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Abstract

This study was carried out to investigate the tolerance of yeasts isolated from some Nigerian traditional
fermented foods to formic acid during laboratory-scale fermentation of ethanol.

A total of 27 yeast strains were isolated from burukutu, ogi, kunu and palm wine. The yeasts were
screened for formic acid tolerance using spot plate technique on two culture media. One strain was
selected based on its ability to tolerate up to 15 mM concentration of formic acid on Yeast Extract Peptone
Dextrose Agar and was further identified as Candida tropicalis strain IFM 63517. C. tropicalis was used
for fermentation of ethanol with varying concentrations of formic acid, ethanol and residual glucose
concentrations which were monitored at intervals. The total viable cell count was determined using plate
count technique. The highest ethanol yield of 8.36% (v/v) with a residual glucose concentration of 0.33 g/L.
was obtained from 0 mM formic acid (control fermentation vessel) with a total viable cell count of 8.7x10°
cfu/ml, while the lowest ethanol yield of 8.00% (v/v) with a residual glucose concentration of 0.14g/L was
obtained from 15 mM concentration of formic acid with a total viable cell count of 6.1x10° cfu/ml. The
yeast strain used in this work exhibited a high ethanol yield despite the presence of an inhibitory compound
(formic acid) when comparing the ethanol yield at its tolerance threshold (15 mM of formic acid) to the
control fermentation vessel without formic acid.
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Pesrome

Hacrosimara pa3paboTka e HacodeHa KbM IPOy4YBaHe TOJICPAHTHOCTTA Ha APOXKIHU, U30JIUPAHU OT HIKOU
TPaJMIIMOHHN HUTEPUIUCKHN (pepMEHTHpai XpaH!u KbM MpaBuy€Ha KHCEIHHA 110 BpeMe Ha epMeHTalus Ha eTa-
HOJI B JJA0OPATOPHU YCIIOBUSL.

Ot GypyKyTy, OT'H, KyHY U MMaJIMOBO BUHO Ca U30JIMpaHu 001110 27 maMa apokau. [Ipoydena e pe3ucTent-
HOCTTa Ha T€3M U30JIaTH KbM MpaBuy€Ha KHCEJIMHA BbpXY JIBE arapoBH KyITypaiHu cpeau. Eaun ot Tect-mamo-
Bere, uaenTuduimpan karo Candida tropicalis IFM 63517, nokas3Ba pe3uCTEHTHOCT KbM MpaBU€HA KHUCEINHA B
KOHIIEHTpauust 10 15 mM npu KynTuBUpaHe BbPXY Cpefia ¢ IEKCTPO30-MENTOHEH arap U JIpoxkeB ekcTpakrt. C.
tropicalis ce n3non3Ba 3a pepMeHTalUs Ha €TaHOJ MPH Pa3IMuHU KOHLIEHTPAI[MK MpPaBUeHA KHCEJIMHA, €TaHOI 1
JIIOKO3a, KOUTO Ce M3MepBaT Ha MHTepBaiau. OOmusAT Opoii Ha KM3HECTIOCOOHTE KIIETKH Ce OIpesiesist upe3 Opo-
€HEe Ha 00pa3yBaHUTE KOJIOHUH B arapoBa cpeza B merpueBu Ommrona. Hail-BucokusT noouB Ha eTaHoi ot 8.36%
(06em/006eM) ¢ KoHIIEHTpaIHsl Ha ocTarbuHa Iroko3a 0.33 /1 ce momydaa ot )0 mM MpaBueHa KucenuHa (KOH-
TpoJieH PePMEHTAIIMOHEH Ch/T) C 0011 OpOii KM3HECTIOCOOHH KileTKH 8.7x10° Op. KIeTKu/MI1, TOKaTo Hal-HUCKH-
at 100uB Ha etaHon - 8.00% (00em/00eM) ¢ KOHIIEHTpaIHs Ha OCTaTh4yHa Troko3a oT (.14 1/71 ce momyyasa ot
KOHIICHTpAIIMsI Ha MpaBueHa Kucenuaa 15 mM ¢ o6 6poit xkusHenn kietku 6.1x10° 6p. kierku/mir. [lpu cpas-
HsIBaHE PE3yJITaTUTE Ce yCTaHOBsBA, ue mam C. tropicalis IFM 63517 noka3sa BUCOK JOOMB Ha €TaHOI, BBIIPEKU
HaJIMYMETO Ha MHXMOMPAIIOTO BEIIECTBO (MpaBueHA KHCEIMHA) TOPU B YCIOBHUSTA HA MParoBara TOJIEPAHTHOCT
Ha mama (15 mM), B ¢ cpaBHEHHE ¢ TO3H OT KOHTPOJIHUS (hepMeHTOp (0€3 HaIM4Ke Ha MpaBYCHA KUCEITHHA).
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Introduction

