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Second-generation biofuels, fuels produced from  
lignocellulosic materials, including wood, agricultural 
residues and biomass waste include bioethanol, bio-
diesel and biogas. These fuel sources have great poten-
tial as useful substitutes to conventional fossil fuels. 
Biomass sources are also non-toxic and biodegradable 
energy sources that can be produced from a wide 
range of organic materials resulting in economic and 
renewable energy source. Pretreatment of lingo-
cellulosic biomass is required to reduce physico-
chemical restrictions that hinder the accessibility of 
sugars necessary for hydrolysis and fermentation. 
Various pretreatment processes exist, but all of them 
produce inhibitory compounds that ultimately reduce 
ethanol production and cell viability of the fermenting 
microorganism, Saccharomyces cerevisiae. In this 
study different combinations of inhibitors (acetic acid, 
formic acid and vanillin) were considered to mimic 
realistic fermentation conditions during bioethanol 
production; ethanol yield and cell viability were then 
concurrently measured over a period of 48 h. The 
combination of acetic acid and formic acid exhibited 
ethanol reduction up to 11 ± 3.74%, while cell viability 
decreased by 23 ± 6.61%. Acetic acid and vanillin re-
duced ethanol production by 25 ± 1.77% and cell via-
bility by 4 ± 4.38%. Formic acid and vanillin inhibited 
ethanol production by 31 ± 3.14% and cell viability 
16 ± 7.54%. Finally, the synergistic effect of all three 
inhibitors reduced the final ethanol production by 
58 ± 5.09% and cell viability by 27 ± 5.44%, indicating 
the toxic effect of the synergistic combination. 
 
Keywords: Bioethanol production, cell viability, flow 
cytometry, Saccharomyces cerevisiae, synergetic inhibi-
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THE concerns of rapid growth of human population, the 
ever-depleting natural resources, environmental pollution 
and industrialization lead to the critical need for alterna-
tive sources for fuel and energy production1–3. Addition-
ally, the combustion of fossil-fuel sources contributes to 
greenhouse gas emissions, leading to atmospheric pollu-
tion and climate change4,5. The global production of 

