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HIGHLIGHTS

> Simultaneous ethanol production and Pb?*
biosorption by Mucor indicus live biomass was
investigated.

»Cultivation performed within five consecutive
stages.

> Different morphologies of Mucor indicus were
cultivated in the presence of Pb2+.

»Ethanol yields of all morphologies were lower than
those on lead-free media.

> The highest ethanol yields of 0.46 and 0.35 g
ethanol/g consumed glucose were obtained by the
mostly filamentous morphology.
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Mucor indicus with different morphologies was used for ethanol production and Pb?* biosorption. With increasing Pb?*
concentration in the cultivation medium, the fungus morphology changed from purely filamentous to mostly filamentous and
the biosorption capacity was increased. The maximum adsorption capacity predicted by Langmuir model was 118 mg/g for
purely filamentous form. All morphologies were also cultivated in the presence of high Pb?* concentration (300 mg/L) in
consecutive stages. After the first stage of cultivation, the live biomass was separated and cultivated in a new medium similar
to the first stage and cultivation was performed within five stages. All morphologies of M. indicus were able to grow and
produce ethanol in the presence of lead at all stages but with lower yields than those cultivated in the absence of lead. The
highest ethanol yields of 0.46 and 0.35 g ethanol/g consumed glucose were obtained by mostly filamentous morphology at the
first and the last stages, respectively. The presence of lead decreased the glucose consumption rate of all morphologies and the
yeast-like morphology consumed glucose within a shorter time than the other morphologies. Different morphologies were able
to adsorb lead ions considerably (97-99%) within the five consecutive stages.
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1. Introduction

Energy crises caused by shortage of oil sources, increasing emission of
greenhouse gases (GHGs), and global warming have stimulated industrial
countries to seek renewable sources of energy (Fasahati et al., 2015;
Hosseinpour et al., 2016). Bioethanol is considered a promising alternative for
fossil fuels, as it is inexpensive, biodegradable, environmentally-friendly, and
its application could partially decrease GHGs generated in combustion
processes (Bateni et al., 2014; Karimi and Chisti, 2015; Aghbashlo et al.,
2016).

On the other hand, the growing industrial and human activities
continuously release high amounts of pollutants such as heavy metals into the
environment. The presence of heavy metals in industrial effluents is
considered as a serious threat to human life and the environment, since they
are toxic and non-biodegradable, and dangerously accumulate in the food
chain and human body (Ceribasi and Yetis, 2001). Lead is available in
effluents of different industries such as battery manufacturing, printing and
pigment, glass, and ceramics. Lead concentrations higher than 0.05 mg/L in
drinking water could cause health effects such as anemia and encephalopathy
(Yan and Viraraghavan, 2003). Therefore, it is important to remove this ion
from industrial wastewaters to ensure their safe disposal. There are several
methods for heavy metals removal from wastewater, including chemical
precipitation, membrane separation, ion exchange, and reverse osmosis
(Guibal et al., 1992). All these conventional methods are expensive and
inefficient at low metal ions concentrations (1-100 mg/L) (Majumdar et al.,
2010). Recently, adsorbents of biological origin have been considerably used
for heavy metals removal, which are easily available, inexpensive, and
effective for dilute streams (Yan and Viraraghavan, 2001; Shroff and Vaidya,
2012; Aryal and Liakopoulou-Kyriakides, 2014).

In recent years, fungi have been widely used for treatment of wastewaters
(Emtiazi et al., 2001; Yan and Viraraghavan, 2003). Mucor indicus is a
dimorphic fungus which can grow in filamentous, yeast-like, or their mixture
under both aerobic and anaerobic conditions. Different factors such as spore
concentration, sugar concentration, atmospheric conditions, and medium
composition would affect the fungal morphology (Karimi and Zamani, 2013).
M. indicus cell wall contains a considerable amount of chitosan, a
biodegradable polysaccharide containing amino and hydroxyl groups.
Therefore, the biomass of the fungus is a suitable adsorbent for heavy metal
removal (Behnam et al., 2015a). Accordingly, dead biomass of this fungus
has been used for bioremediation in number of studies and its considerable
biosorption capability of heavy metals has been proven (Yan and
Viraraghavan, 2003; Javanbakht et al., 2011). However, the live biomass of
this fungus has not been evaluated for bioremediation.