Yeasts, mostly strains of Saccharomyces
cerevisiae, have been widely used for bioethanol
production industrially, because of their high
fermentative ability, ethanol tolerance and rapid
growth under anaerobic conditions. Apart from
Saccharomyces, other genera of yeasts such as
Candida, Kluyveromyces,and Schizosaccharomyces
have also been employed in the bioconversion of
lignocellulosic substrates to bioethanol (Ivanova et
al., 2011). These yeasts, however, are susceptible
to inhibitory compounds present in lignocellulose-
derived hydrolysates (Martin et al., 2002). One
possible solution is to detoxify the hydrolysate
to remove the inhibitors; however, this creates
additional costs and a potential loss of sugar
(Almeida et al., 2007). An alternative approach and
long-term solution to overcome this problem is to
either screen for high inhibitor tolerant yeast strains
or create genetically modified strains with desired
tolerance properties.

Inhibitory compounds capable of inhibiting
fermenting yeast fall into specific groups such
as weak acids, furan derivatives and phenolic
compounds (Sun and Tao, 2010). The types of toxic
compounds generated, and their concentrations
in lignocellulosic hydrolysates, depend on both
the raw material and the operational conditions
employed for hydrolysis (Taherzadeh et al., 2000).
Toxic compounds can act to stress fermentative
organisms to a point beyond which the efficient
utilization of sugars is possible, ultimately leading
to reduced product formation (Palmqvist and
Hahn-Hagerdal, 2000b). Formic acid (methanoic
acid) is one of the weak acid inhibitors present
in lignocellulosic hydrolysates, with a typical
concentration of approximately 1.4 g/L (30 mM)
(Almeida et al., 2007; Greetham et al., 2014). The
majority of the investigators who have observed the
presence of this acid in fermented liquids, however,
believed it to play some role in the fermentations
of sugar by yeast. The inhibitory effect of formic
acid has been ascribed to both uncoupling and
intracellular anion accumulation and the reduction
of the uptake of aromatic amino acids (Verduyn et
al., 1992; Pampulha and Loureiro, 2000; Almeida et
al., 2007). Formic acid is more toxic to yeast strains
than either acetic acid or levulinic acid (Almeida et
al., 2007; Hasunuma et al., 2011a), due to a lower
pKa value (3.75 at 20°C) than acetic (4.75 at 25°C)
and levulinic acid (4.66 at 25°C).

The undissociated form of weak acids can
diffuse from the fermentation medium across the
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plasma membrane and dissociate due to higher
intracellular pH, thus decreasing the cytosolic pH
(Verduyn et al., 1992; Pampulha and Loureiro,
2000). The decrease in intracellular pH is
compensated by the plasma membrane ATPase,
which pumps protons out of the cell at the expense
of ATP hydrolysis. Consequently, less ATP is
available for biomass formation. Inhibition of
cytochrome oxidase also increases the production
of cytotoxic reactive oxygen species (ROS),
leading to cell death due to damage in ROS in cell
compartments (Richter et al., 1995). For industrial
and commercial purposes, low concentrations
of formic acid are widely used as one of the
major ingredients of antiseptics. According to the
intracellular anion accumulation theory, the anionic
form of the acid is captured inside the cell and
the undissociated acid will diffuse out of the cell
until equilibrium is reached. Weak acids have also
been shown to inhibit yeast growth by reducing the
uptake of aromatic amino acids from the medium,
probably as a consequence of strong inhibition of
the enzyme permease (Almeida et al., 2007).

