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Abstract Fly ash collected from an Indian thermal power plant was characterised by
scanning electron microscope (SEM)-energy dispersive spectrometer, X-ray diffraction
and energy dispersive X-ray fluorescence analysis. The effect of fly ash on the growth and
morphology of a metal-tolerant tropical marine yeast, Yarrowia lipolytica NCIM 3589, was
studied. The growth of the yeast was unaffected by the presence 0.1, 0.2 or 0.3 % fly ash
although the surface-to-volume ratio decreased. The yeast formed biofilms on immobilized
fly ash as evidenced by SEM observations. The organism produced citric acid and additional
extracellular proteins in the presence of fly ash. Leaching of metals from fly ash by Y.
lipolytica was compared with chemical leaching by citric acid. Yeast cells were most
effective in leaching Cu (59.41 %) although other metals (Zn, Ni, Cu and Cr) were also
extracted. Transmission electron microscope images showed the deposition of metals at the
cell wall, cell membrane and in the cytoplasm. This paper thus reports a potential application
of Y. lipolytica for removal of different metals from solid waste material (fly ash).
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Introduction

Thermal power plants generate large quantities of fly ash as a by-product. The major portion
of fly ash is disposed in ash ponds and landfills which in turn cause environmental pollution
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[1–3]. The presence of Si, Al, Fe, Cd, Cr, Mn, B, As, Cu, Zn and Mo in this by-
product is hazardous for living forms [4–6]. There is thus a need to treat fly ash prior
to its disposal into the environment. Since conventional methods for treatment are cost
intensive and have a negative impact on the environment, bioleaching has emerged as
an effective alternative [7, 8]. Bioleaching is based on the potential of microorganisms
(bacteria or fungi) to solubilise and extract elements. Microorganisms can mobilize
and leach metal ions from solid wastes due to (1) production of organic or inorganic
acids, (2) inherent oxidation and reduction mechanisms and (3) excretion of complex-
ing agents [9, 10]. Microbial leaching methods are important in the recovery of
copper, gold, uranium and zinc from low-grade ores [11]. For example, Thiobacillus
ferrooxidans and Thiobacillus thiooxidans are effective metal solubilizers that have
been applied at an industrial scale [12, 13]. Similarly, fungi such as Aspergillus and
Penicillium species are also important in solubilising metal ions [7, 10].

Yarrowia lipolytica is a hemiascomycetous dimorphic fungus that has several bio-
technological applications [14–16]. This organism is widely used in the remediation of
a variety of polluted environments [17–19]. Y. lipolytica has the ability to accumulate
metals such as copper, cobalt, cadmium, nickel, zinc and gold [20–23]. In addition,
the organism has also been applied in the biosorption of Cr (VI) ions from aqueous
solutions [24]. The fungus inherently produces citric acid, a potential lixiviant [25]
that could be used to leach heavy metals from solid materials. Although Y. lipolytica
is known to accumulate and adsorb heavy metals, to the best of our knowledge, there
are no reports on the bioleaching of metals from fly ash by this fungus. In the current
investigation, the ability of a tropical marine strain of Y. lipolytica to (1) grow in the
presence of fly ash, (2) solubilise fly ash-associated metals and (3) accumulate metals
from this solid waste are reported. This work thus highlights the significance of Y.
lipolytica in the treatment of this important solid waste.

Materials and Methods

Fungal Strain and Maintenance

A strain of Y. lipolytica, NCIM 3589, isolated from oil-polluted seawater in Mumbai, India,
was used [18]. Stock cultures of this organism were maintained on MGYP slants (malt
extract, 3.0; glucose, 10.0; yeast extract, 3.0; peptone, 5.0; agar, 25.0 gL−1 of distilled water)
and sub-cultured at monthly intervals. The growth temperature was 30 °C.

Fly Ash Sample Collection

Fly ash used in this work was collected from a dumpsite of a thermal power plant in
Maharashtra, India. The sample was collected in clean plastic bags, dried to constant weight
and stored at 30 °C.

Characterisation of Fly Ash

Elemental composition of fly ash was determined by using energy dispersive X-ray
fluorescence (ED-XRF) (AMETEK Materials Analysis Division). Fly ash (4.0 g dry
weight) was placed in sample cups. These cups were arranged in a sample tray (four
different variables), exposed to X-rays, and the elemental composition was determined
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as described earlier [26]. The scanning electron microscope-energy dispersive spec-
trometer (SEM-EDS) analysis was performed by using an analytical SEM (JEOL JSM
6360 A). X-ray diffraction (XRD) measurements were carried out in the transmission
mode on a D8 Advanced Brucker instrument with CuKα radiation (λ01.54 °A) over
the two theta values from 20° to 80°.