On the other hand, this fungus has been recently used for ethanol
production and it has been shown that the yield of ethanol production by M.
indicus in media containing no heavy metal was high and comparable to the
yield of the microorganisms industrially used for bioethanol production
(Shafiei et al., 2011; Satari et al., 2012).

In this study, different morphologies of M. indicus were cultivated in
media containing lead ions to investigate the fungal growth, which is
normally accompanied by ethanol production. In better words, M. indicus live
biomass capability to adsorb lead ions (Pb?*) and simultaneously produce
ethanol in contaminated media was investigated. To the best of our
knowledge, there is no report looking into simultaneous bioethanol
production and heavy metal removal. Furthermore, the fungus was cultivated
through five consecutive stages in the presence of a high lead concentration
(300 mg/L), and the performance of the fungus with different morphologies
was compared. It is worth quoting that high water consumption, a typical
problem in ethanol production processes, may be overcome by using
wastewaters in ethanol production.

2. Materials and Methods
2.1. Cultivation of M. indicus in one stage

The dimorphic fungus M. indicus was obtained from the Culture Collection
University of Géteborg (Sweden) and grown on plates containing glucose (40

g/L), peptone (10 g/L), and agar (20 g/L) at 32° C for 5 d. The biomass of the
fungus was prepared in 500 ml Erlenmeyer flasks with 250 mL of a liquid
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mixture containing (g/L): 50 g glucose monohydrate, 5 g yeast extract, 7.5
g (NH4)2S04, 0.75 g MgS0,4.7H,0, 3.5 g K,HPO,, and 1.0 g CaCl,.2H,0.
In order to prepare the media containing different Pb* concentrations, the
required amount of Pb(NOs3), was dissolved in the media.

Different morphologies of the fungus were induced using various
initial spore concentrations and aerobicity during germination of the
spores (Sharifia et al., 2008). Purely filamentous form was obtained in
cotton-plugged Erlenmeyer flasks with (3+1) x 10* spores/mL under
aerobic conditions. In order to provide the mostly filamentous form, the
medium was inoculated with (3+1) x 10* spores/mL and a loop trap was
used. Pure nitrogen gas was introduced into the medium to provide
anaerobic conditions and sterile water was kept in the loop trap to prevent
back-diffusion of air and to permit CO, to exit (Javanbakht et al., 2011).
The biomass with yeast-like form was prepared by cultivation under
anaerobic conditions with a high spore concentration ((6x1) x 10°
spores/mL). The medium pH was adjusted at 5.0-5.5 using (1 M) H,SO,
and (1 M) NaOH solutions, and the flasks were kept in a shaker incubator
at 32 °C and 130 rpm for 24 h. Afterwards, the biomass was separated
through centrifugation (4000 rpm, 5 min), washed three times with
distilled water, and freeze-dried. The medium was analyzed to determine
lead concentration. A light microscope (BM-22h, Isfahan Optics
Industries, Iran) with a magnification of 400x was used to study the
fungus morphologies obtained at different spore concentrations and
aerobicity.

2.2. Cultivation of M. indicus in five stages

M. indicus was cultivated in five consecutive stages. Different media
were prepared and the three morphologies of M. indicus were cultivated in
the absence and presence of 300 mg/L lead ions for 24 h. Afterwards, the
produced biomass was separated from the cultivation medium by
centrifugation (4000 rpm, 5 min), transferred to the second medium,
which was prepared exactly similarly to the first stage but without spores,
and cultivated for 24 h. Then, the biomass was separated again and used
in the next stage of cultivation. The cultivation was performed in five
stages and at the end of the fifth stage, the biomass was separated and
freeze-dried. Lead concentration in the medium was measured at the end
of the stages. The time for complete consumption of glucose, the amount
of the produced biomass, and the ethanol yield were measured in the first
and the last stages of cultivation.

2.3. Extraction of fungal cell wall

In order to provide fungal cell wall, each g of freeze-dried biomass
obtained from the first stage was mixed with 30 mL of 0.5 M NaOH and
autoclaved at 121 °C for 20 min. Subsequently, the mixture was cooled
and the alkali insoluble material (AIM) was separated through
centrifugation (4000 rpm, 10 min), washed with distilled water several
times to neutral pH, and freeze-dried.