On the other hand, formic acid has been
shown to be a toxic metabolite of methanol, and
is a commonly used organic solvent that has been
long known to be a selective human neurotoxin
(Roe, 1955). Formic acid causes both metabolic
acidosis and ocular toxicity by affecting the retina
and optic nerve cells, ultimately leading to blindness,
a common and permanent consequence of methanol
intoxication (Roe, 1955). Formic acid has been
demonstrated in vitro to induce mammalian cell death
by inhibiting the activity of cytochrome oxidase, the
terminal electron acceptor of the electron transport
chain that is involved in ATP synthesis, resulting
in depletion of ATP and subsequent cell death due
to reduction of energy levels so that essential cell
functions cannot be maintained (Nicholls, 1975;
Nicholls et al., 1976). Antioxidants such as catalase
and glutathione/glutathione peroxidase may play a
role in the protection of ocular cells from formic acid
toxicity (Treichel ef al., 2004).This work, therefore,
aimed at investigating the tolerance of yeasts isolated
from some Nigerian traditional fermented foods to
formic acid during laboratory-scale fermentation of
ethanol.

Materials and Methods
Microorganisms

Allyeast used for this work were isolated from
various fermented beverages (palm wine, burukutu,
kunu) purchased from Ibadan metropolis in Oyo
State, using standard microbiological isolation



procedures. Stock of each strain was stored in malt
extract agar (MEA) slant at 4°C until required.

Spot plate analysis

Progressive sub-culturing of each isolate
from a lower formic acid concentration to a higher
concentration (0, 5, 10, 15 and 20 mM) using both
MEA and yeast extract peptone dextrose agar
(YEPDA) was carried out for the selection of the
most tolerant strain. Yeast inoculum was prepared
by taking a loopful of stock culture to 10 mL of
demineralized water and the optical density was
compared with MacFarlan standard number 0.5
containing approximately 1.5x108 cells/mL of yeast
culture then 5 pL samples of each dilution of the
yeast cultures were spotted on MEA and YEPDA
plates. The plates were incubated anaerobically at
30°C for 48 h and visible growth differences were
recorded (Homann et al., 2005).
Molecular identification of the tolerant yeast strain

PCR was carried out in a GeneAmp 9700
PCR System Thermalcycler (Applied Biosystem
Inc., USA) with a PCR profile consisting of an
initial denaturation at 94°C for 5 min; followed by
a 30 cycles consisting of 94°C for 30 s, annealing
of primer at 55°C and 72°C for 1.5 min and a final
termination at 72°C for 10 min.

The amplified fragments were sequenced using
a Genetic Analyzer 3130xl sequencer from Applied
Bio systems using manufacturers’ manual while the
sequencing kit used was that of BigDye terminator
v3.1 cycle sequencing kit. BioEdit software and
MEGA 6 were used for all genetic analyses.
Lab-scale fermentation

YEPD broth with the addition of formic acid
at 0, 5, 10, 15, 20 mM was used in the laboratory-
scale fermentations. The pH of the media was
adjusted to 4.5 using phosphoric acid under aseptic
conditions. From the broth, 100 mL was transferred
into mini fermentation vessels (FVs). One mL of
the prepared inoculum size of the most tolerant
yeast strain was aseptically transferred into each of
the bottles. All bottles were incubated at 30°C with
shaking at 200 rpm for 24 hours. Samples were
collected at specific time intervals to determine the
total cell count, and concentrations of glucose.
Total viable cell count

One mL of appropriate dilution factor of the
suspension of the tolerant yeast strain was plated out
using the spread plate method for the determination
of the total viable cell of the yeast strain. Plate
count technique was employed for the total viable
cell of the tolerant strain based on the number of
colony forming.
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HPLC analysis