Effect of Fly Ash on Yeast Growth and Morphology

Y. lipolytica NCIM 3589 was grown in a yeast extract peptone dextrose (YPD) liquid
medium (yeast extract, 5.0; peptone, 5.0; glucose, 10.0 gL−1 of distilled water) for
36 h. The cells were harvested by centrifugation, washed twice and resuspended in
sterile deionised water. Cell suspensions containing 2×109 cellsmL−1 were used to
inoculate 100 mL of YPD medium containing 0.1, 0.2 or 0.3 % (w/v) fly ash. At
these concentrations of the fly ash, the YPD liquid medium was not turbid. The flasks
were incubated at 30 °C on a rotary shaker at 200 rpm. The growth of the yeast was
monitored by measuring the absorbance at 600 nm. In control experiments, fly ash
was not included. The microscopic observations were made in the presence of 1.0, 2.0
and 3.0 % of fly ash. Dimensions of cells in control and test (incubated with fly ash)
samples were measured by using an Axio Scope-A1 microscope with a photographic
attachment (ProgRes® Capture Pro 2.7) and the software AxioVison Rel. 4.8. The
average cell volumes in cubic micrometres (V) and surface areas in square micro-
metres (A) were calculated by using the following equations:

V ¼ pr2h ð1Þ

A ¼ 2 pr2 þ 2 prh ð2Þ

where r was the average radius and h the average length of 100 cells in micrometres
[27]. In order to understand the interactions between the yeast cells and fly ash under
shake flask conditions, SEM images were obtained as described earlier [24].

Growth Characteristics of Y. lipolytica on Immobilized Fly Ash Surface

Fly ash was immobilized on glass pieces (2×2 cm) by heat fixing with an adhesive at 60 °C
for 24 h. These glass pieces were placed in Petri plates containing 20 mL of sterile YPD
liquid medium; 2×109 cellsmL−1 of Y. lipolytica cells were added, and the assemblies were
incubated at 30 °C for 48 h. The growth of Y. lipolytica on immobilized fly ash was
monitored by SEM analysis.

Bioleaching of Fly Ash by Y. lipolytica

In the bioleaching experiments, 2×109 cellsmL−1 were inoculated into 100 mL of
YPD liquid medium containing 8 % (w/v) fly ash. The control flasks were without
yeast cells. All flasks were incubated on a rotary shaker (200 rpm, 30 °C, 15 days).
After incubation, the reaction mixtures were centrifuged at 7,000×g for 10 min. The
citric acid concentration in cell-free supernatant was determined by high performance
liquid chromatography (HPLC) on a Waters Associate system (using a μBondpack
C18 250×4 mm column) equipped with an ultraviolet detector (at 210 nm). The
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determinations were made under isocratic conditions (10 °C) using 50 mM phosphate
buffer (pH7.0) as the mobile phase. The chemical leaching of fly ash [8 % (w/v)] was
also conducted with citric acid (200 mM), a well-known metal ion leaching agent
[28]. The content of metal ions in the cell-free supernatants was determined by
inductively coupled plasma atomic emission spectroscopy (ICP-AES). All experiments
were carried out in triplicates with two biological replicates and mean values indicat-
ing standard deviation are presented here.

Extraction of Yeast Biomass-Accumulated and Associated Metals

The pellets containing yeast biomass and residual fly ash particles were dried at 80 °C for
48 h. They were treated with 10 mL of 5 % HNO3 with shaking for 2 h and subsequently
heated at 80 °C for 30 min. The resultant extracts were filtered through Whatman papers,
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Fig. 1 Characterization of fly ash. a Representative EDS profile, b Representative XRD pattern
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and the final volumes were adjusted to 50 mL with deionised water. The metal ions present
in the extract were analysed by ICP-AES. Control samples lacking the yeast biomass were
also similarly treated to determine dissolution of metals by 5 % HNO3 as reported earlier
[28]. The percentage of metal ions leached was calculated from these observations. The
extracellular protein profiles in presence and absence of fly ash [8 % (w/v)] were studied by
SDS-PAGE. Accumulation of metals by the yeast cells was also demonstrated by transmis-
sion electron microscope (TEM) images. The samples were prepared by following a
previously reported protocol [29]. All experiments were performed in triplicates with two
biological replicates, and representative data or images are presented here.