2.4. Effect of lead on the morphology and characteristics of the fungus

To investigate the effect of the presence of lead on the morphology of
M. indicus, several cultivation media with a concentration of (3+1) x 10*
spores/mL under aerobic conditions and lead concentrations of 0, 10, 150,
350, 400, and 1000 mg/L were prepared, and the fungal morphology was
studied after 24 h. Furthermore, the effect of lead on the fungal
composition (protein content of the biomass as well as phosphate,
glucosamine, and N-acetyl glucosamine contents of the cell wall) was
studied by comparing the fungi cultivated in a lead-free medium and in a
medium containing 10 mg Pb?*/L.

2.5. Adsorption isotherms

Adsorption isotherms were studied through preparing media containing
different concentrations of lead ions (i.e., 50, 100, 150, 200, 250, and 300
mg Pb?*/L). The media were inoculated with (3+1) x 10* spores/mL under
aerobic conditions, and the lead concentration was measured after 24 h.

Adsorption isotherms were evaluated using Langmuir and Freundlich
models. Langmuir model assumes the formation of a monomolecular
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layer with no interaction between the adsorbed molecules (Aksu, 2002), while
Freundlich model is a multi-site adsorption isotherm for heterogeneous
surfaces (Lievremont et al., 1998).

The linear form of Langmuir model is as follows (Eq. 1) (Aksu, 2002):

1 1 1
- Eq.1
de dmax + AmaxKCe ( q )

where g is the equilibrium adsorption capacity which is the amount of lead
ions adsorbed by unit mass of the biomass, C. is the equilibrium
concentration, K (L/mg) is the model constant, and gma (Mg/g) is the amount
of adsorbed ions to saturate unit mass of the adsorbent.

The linear form of Freundlich model is shown below (Eq. 2) (Lievremont
etal., 1998):

Ing, = InK + - InC, (Eq. 2)

where Kg ((mg/g) / (mg/L)¥™) and n show the capacity and intensity of
adsorption, respectively.

2.6. Determination of glucosamine, N-acetyl glucosamine, phosphates, and
proteins

Glucosamine and N-acetyl glucosamine contents of the fungal biomass
AIM were determined to estimate the chitin and chitosan contents of the cell
wall according to the method presented by Mohammadi et al. (2012). A
combination of a two-step sulfuric acid hydrolysis and nitrous acid
degradation that produces 2,5-anhydromannose and acetic acid was applied.
The concentrations of anhydromannose and acetic acid were measured by
HPLC with an Aminex HPX-87H column (Bio-Rad, Richmond, USA) at 60
°C with 0.6 mL/min eluent of 5 mmol/L sulfuric acid. The anhydromannose
was measured by chromatogram prepared by RI detector (Jasco International
CO., Tokyo, Japan), while acetic acid was monitored by UV detector (Jasco
International CO., Tokyo, Japan).

The phosphate content of AIM was measured by a spectrometric method.
The absorbance of a blue complex obtained by mixing the hydrolysate of the
biomass with ascorbic acid and ammonium molybdate reagent was measured
at 880 nm according to European Standard ISO 6878 (Naghdi et al., 2014).

The protein content of biomass was measured based on the Biuret method
(Verduyn et al., 1990). The freeze-dried biomass (0.01 g) was mixed with 3
mL of NaOH solution (1 mol/L) for 2 h at room temperature. Afterwards, the
mixture was placed in boiling water for 10 min and cooled immediately in an
ice bath. An amount of 1 mL of 2.5 % CuSO,.5H,0 was mixed with the
sample for 5 min. The mixture was then centrifuged (4000 rpm, 4 min), and
the absorbance of supernatant was measured at 555 nm after 15 min.

2.7. Determination of glucose, ethanol, and lead ions concentrations

Glucose and ethanol concentrations in the medium were measured by
HPLC using an Aminex HPX-87H column (Bio-Rad, Richmond, USA)
equipped with a RI detector (Jasco International CO., Tokyo, Japan) at 60 °C,
using 0.6 mL/min of 5 mmol/L sulfuric acid as an eluent.

Lead ions concentration was measured by an atomic absorption
spectrophotometer (210VGP, Buck Scientific Co., England). Equilibrium
adsorption capacity (ge) was calculated as follows (Eq. 3):

(Co—Ce)V
qe = ——— (Eq. )

m

where Cy and C, (mg/L) are the initial and the final concentrations of lead
ions, respectively, m (g) is the mass of the biomass, and V (L) is the solution
volume.