At intervals of 24 and 48 h, 10 mL samples
from the fermentation broth were aseptically
collected for determination of the residual glucose
concentration using High Performance Liquid
Chromatography according to the method of Falque-
Lopez and Fernandez-Gomez (1996). Glucose
concentration was determined using Agilent 1200
HPLC system composed of: Detector: Refractive
Index Detector (RID); Column: Grace-Davison
Prevail Carbohydrate ES 5p column (150mm
x 4.6mm); Mobile Phase: 75% Acetonitrile LC
Grade: 25% deionised water; Injection volume: 5.0
ul; Flow rate: 1.0 mL/min, and temperature: 25°C.
GC analysis

At intervals of 24 and 48 h, 10 mL samples
from the fermentation broth were aseptically
collected for the determination of the ethanol
concentration using Gas Chromatography model
HP 6890 Powered with HP ChemStation rev. A
09 01 (1206) software according to the method of
Vianna and Elber (2001).

Results
Spot plate characteristics (screening)

All twenty-seven isolates were screened
using the spot plate technique with different
concentrations of formic acid. Two media, namely
MEA and YEPDA for yeast propagation, were used
in the screening process to access the tolerance of
the various isolates to formic acid (Table 1).

On MEA, all the twenty-seven (100%)
isolates were able to grow at 0 mM of formic acid,
11 (40.74%) isolates were able to grow at 5 mM of
formic acid, 6 (26.22%) isolates were able to grow
at 10 mM of formic acid, none (0%) was able to
grow at 15 and 20 mM of formic acid, respectively.
Whereas, on YEPD all (100%) the isolates were
able to grow at both 0 and 5 mM concentration of
formic acid, 10 (37.04%) were able to grow at 10
mM concentration of formic acid, 1 (3.70 %) was
able to grow at 15 mM concentration of formic acid
and none was able to grow at 20 mM of formic acid
concentration.

From the results obtained from the spot
plate screening of the isolates, it was observed
that YEPDA was the best medium that could
support the growth of the isolates as it was able to
support the growth of one isolate (P8) up to 15 mM
concentration of formic acid.

Molecular identity of the tolerant strain

Gene sequence from the characterized isolate

showed 99% identity similar to Candida tropicalis



Table 1. Spot plate screening of isolates using
different concentrations of formic acid (mM)

SIN | Isolate | Formic acid concentrations of (mM)
code MEA YEPDA
05101520 0[5 (10]15]20
1] P1 + -1 -1-1-(+1+!-1-]-
20 P2 |+ --|-1-1+1+]-1-]-
3 P3 [+ -|-|-|-|+1+]-]-1]-+-
41 P4 1+ - ---+1+-1-]-
51 P6 [+ )+ |+ -|-1+[+])+]-]-
6 P7 |+ +|-|-|-|+]|+|+]-]|-
71 P8 [+ |+ |+ -|-|+|+|[+]|+]-
8 PO [+ -|-|-|-|++]|+]-]-
9 P1O |+ | - | -|-|-|+]|+]|-]-1-
100 P11 [+ )+ |- -|-+|[+]-|-]-
11 KT [+ -|-|-|-|+|+]-]-]-
1221 K& [+ )+ [+ - |-+ +]+]-]-
B K5 [+ +|[---1+[+]-]-1-
141 K6 [+ |+ [+ -|[-|+|[+]+]|-]-
150 K7 [+ -|--|-1+[+]-1|-1]-
6] K8 [+ [+ |+ -]-|+|+]|-]|-]-
171 K9 [+ [+ [+ -] -|+|+|+]|-]|-
8 K10 [+ - |- -|-1+[+]-|-]-
18 K10 [+ |- -|-|-|+|+]|-]-]-
20 Bl + -1 -1--(+1+!-1-]-
21 B2 [+ | - |- -|-|+|+]|+]|-1-
221 B3 [+ | - - --|+]|+]|+]|-1-
231 O1 |+ |- |-|-|-]+1+-1-]|-
241 O2 |+ |+ -|--1+|+]-1-]-
250 O3 |+ |- |-|-|-|+1+1+]-]-
260 O4 |+ |- |-|-|-|+1+-]-]|-
271 O5 |+ |- -|-|-1+|+]|-1-]-