Statistical Analysis

Experimental parameters were checked for significance of difference by using one-way
ANOVA. A probability level of P (0.05) was used. For statistical analysis, the GraphPad
InStat [DATASET1.ISD] software was used.

Results and Discussion

Characterisation of Fly Ash

The fly ash used in this study was characterised by EDS, XRD and XRF analyses. Figure 1a
is a representative EDS profile of the fly ash sample. This profile showed the presence of
heavy metals such as Cr, Co, Ni, Cu, Zn, As, Cd and Pb. The representative XRD profile is

Fig. 2 Effect of fly ash on the growth of Y. lipolytica NCIM 3589 (diamonds, control; squares, 0.1 %;
triangles, 0.2 %; circles, 0.3 %)

Table 1 Chemical compositions of fly ash estimated by ED-XRF analysis

Main composition (wt%)

SiO2 Al2O3 K2O CaO TiO2 Na2O MgO P2O5 MnO Fe2O3

63.85 28.98 0.83 1.73 2.11 0.014 0.28 0.39 0.05 3.51

Heavy metals (ppm)

Cr Co Ni Cu Zn As Cd Pb

134.8 31.5 71.7 81.5 122.5 3.6 2.0 50.8
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depicted in Fig. 1b. The major peaks in the XRD profiles could be indexed to the crystalline
oxides of silica, aluminium and iron (SiO2, Al2O3 and Fe3O4, respectively). On the basis of
the ED-XRF analysis, the composition of the fly ash was determined and is depicted in
Table 1. SiO2 and Al2O3 were the major components of fly ash accounting for 63.85 and
28.98 % (w/w), respectively. As also observed in the EDS profiles, ED-XRF spectra
displayed peaks for Cr, Co, Ni, Cu, Zn, As, Cd and Pb (Fig. 1a and Table 1). These results
on fly ash composition are in agreement with earlier reports [30].

Growth Pattern and Morphometric Analysis of Yeast

Figure 2 shows the growth pattern of Y. lipolytica NCIM 3589 in absence and presence of
different concentrations of fly ash. From the figure, it is evident that the growth in all the
cases was comparable. Table 2 shows the morphometric analysis of control experiments and
cells grown in the presence of increasing concentrations of fly ash. The average cell length,
radius, cell volume and surface area increased, and the surface/volume ratio decreased in a

Fig. 3 Representative scanning electron micrographs of Y. lipolytica NCIM 3589. a Control cells without fly
ash magnified ×10,000; bar equivalence, 1 μm. Grown in the presence of fly ash; b magnified ×6,000; bar
equivalence, 2 μm; c magnified ×15,000; bar equivalence, 1 μm. Fly ash control; d magnified ×2,000; bar
equivalence, 10 μm. Large fly ash particles showing the attachment of yeast cells on the surface after 48 h; e
magnified ×1,600 and (f) ×2,000; bar equivalence, 10 μm

Table 2 Dimensions of Y. lipolytica NCIM 3589 cells incubated with and without fly ash

Yeast cells Length (μm) Radius (μm) Volume (μm3) Surface area
(μm2)

Surface/
volume

Untreated cells 6.04±0.04 2.27±0.003 97.72±0.05 46.05±0.03 0.47

Treated cells (with 1 % fly ash) 6.11±0.05 2.34±0.001 105.73±0.04 48.64±0.04 0.46

Treated cells (with 2 % fly ash) 6.15±0.03 2.51±0.004 121.66±0.02 54.99±0.02 0.45

Treated cells (with 3 % fly ash) 6.36±0.02 2.93±0.002 171.44±0.06 72.51±0.05 0.42
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significant manner (P<0.05). A decreased surface/volume ratio is a well-known response of
cells to toxic environmental stress factors [27].

SEM images showed that control cells of Y. lipolytica had an average length of
6 μm. Typical budding cells were observed (Fig. 3a). In the subsequent images, the
white arrows point towards yeast cells and the black arrows towards the fly ash
particles. SEM images of the test samples revealed the presence of small-sized
particles of fly ash adhering to yeast cells (Fig. 3b and c). A representative image
of the untreated fly ash displayed spherical, oval, elongated and irregular particles
(Fig. 3d). The yeast cells were also seen attached to larger particles of fly ash (Fig. 3e
and f). Fly ash is known to be hydrophobic in nature [31]. In the presence of glucose-
containing media, cells of Y. lipolytica NCIM 3589 are hydrophobic [32]. The
observed attachment of Y. lipolytica to the fly ash particles may thus be mediated
via hydrophobic interactions. Other microorganisms such as Rhodococcus strain GIN1
(NCIMB 40340) and T. thiooxidans are reported to interact with fly ash particles in a
similar manner [33].