3. Results and Discussion
3.1. Induction of different morphologies
The fungus was inoculated with various spore concentrations under two

different atmospheric conditions (aerobic or anaerobic) to obtain different
morphologies of M. indicus. At low spore concentration ((3+1) x 10*
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spores/mL) under aerobic conditions, the fungus grew in purely
filamentous form (Fig. 1A). With the same spore concentration ((3+1) x
10* spores/mL) under anaerobic conditions, filamentous form was
obtained with some yeast-like cells (Fig. 1B), while at the high spore
concentration of (6x1) x 10° spores/mL under anaerobic conditions,
purely yeast-like form was observed (Fig. 1C). Similar morphologies
under the same conditions were reported for M. indicus in the previous
studies (Sharifia et al., 2008; Lennartsson et al., 2009).

Fig.1. Different morphologies of M. indicus: A) purely filamentous form, B) mostly
filamentous form, and C) purely yeast-like form.

3.2. Effect of lead on the morphology and characteristics of the fungus

Effect of the presence of lead ions in the medium on the morphology of
the fungus is shown in Figure 2. At a low Pb?* concentration (10 mg/L),
M. indicus morphology was similar to that cultivated in the absence of
lead, which was purely filamentous. The morphology was changed from
purely filamentous to mostly filamentous form by increasing lead
concentration to 1000 mg/L. Therefore, M. indicus morphology was
affected by the presence of lead as a pollutant in the cultivation medium,
while lead did not inhibit the growth (see Section 3.3).

Fig.2.M. indicus morphologies in the presence of different lead concentrations (mg/L):
A) 0, B) 10, C) 150, D) 350, E) 400, and F) 1000.

To the best of our knowledge, there is no study on the effect of heavy
metals on fungus morphology, while it has been reported that M. indicus
morphology is highly affected by the presence of some compounds such
as CO,, O,, and EDTA (Bartnicki-Garcia and Nickerson, 1962; Orloski,
1991). Bartnicki-Garcia and Nickerson (1962) cultivated M. indicus under
3 different atmospheres (air, CO,,and N,). They observed that the presence
of oxygen decreased the amount of biomass produced and the presence of
CO, changed the morphology from filamentous to yeast-like form.
Furthermore, cultivation in the presence of air or N, developed the growth
of the filamentous form. M. indicus was also grown in the presence of
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ETDA (Bartnicki-Garcia and Nickerson, 1962). The results showed that the
fungus morphology changed from yeast-like to filamentous form in the
presence of EDTA. On the other hand, the presence of EDTA in the range of
2.7 x 10%t0 27 x 10* M showed inhibitory effects on the fungus growth.

The effect of lead on the biomass and the cell wall composition was also
studied and the results are presented in Table 1. Accordingly, the presence of
10 mg/L of lead ions in the medium in which the fungus was grown did not
affect the fungal characteristics. The protein and N-acetyl glucosamine
contents of the fungus cultivated in a lead-free medium were 0.51 (g/g
biomass) and 0.21 (g/g AIM), respectively, which were in agreement with the
results reported by other researchers in the absence of heavy metals
(Mohammadi et al., 2012 and 2013).

Table 1.
Biomass and cell wall content of M. indicus grown in different media.

Cell wall
. N-acetyl .

. Protein . Glucosamine  Phosphate

Medium 3 glucosamine
(9/g biomass) (glg AIM) (9/g AIM) (9/g AIM)

Lead-free 0.51+0.01 0.21+0.02 0.16+0.01 0.11+0.01
With Lead
(10 mg/L) 0.47+0.01 0.23+0.01 0.19+0.01 0.1+0.01

3.3. Effect of lead on the biomass production

The effect of lead on the biomass concentration for the three morphologies
was studied, and the results are presented in Table 2. The presence of lead
resulted in higher fungal biomass production in mostly filamentous and
purely filamentous forms in the first and last stages of cultivation, compared
with what obtained in the lead-free medium; however, an opposite trend was
detected for the yeast-like morphology. Furthermore, in the first stage, the
amount of the produced yeast-like biomass was the lowest in the presence of
lead. For lead-free medium, the amount of the mostly-filamentous biomass
was the lowest, while that of the yeast-like form was the highest. This was in
agreement with the results reported by Sharifia et al. (2008) for cultivation of
M. indicus in media containing no heavy metals.

Table 2.
Biomass produced in different media for the three morphologies of M. indicus.