Key: + = Growth; - = No growth

strain IFM 63517 internal transcribed spacer 1,
partial sequence; 5.8S ribosomal RNA gene and
internal transcribed spacer 2, complete sequence;
and large subunit ribosomal RNA gene partial
sequence.
Determination of glucose concentration

The residual glucose concentration from
the various mini fermentation vessels containing
varying concentrations of formic acid was
monitored during the period of fermentation at 24
and 48 h, respectively, using HPLC. With 0 mM
of formic acid, residual glucose concentration at
24 h of fermentation was 0.4+0.00 while at 48 h of
fermentation there was a decrease in the residual
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glucose concentration to 0.334+0.01. With SmM of
formic acid, residual glucose concentration at 24
h of fermentation was 0.19+0.01 while at 48 h of
fermentation there was a decrease in the residual
glucose concentration to 0.10+0.01. With 15 mM
of formic acid, residual glucose concentration at 24
h of fermentation was 0.21+0.01 while at 48 h of
fermentation; there was a decrease in the residual
glucose concentration to 0.14+0.01, as shown in
Table 2.

Table 2. Residual glucose concentration at 24 and
48 h of glucose fermentation by C. tropicalis strain
IFM 63517

Formic acid | Residual glucose concentration (g/L)
(mM) 24h 48 h
0 0.40x0.00* 0.33+0.01°
5 0.19+0.01° 0.10+0.01°
15 0.21+0.01° 0.14+0.01¢

Note: Means (results of duplicate) with different
superscript letter down the column are statistically
significant at p<0.05

Ethanol yield of glucose fermentation by C. tropicalis
strain IFM 63517 at 24 and 48 h

The total ethanol yield from the various mini
fermentation vessels containing varying concen-
trations of formic acid was monitored during the
period of fermentation at 24 and 48 h, respectively,
using gas chromatography.

With 0 mM of formic acid ethanol yield at
24 h of fermentation was 5.99+0.02 while at 48 h
of fermentation, there was an increase in the etha-
nol yield to 8.36+0.05. With 5 mM of formic acid,
ethanol yield at 24 h of fermentation was 5.68+0.01
while at 48 h of fermentation there was an increase
in the ethanol yield to 8.244+0.01. With 15 mM of
formic acid, ethanol yield at 24 h of fermentation
was 5.014+0.02 while at 48 h of fermentation there
was an increase in the ethanol yield to 8.00+0.02,
as shown in Table 3.

Table 3. Ethanol yield at 24 and 48 h of glucose
fermentation by C. tropicalis strain IFM 63517

Formic acid Ethanol yield (%v/v)
(mM) 24h 48 h
0 5.99+0.02* 8.36+0.05*
5 5.68+0.01° 8.24+0.01°
15 5.01+0.02¢ 8.00%0.02¢

Values are means of triplicate plate count



Total viable cell count determination

The total viable cell count of C. tropicalis
strain [IFM 63517 used in the fermentation process
was determined using the plate count technique at
intervals of 12, 24, 36 and 48 h. With 0 mM of for-
mic acid, there was a total cell count of 5.9x10°,
6.8x10%, 7.4x10° and 8.7x10° cfu/ml at 12, 24,
36 and 48 h of fermentation, respectively. This is
shown in Table 4. With 5 mM of formic acid, there
was a total cell count at 48 hours 4.2x10°, 5.1x10°,
6.6x10° and 6.9x10° cfu/ml at 12, 24, 36 and 48 h
of fermentation, respectively, while with 15 mM of
formic acid, there was a total cell count of 3.3 x10°,
4.7 x10% 5.3 x10° and 6.1 x10° cfu/ml at 12, 24, 36
and 48 h of fermentation, respectively.