Y. lipolytica cells are known to form biofilms on the different substrates [34]. Such
biofilms were also observed on immobilized fly ash surfaces. Representative SEM

Fig. 4 Representative SEM images depicting biofilm growth of Y. lipolytica NCIM 3589 on the surface of fly
ash particles magnified a ×100, bar represents 100 μm; b ×500, bar represents 20 μm; c ×1,000, bar
represents 10 μm; d ×3,500, bar represents 5 μm
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images of Y. lipolytica biofilms on the immobilized fly ash are shown in Fig. 4. In
these figures as well, the white arrows point towards yeast cells and the black arrows
towards the fly ash particles. Low-magnification images (Fig. 4a and b) show that the
fly ash particles were completely covered with Y. lipolytica biofilms. At higher
magnifications, the biofilm growth was more distinctly observed (Fig. 4c and d). It
is known that the cells in biofilm mode of growth are protected against toxic
compounds, desiccation and shock loads. On other solid waste material such as a
phosphate-bonded ceramic, cement/manganese tailings or ceramic-coated metal strips,
cells of T. thiooxidans are reported to exist as biofilms [35]. Formation of biofilms on
the surface of fly ash particles may have importance in developing biofilm-based
bioleaching technologies.

Bioleaching of Fly Ash by Y. lipolytica NCIM 3589

The bioleaching of fly ash [8 % (w/v)] by Y. lipolytica was studied in the YPD
medium. The pH of the medium decreased from 6.0 to 2.7 after 5 days of incubation.
A possible reason for this drop in pH could be the secretion of organic acids. Such
organic acids play an important role in the extraction of metal ions from fly ash [36].
Y. lipolytica is known to produce citric acid [25]. Citric acid is reported to display
metal leaching properties [7]. Subpanels a and b of Fig. 5 are representative HPLC
profiles showing peaks for citric acid in the test (in the presence of fly ash) and

Fig. 5 HPLC profiles depicting citric acid production by Y. lipolytica NCIM 3589 in YPD medium a
containing 8 % fly ash b without fly ash
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control samples, respectively. The concentrations of citric acid in the test and control
samples were estimated to be 11 and 15 mM, respectively. These results indicated that
citric acid was produced by Y. lipolytica cells even in the presence of fly ash. This is
unlike previous reports wherein the presence of metal ions (zinc, manganese, iron and
copper) in the fly ash inhibited the production of this acid [37, 38]. Thus, citric acid
may be one of the metal leaching agents secreted by Y. lipolytica.

A study on the chemical (using 200 mM citric acid) and biological (using Y.
lipolytica) leaching of metals was carried out. Figure 6a is a flask showing growth
of Y. lipolytica in the absence of fly ash, and Fig. 6b depicts growth in its presence.
Figure 6c is a flask showing leaching of fly ash with 200 mM citric acid, and Fig. 6d
is the fly ash in uninoculated YPD medium. Extensive foaming was observed in the
presence of fly ash (Fig. 6b, black arrow) which was not so significant in its
absence (Fig. 6a, black arrow). Foam formation was neither observed with citric
acid nor with the uninoculated YPD medium (Fig. 6c and d, white arrows). This
indicated that in the presence of fly ash, some proteins participating in the biol-
eaching process may be secreted.

After treatment of the fly ash with Y. lipolytica, the cell-free supernatants showed
the presence of 17.37 % Cr, 13.30 % Zn, 14.19 % Ni, 52.95 % Cu, 1.47 % Si and
0.32 % Al. In addition, yeast-associated and yeast-accumulated metal ions were also
estimated to be 5.47 % of Cr, 13.06 % of Zn, 9.59 % of Ni, 8.46 % of Cu, 0.48 %
of Si and 0.68 % of Al. When citric acid was used as a leaching agent, 29.29 % of