First stage (g/L) Fifth stage (g/L)
Morphology
Lead-free With lead Lead-free With lead
Purely filamentous 2.52+0.08 3.08+0.08 7.08+0.23 7.60+0.21
Mostly filamentous 1.88+0.05 2.80+0.07 7.36+0.22 7.40£0.23
Purely yeast-like 3.60+0.08 2.61+0.09 7.36+0.21 6.56+0.19

The reason for higher biomass production in the presence of lead could be
the inhibition of some metabolites formation, e.g., ethanol and glycerol, and
shifting the metabolism towards biomass formation (Taherzadeh and Karimi,
2011).

There is no study on the effect of heavy metals on biomass amount, but
there are some reports indicating that the presence of some metal ions in
cultivation medium affected the fungal growth (Bartnicki-Garcia and
Nickerson, 1962; Arti and Guleria, 2013). The fungus Lentinus cladopus was
cultivated in the presence of five metal ions (iron, boron, manganese,
molybdenum, and zinc). It was observed that the amount of produced biomass
was decreased with increasing iron and boron concentration from 1 to 2 mg/L,
while the biomass concentration was increased by increasing zinc,
manganese, and molybdenum concentration in the same range (Arti and
Guleria, 2013).
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3.4. Isotherm study and the effect of lead on biosorption capacity of M.
indicus

The equilibrium biosorption capacity vs. equilibrium concentrations is
presented in Figure 3. It was observed that the biosorption capacity of
biomass was increased with increasing metal ion concentration. A similar
trend was also observed for copper biosorption by chitosan extracted from
M. indicus cell wall (Behnam et al., 2015h).

100

80

60

40

Biosorption capacity (mg/g)

20 o

Equilibrium lead concentration (C, (mg/L))
Fig.3. Equilibrium biosorption of lead ions by M. indicus biomass.

In order to describe the adsorption isotherm, Langmuir and Freundlich
models were used, and the results are presented in Table 3. Both models
could successfully describe the isotherm data, as the corresponding
correlation factors were high (R*> 0.99). Furthermore, the maximum
adsorption capacity obtained by Langmuir model was 117 mg/g,
indicating the high potential of M. indicus biomass for lead removal from
the contaminated media. It was previously shown that Langmuir and
Freundlich models predicted the isotherm data obtained by the dead
biomass of M. indicus in purely filamentous form and the obtained value
of qmax Was 22 mg/g (Javanbakht et al., 2011), revealing the lower ability
of the dead biomass for lead removal.

Table 3.
Isotherm models’ constants for biosorption of Pb%* by M. indicus biomass.

Model Parameters Value
R? 0.9919

Langmuir Qmax (MQ/g) 117.7
K (L/mg) 0.13
R? 0.9931

Freundlich n 1.49
Ke ((Mg/g)/ (mg/L)* 15.00

Lead removal was also investigated within five consecutive stages with
the initial lead concentration of 300 mg/L for different morphologies of
M. indicus, and the results are presented in Table 4. In all stages, different
morphologies of M. indicus adsorbed 97-99% of the lead ions, and the
biosorption capacities of all morphologies did not show considerable
differences among the stages, which would indicate that the biomass was
capable of adsorbing lead ions within several stages.

Table 4.
Final lead concentrations (mg/L) throughout the five consecutive cultivation stages.

Fungal Stage number
morphology 1 2 3 4 5

Purely filamentous 2.7¢0.07  3.0x0.07 3.4+£0.09 4.5+0.12 6.2+0.16
Mostly filamentous ~ 2.5#0.07  2.8+0.07  3.12+0.08 4.2+0.11 6.13+0.15

Purely yeast-like 45+0.13  2.4x0.06 6.3£0.16 3.46+0.08 2.8+0.08
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3.5. Effect of lead on sugar consumption and ethanol production

Glucose consumption rate by different morphologies of M. indicus was
studied, and the results are presented in Table 5. The presence of lead
decreased the glucose consumption rate, indicating that it took a longer time
for complete consumption of glucose by all morphologies in the contaminated
media. Furthermore, the consumption rate by all morphologies at the fifth
stage was lower than at the first one. In the presence of lead at the first stage,
the time for complete consumption of glucose increased from 18 to 21 h for
purely filamentous form and from 7 to 10 h for purely yeast-like form.
Similar trend was also observed for the last stage in the presence of lead.
Besides, in all stages, the fastest and the slowest glucose consumption rates
were observed for the yeast-like form and the mostly filamentous form,
respectively, in agreement with the results of Sharifia et al. (2008) obtained in
the absence of heavy metals.

