecules, acting as endogenous mediators. However, it was
proven that bacteria driven MFCs yield greater current than yeast driven MFCs due to the better electron
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transfer of bacteria. Therefore, the presence of artificial electron mediators is essential to improve the
performance of yeast-based MFCs[28].

Nowadays, Microorganisms that are able to survive well in high concentration of heavy metals
are of great interest as inoculums to treat industrial wastewater loaded by heavy metal in BES. Since
many work showed that heavy metal is a drawback for current generation by bioanode in BESs. In our
knowledge this is the first time that a study isolated a new electroactive yeast that tolerating high
concentration of different heavy metal heavy which will be useful for industrial wastewater treatment
charged by heavy metal in BESs.

3.5. Epifluorescence microscopy and ESEM

After 43 days of the chronoamperometry, Hansenula fabianii colonized carbon felts in the
absence and presence of methylene blue were imaged by epifluorescence microscopy and ESEM (Fig.5).

Figure 5. ESEM images of Hansenula fabianii bioanodes formed on carbon felt (A/ absence of
methylene blue and B/ presence of methylene blue) and epifluorescence microscopy (C/ absence
of methylene blue and D/ presence of methylene blue).

To evaluate the amount of electrode surface covered by biofilm, Epifluorescence images were
analyzed by gray scale interpretation. The coverage rates were quantified at 4.34% and 12.50% in the
absence and presence of methylene blue respectively.
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The ESEM images confirmed the results obtained by epifluorescence microscopy and it showed
that in the absence of methylene blue the biofilm was mainly formed by about 8 pm diameter fibres
constituting the woven structure of the carbon felt. However, in the presence of methylene blue, the
biofilm developed a very thin layer between the carbon fibres without changes in the porosity of carbon
felt. Hubenova (DATE). illustrated the capacity of Candida melibiosica to form biofilm on the surface
of carbon felt after 30h of inoculation.

4. CONCLUSION

Hansenula fabianii yeast strains demonstrated its ability to survive in spite of the presence of
high concentration of various heavy metals (Cr®*,Hg?*, Co?*, Ni?*, Zn?*, Cu?*, Pb*). On the other hand,
Hansenula fabianii, is demonstrated to exhibit indirect electron transfer without the aid of exogenic
mediators. It has also been shown that Hansenula fabianii can transfer electrons to electrode surfaces in
the presence of glucose as carbon source leading to current generation (32 mA/m?2).

Hansenula fabianii should make a good biocatalyst for MFCs as it has high levels of tolerance
to various heavy metals. The perspective role of this strain is to use it as a biocatalyst for bioaugmentation
of anodic microflora to increase the electrogenic activity of bioanodes designed for industrial wastewater
treatment in MFCs.
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