Fig. 6 Leaching of fly ash under shake flask conditions. A Y. lipolytica in YPD media without fly ash, B Y.
lipolytica in YPD medium containing 8 % fly ash, C 200 mM citric acid and 8 % fly ash, D uninoculated YPD
medium containing 8 % fly ash. All flasks were incubated at 30 °C for 5 days. E Graphical representation of
metal leaching by a Y. lipolytica cells, b cell-free supernatant, c 200 mM of citric acid and d YPD medium
after incubation at 30 °C for 5 days at 200 rpm
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Cr, 33.78 % of Zn, 38.7 % of Ni, 44.61 % of Cu, 3.07 % of Si and 9.14 % of Al
were extracted. In uninoculated YPD medium, 6.77 % of Cr, 7.85 % of Zn, 11.69 %
of Ni, 8.46 % of Cu, 0.19 % of Si and 0.72 % of Al were extracted (Fig. 6e). From
these data, it is evident that citric acid was an efficient leaching agent. Similar to
other fungi, the total metal leaching efficiency of Y. lipolytica was due to the
bioaccumulation of metal ions and leaching by metabolites such as citric acid in
the medium [7, 8]. The combined effect of the metal leaching by metabolites and
accumulation was comparable to the results obtained by the chemical method.
Amongst all the metals, copper was bio-leached to a maximum greater extent (P<
0.05). The yeast cells were more effective in leaching Cu (II) ions than the
chemical method.

In a preliminary experiment on the fly ash-induced production of specific proteins,
the cell-free supernatants were subjected to SDS-PAGE. Figure 7 shows a

Fig. 7 SDS-PAGE profiles of Y. lipolytica NCIM 3589 extracellular proteins. Lane A molecular weight
markers, B supernatants of control cells (without fly ash), C supernatants of cells grown in the presence of 8 %
fly ash
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representative profile that was obtained. Lane A depicts the molecular weight markers,
lane B is the profile obtained in the absence of fly ash and lane C is that in the
presence of fly ash. It was observed that two extracellular proteins with molecular
mass of 35.75 and 25.98 kDa were induced in the presence of fly ash (Fig. 7, white
arrows). These proteins may be playing a role in the metal leaching process. In
response to the presence of metals, cells are often induced to produce different
proteins that may be important in the detoxification and sequestration of metals [39].

In this study, it was observed that the bioaccumulation of metal ions by yeast cells
also played a role in the bioleaching process. The metal accumulation efficiency of Y.
lipolytica was: Zn>Ni>Cu>Cr>Al>Si. The accumulation of metal ions was con-
firmed by obtaining TEM images. A representative control cell of Y. lipolytica (grown
in the absence of fly ash) is shown in Fig. 8a. The image did not show the presence
of metal deposits (Fig. 8a, black arrow). In test cells that were exposed to metals,
dense metal deposits were observed at the cell wall, cell membrane and in the
cytoplasm (Fig. 8b, c and d; white arrows). Cell walls and cell membranes are known
to be major sites for metal deposition in Y. lipolytica [21]. These observations
confirmed that cells of Y. lipolytica accumulated metals.

Y. lipolytica thus displayed three possible mechanisms by which leaching of metals
from fly ash was possible: (1) Secretion of lixiviant metabolites such as citric acid,
(2) production of extracellular proteins in response to the presence of fly ash and (3)
bioaccumulation of heavy metals at the cell wall, cell membrane and in the cytoplasm.
As a result of the combined effect of these three processes, the metals in the fly ash
could be leached out in an effective manner.

Conclusions

This study thus highlights the role of the hitherto unexplored cells of Y. lipolytica in
the leaching of metal ions from fly ash. The fly ash sample used in this study mainly
contained Cr, Co, Ni, Cu, Zn, As, Cd and Pb. Cells of Y. lipolytica were able to grow
in the presence of fly ash in the free form. They also grew in the biofilm form on
immobilized fly ash when assessed by SEM. Although the growth of the culture in
liquid media was unaffected by the presence of fly ash, morphometric analysis
showed that the surface-to-volume ratios of the cells decreased in its presence. Y.
lipolytica cells secreted citric acid and two extracellular proteins that may be involved
in the bioleaching process. Moreover, TEM images revealed the bioaccumulation of
heavy metals by cells. It was thus evident that Y. lipolytica could be a potential
candidate for the leaching of a variety of metal ions from fly ash. The role of the

Fig. 8 Representative TEM images of Y. lipolytica NCIM 3589 a control cell. b, c, d Cells showing the
presence of metal ions inside cells (magnified ×25,000; bar equivalence, 0.50 μm)
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biofilm form of growth in management of solid wastes is being investigated, and
work on the scale-up of this process to develop the technology for the extraction of
metal ions is ongoing.
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