Table 5.
Time (h) for complete glucose consumption by different morphologies of M. indicus.

First stage Fifth stage
Morphology § )
Lead-free With lead Lead-free With lead
Purely filamentous 18 21 21 24
Mostly filamentous 20 22-23 22-23 25-26
Purely yeast- like 7 10 15 18

In a study performed by Lennartsson et al. (2009), the effect of acetic acid
and furfural on glucose consumption by different morphologies of M. indicus
was studied. They observed that the presence of these components also
decreased glucose assimilation rate by all morphologies. For instance, the
presence of furfural increased the time for complete consumption of glucose
by purely yeast-like morphology from 3.75 to 19 h.

Bioethanol vyields (g ethanol/g consumed glucose) by different
morphologies were also obtained (Fig. 4). In the first stage, the highest (0.46
g/g) and the lowest (0.41 g/g) bioethanol yields in the lead-free medium were
obtained by mostly filamentous and purely filamentous form, respectively.
The corresponding values for the media contaminated with lead ions were
0.43 and 0.38 g/g. The cell wall of filamentous cells are less thick, and the
diffusion of sugars and ethanol is faster than through the yeast-like cells. On
the other hand, the purely filamentous cells form compact pellets, and transfer
of nutrients and metabolite through the pellets is slow, resulting in lower
sugar uptake rate and ethanol productivity (Sharifia et al., 2008; Karimi and
Zamani, 2013).

[ ] [ ] o

046
o4 o
04 -
0'135 033
o
0.3 0.25
=7 022
02 =
01
0

Purely filamentous

044 0.43

Oiz 03
I

Purely yeast like

Ethanol yield (g/g)

Mostly filamentous

Morphology

Fig.4. Ethanol yields by different morphologies in the presence and absence of lead.

In the last stage, the highest (0.35 g/g) and the lowest (0.25 g/g) ethanol
yields in the lead-free medium were obtained by mostly filamentous and
purely filamentous forms, respectively. The corresponding values for media
containing Pb?* ions were 0.33 and 0.22 g/g.

In order to analyze the data statistically, the analysis of variance (ANOVA)
was performed, and the results obtained are presented in Table 6.
Accordingly, the low p-value (<0.05) indicated that there was a significant
difference between ethanol yield in the first and the last stages, confirming a
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decrease in biomass ability for ethanol production through the consecutive
stages.

Table 6.
Analysis of variance for dependency of ethanol yield on number of stages.

Sum of Squares df  Mean Square  F-value P-value

Between Groups 0.051 1 0.051 31.104 0.000
Within Groups 0.016 10 0.002 - -
Total 0.067 11 - - -

Moreover, it was observed that the presence of lead in the cultivation
medium, even at the high concentration of 300 mg/L, did not inhibit
ethanol production by M. indicus with different morphologies. However,
ethanol yields for all morphologies both in the first and last stages in the
presence of lead were less than those obtained in lead-free medium.
Furthermore, ethanol yields in the last stage were lower than the first one,
indicating that the ability of M. indicus for ethanol production decreased
after consecutive cultivations. In the absence of lead, the maximum yield
of ethanol (0.46 g/g) was obtained by filamentous form of M. indicus
under anaerobic conditions, which was comparable with the results
reported previously (Sharifia et al., 2008).

It is worth quoting that this was the first study on the effect of heavy
metals on bioethanol production by M. indicus while there are some
reports on M. indicus performance in media containing other inhibitors.
For instance, Lennartsson et al. (2009) showed that for M. indicus in
filamentous form under anaerobic conditions, 10 mg/L acetic acid
decreased ethanol yield from 0.42 g/g to 0.40 g/g, while 4.6 mg/L furfural
decreased the yield to 0.41 g/g. The fungus consumed all furfural, while
the amount of acetic acid was constant during the cultivation time.

4. Conclusions

The presence of lead in the cultivation media showed considerable
effects on ethanol production by different morphologies of M. indicus.
Different forms of the fungus could grow in the presence of lead and
consume all glucose. In all morphologies, the fungus produced ethanol in
the presence of even high concentrations of lead within five consecutive
cultivation stages, but with lower yields in comparison with those
obtained in lead-free media. Ethanol yield and glucose consumption rate
decreased from the first stage to the last, both in the presence and the
absence of lead for all morphologies. Furthermore, all morphologies of M.
indicus were capable of adsorbing considerable amounts of lead ions from
the cultivation media while simultaneously producing bioethanol.
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