Table 4. Total viable cell count of C. tropicalis
strain IFM 63517 throughout the period of glucose
fermentation with various concentrations of formic acid

Time Formic acid concentration (mM)

(h) 0 5 15
0 1.5x108 1.5x108 1.5x108
12 5.9x10° 4.2x10° 3.3x10°
24 6.8x10° 5.1x10° 4.7x10°
36 7.4x10° 6.6x10° 5.3x10°
48 8.7x10° 6.9x10° 6.1x10°

Values are means of triplicate plate count

Discussion

Despite the fact that yeasts are readily capa-
ble of utilizing monosaccharides as their energy
source, this ability can easily be hampered by the
presence of inhibitory substances such as formic
acid, which is a typical weak organic acid formed
as a by-product in the anaerobic breakdown of glu-
cose by yeast. Yeast isolates used in this work were
obtained from various indigenous fermented bev-
erages of Nigeria (palm wine, ogi kunu, burukutu).
Serial dilution and appropriate dilution factors of
x10* and x10° of each of these beverages were plat-
ed out for yeast isolation. According to Banwo et
al. (2015), the ready availability of yeast in such
food products is a result of the high sugar content
hence leading to the addition of desirable flavour to
fermented foods.

Spot plate screening of the 27 yeast isolates
from various fermented foods using both MEA and
YEPDA showed that the highest tolerance thresh-
old of the isolates to formic acid on MEA was 10
mM, where 6 (26.22%) isolates were able to grow

159

whereas there was an increase in the tolerance
threshold on YEPDA up to 15 mM of formic acid
with 1 (3.70%) isolate being able to grow. This re-
sult agrees with the work of Keating et al. (20006),
who utilized Yeast Nitrogen Base agar (YNBA) and
YEPDA for the spot plate screening of yeast isolate
to various inhibitory weak organic acids and found
that yeast could tolerate higher inhibitory concen-
trations on YEPDA compared to YNBA or MEA,
which are mere minimal media for yeast isolation
with reasons being that YEPDA as an enriched me-
dium may have a higher buffering capacity against
weak organic acids, of which formic acid is an ex-
ample. Similarly, Oshoma et al. (2015) subjected
various strains of non-Saccharomyces cerevisiae
to various concentrations of formic acid and ob-
served that S. paradoxus DBVPG6466, S. kudria-
vzeii IFO1802, S. arboricolus 2.3319 S. cerevisiae
NCY(C2592 exhibited tolerance to 35 mM and 20
mM formic acid on YPD and YNB media, respec-
tively, while other strains did not grow, thus show-
ing that yeast can tolerate higher concentrations of
inhibitors in YEPD medium than in other minimal
growth media.

Molecular characterization of the most toler-
ant and selected yeast isolate revealed the isolate
to have 99% identity to C. tropicalis strain IFM
63517. Similar results where Candida species were
isolated and characterized from fermented foods
such as kunu, pito, ogi and palm wine were report-
ed in the works of Sanni and Lonner (1993); Ikpoh
et al. (2013); Banwo et al. (2015).

Based on the results obtained from spot plate
screening, C. tropicalis IFM 63517 strain was se-
lected and tested for formic acid tolerance. Com-
pared with the controlled fermentation vessel with-
out formic acid where cell growth was unaffected
by any inhibitory compound, cell growth of C. trop-
icalis IFM 63517 strain at both 5 mM and 15 mM
concentrations of formic was still maintained above
75%. This result conforms to what was obtained by
Huang et al. (2011), who studied the inhibitory ef-
fect of organic acids on strains of Saccharomyces
species. He stated that in the fermentation of glu-
cose with different concentrations of formic acid, it
was observed that the cell concentration decreased
with an increase in formic acid concentration in
the fermentation vessels. The reasons behind this
have not been well established but a potential rea-
son could be a result of the diversion of metabolic
energy (ATP) in the cell to pump out excess proton
from the cytoplasm of the cell for a balanced os-
motic pressure at the expense of cell biomass pro-



duction and accumulation (Wikandari et al., 2010).

At 24 h, there was a statistically significant
difference in the ethanol yield at 0, 5 and 15 mM
concentrations of formic acid. The same was ob-
served at 48 h, although there was a significantly
higher ethanol yield at 48 h. In summary, there
was more ethanol yield at 48 h and observations
revealed that as the formic acid concentration in-
creased, there was lesser yield of ethanol, thereby
signifying the repressing effect of increased con-
centration of formic acid on ethanol yield by the
yeast isolate.

The overall glucose consumption of C. tropi-
calis IFM 63517 was not affected by formic acid. At
24 h of fermentation, the highest residual glucose
(0.40+0.00) was observed at 0 mM of formic acid
while it was least (0.194+0.01) at 5 mM formic acid.
At 48 h of fermentation, the same trend of residual
glucose was observed (0.33+0.01) and (0.10+£0.01)
for both 0 mM and 5 mM concentrations of formic
acid, respectively. A similar result was reported in
yeast fermentations with acetic acid by Keating et
al. (2006) and this supports the assumption that in
the presence of formic acid, metabolic activity is
increased for the pumping out of protons from the
cell thus leading to quick utilization of available
glucose in the fermentation wort.

Conclusion

The yeast strain used in this work exhibited
a high ethanol yield despite the presence of an in-
hibitory compound (formic acid) when comparing
the ethanol yield at its tolerance threshold (15 mM
of formic acid) to the control fermentation vessel
without formic acid.

References

Almeida, J. R. M., T. Modig, A. Peterson, B. Hahn-Hagerdal,
G. Liden, M. F. Gorwa-Grauslund (2007). Increase toler-
ance and conversion of inhibitors in lignocellulosic hydro-
lysates by Saccharomyces cerevisiae. J. Chem. Technol.
Biotechnol. 82: 340-349.

Banwo, K., R. Omotade, A. 1. Sanni, T. P. Alakeji (2015).
Functional properties of yeasts isolated from some Nige-
rian traditional fermented foods. J. Microbiol. Biotechnol.
Food Sci. 4: 437-441.

Duclaux, E. (1892). Sur ’action antiseptique de 'acide form-
ique. Ann. Inst. Pasteur 6: 593-599.

Falque-Lopez, E., E. Fernandez-Gomez (1996). Simultaneous
determination of the major organic acids, sugars, glycerol,
and ethanol by HPLC in grape musts and white wines. J.
Chrom. Sci. 34: 254-257.

Greetham, D., T. Wimalasena, D. W. M. Kerruish, S. Brand-
ley, R. Ibbett, R. L. Linforth (2014). Development of a
phenotypic assay for characterization of ethanologenic
yeast strain sensitivity to inhibitors released from ligno-

160

cellulosic feedstocks. J. Ind. Microbiol. Biotechnol. 41:
931-945.

Hasunuma, T., T. Sanda, R. Yamada, K. Yoshimura, J. Ishii, A.
Kondo (2011a). Metabolic pathway engineering based on
metabolomics confers acetic and formic acid tolerance to
a recombinant xylose-fermenting strain of Saccharomyces
cerevisiae. Microb. Cell Fact. 10: 1-13.

Homann, O. R., H. Cai, J. M. Becker, S. L. Lindquist (2005).
Harnessing natural diversity to probe metabolic pathways.
PLoS Gen. 1: 715-729.

Huang, H., X. Guo, D. Li, M. Liu, J. Wu, H. Ren (2011).
Identification of crucial yeast inhibitors in bioethanol and
improvement of fermentation at high pH and high total
solids. Biores. Technol. 102: 7486-7493.

Ikpoh, I. S., J. A. Lennox, L. A. Ekpo, B. E. Agbo, E. E. Hen-
shaw, N. S. Udockong (2013). Microbial quality assess-
ment of kunu beverage locally prepared and hawked in
Calabar, Cross River State, Nigeria. Global J. Biodiver.
Sci. Manag. 3: 58-61.

Ivanova, V., P. Petrova, J. Hristov (2001). Application in the
ethanol fermentation of immobilized yeast cells in matrix
of alginate/magnetic nanoparticles, on chitosan-magnetite
micro particles and cellulose-coated magnetic nanoparti-
cles. Int. Rev. Chem. Eng. 3: 289-299.

Keating, J. D., C. Panganiban, S. D. Mansfield (2006). Toler-
ance and adaptation of ethanologenic yeasts to lignocel-
lulosic inhibitory compounds. Biotech. Bioeng. 93: 1196-
1206.

Kruis, K., H. B. Rayman (1896). Sind die Bestandtheile des
Vorlaufes und des Fusel6les Produkte der Tiitigkeit der
Kulturhefen oder fremder Organismen. Z. Spiritusind. 19:
131.

Martin, C., T. Fernandez, R. Garcia, E. Carrillo, M. Marcet,
M. Galbe (2002). Preparation of hydrolysates from tobac-
co stalks and ethanolic fermentation by Saccharomyces
cerevisiae. World J. Microbiol. Biotechnol. 18: 857-862.

Nicholls, P. (1975). Formate as an inhibitor of cytochrome C
oxidase. Biochem. Biophys. Res. Commun. 67: 610-616.

Nicholls, P., L. C. Petersen, M. Miller, F. B. Hansen (1976).
Ligand induced spectral changes in cytochrome C oxidase
and their possible significance. Biochim. Biophys. Acta
449: 188-196.

Oshoma, C. E., D. Greetham, E. J. Louis, K. A. Smart, T. G.
Phister, C. Powell, C. Du (2015). Screening of non-Sac-
charomyces cerevisiae strains for tolerance to formic acid
in bioethanol fermentation. PLoS ONE, 10: ¢0135626.

Palmqvist, E., B. Hahn-Hagerdal (2006b). Fermentation of
lignocellulosic hydrolysates. II: Inhibitors and mecha-
nisms of inhibition. Biores. Technol. 74: 25-33.

Pampulha, M. E., M. C. Loureiro-Dias (2000). Energetics of
the effect of acetic acid on growth of Saccharomyces cer-
evisiae. FEMS Microbiol. Lett. 184: 69—72.

Richter, C., V. Gogvadze, R. Laffranchi, R. Schlapbach, M.
Schweizer, M. Suter, P. Walter, M. Yaffee (1995). Oxi-
dants in mitochondria: from physiology to diseases. Bio-
chim. Biophys. Acta 1271: 67-74.

Roe, O. (1955). The metabolism and toxicity of methanol.
Pharmacol. Rev. 7: 399-412.

Sanni, A. 1., C. Lonner (1993). Identification of yeasts iso-
lated from Nigerian traditional alcoholic beverages. Food
Microbiol. 10: 517-523.

Sun, W., W. Tao (2010).Comparison of cell growth and eth-



anol productivity on different pretreatment of rice straw
hemicellulose hydrolysate by using Candida shehatae
CICC. Afr. J. Microbiol. Res. 4: 1105-1109.

Taherzadeh, M. J., C. Niklasson, G. Liden (2000). On-line
control of fed-batch fermentation of dilute-acid hydro-
lysates. Biotechnol. Bioeng. 69: 330-338.

Treichel, J. L., M. M. Henry, C. M. B. Skumatz, J. T. Eells, J.
M. Burke (2004). Antioxidants and ocular cell type differ-
ences in cytoprotection from formic acid toxicity in vitro.
Toxicol. Sci. 82: 183-192.

Verduyn, C., E. Postma, W. A. Scheffers, J. P. Van Dijken

161

(1992). Effect of benzoic acid on metabolic fluxes in
yeasts: a continuous culture study on the regulation of res-
piration and alcoholic fermentation. Yeast 8: 501-517.

Vianna, E., S. E. Ebeler (2001). Monitoring ester formation in
grape juice fermentations using solid phase micro extrac-
tion coupled with gas chromatography-mass spectrome-
try. J. Agric. Food Chem. 49: 589-595.

Wikandari, R., R. Millati, S. Syamsiyah, R. Muriana, Y. Ayun-
ingsih (2010). Effect of furfural, hydroxymethlfurfural
and acetic acid on indigenous microbial isolate for bioeth-
anol production. Agric. J. 5: 105-109.