large-scale bioethanol is increasing as it can be used as an 
octane booster or fuel additive, even as a neat fuel source. 
Compared to commercial fuel sources, bioethanol has 
multiple advantages ranging from a higher octane number 
to lower emissions of sulphur dioxide and carbon  
dioxide2. The reduced carbon dioxide concentration in 
fuel emissions is also an advantage in the development of 
bioethanol as an alternative fuel source6. According to 
Licht7, bioethanol has been considered as the most prom-
inent alternative for fossil fuels as it presented a sharp  
increase in production from 2000, with numbers ranging 
from 49 billion litres in 2006 to up to 115 billion litres in 
2015. It is important to mention that bioethanol produc-
tion must be cost effective to be implemented at large 
scale8,9. The production cost for bioethanol from food 
crops is extremely high as the cost of raw materials  
accounts for approximately 40–70% of production costs, 
therefore, it is crucial to utilize second-generation feed-
stocks, not used for human consumption10,11. 
 Bioethanol is a natural product produced by fermenta-
tion of plant materials that contains sugar and starch 
(first-generation feedstock), such as sugarcane and grains, 
the two most common feedstock used for anhydrous  
bioethanol fermentation12,13. Second-generation feedstock 
known as lignocellulosic materials, such as grasses, woo-
dy crops and organic waste materials is popular,  
because it does not diminish any source of food for  
human consumption. Lignocellulosic waste materials are 
predominantly derived from wood or agricultural  
remains14. Up to 90% dry weight of plant material con-
sists of lignin, cellulose, hemicellulose and a small  
percentage of pectin15. Lignin, the protective barrier in 
lignocellulose, prevents breakdown of macromolecules 
by bacteria and fungi that will lead to the production of 
biofuels. This cellular structure must be broken down to 
the necessary monomer sugars in order for microorgan-
isms to utilize it as a fermenting source. Cellulose is cha-
racterized by a rigid crystalline structure that requires 
harsh treatment to successfully break down16,17. Hemicel-
lulose is constructed of short and linear structures, with a 
large amount of branched chains of sugars8,18. 
 Pretreatment processes are required to separate the  
various biomass constituents, increase lignocellulose  
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porosity and reduce the chemical destruction of ferment-
able sugars that must be utilized for the production of 
bioethanol. This is achieved by macroscopic and micro-
scopic alterations of size and structure8,19. Various pre-
treatment procedures are available that can render 
carbohydrates accessible and allow sufficient biomass 
breakdown20. Physical methods include pyrolysis, mechan-
ical comminution and ozonolysis; physico-chemical pro-
cedures consist of steam explosion and CO2 explosion; 
chemical treatment entails economically feasible acid hy-
drolysis and biological pretreatment procedures are con-
ducted by fungal disinfection and enzyme hydrolysis21,22. 
One of the foremost disadvantages of pretreatment 
processes is the production of inhibitors that obstruct the 
growth of fermenting microorganisms, Saccharomyces 
cerevisiae9,19. The pretreatment process plays a signifi-
cant role in bioethanol production as it releases inhibitors 
that will influence bioethanol formation14. 
 Compounds that inhibit yeast growth during fermenta-
tion include substances such as furans, phenolic com-
pounds and weak acids; no pretreatment method has been 
developed to meet all the necessary requirements that can 
remove all inhibitors to allow maximum fermentation  
capabilities. Aromatics, also known as phenolic com-
pounds, originate from the hydrolysis of lignin compo-
nents that ultimately partition into cell membranes of the 
biomass, therefore reducing cell integrity and capability 
to act as a selective barrier9,23. The weak acids are  
produced from the treatment of hemicellulose biomass24. 
According to Almeida et al.9, the combined effect of  
inhibitors on cell viability will be greater than the indi-
vidual effect. Therefore, it is necessary to determine and 
evaluate the viability of S. cerevisiae during the fermen-
tation process as well as the overall effect of ethanol 
yield. In order to overcome the strong inhibitory effects 
from the released pretreatment compounds, chemical and 
biological detoxification procedures are frequently consi-
dered20. 
 During fermentation where glucose is consumed to 
produce ethanol, the secondary inhibitors commonly 
formed are acetic acid and lactic acid. The mechanisms of 
these inhibitors in the presence of initial inhibitors are not 
yet fully understood. According to Fu et al.25, the fermen-
tation inhibition of certain compounds can be enhanced 
by a combination of other compounds present in the mix-
ture. It has also been well-established that ethanol inhi-
bits the growth of most microorganisms, including S. 
cerevisiae. Once ethanol has reached a concentration that 
will inhibit the growth of the yeast, no further fermenta-
tion is possible without the aid of external influencers26. 
 The viability of S. cerevisiae is influenced by the in-
creasing concentration of inhibitors during pretreatment 
process1. During this time, secondary inhibitors are also 
formed. Furthermore, ethanol is also considered as an  
additional inhibitor that reduces cell performance.  
According to Kubota et al.27, the ethanol produced is  

toxic to yeast cells as it induces stress and reduced 
growth. However, the impact of synergetic inhibition on 
yeast viability as well as bioethanol production has not 
been well established; most of the previous studies have 
considered only the impact of individual inhibitors and 
cell viability has been determined mainly using plate 
counts28. The use of plate counts could provide some  
important information; however, growth on agar media is 
influenced by various factors, including cultivation  
media, incubation temperature as well as natural selec-
tivity of yeast cells to the media. Moreover, the plate 
count method is time-consuming as it requires up to  
7 days for the results to be indicated. Therefore, a niche 
arises for development of rapid, accurate methods that 
can quantify the viability of yeast cells in the presence of 
naturally occurring inhibitors. The development of fluo-
rescent staining methods facilitates accurate measurement 
of total cell concentration (TCC), damaged cells and dead 
cells with the aid of flow cytometry, thus allowing the 
ability to enumerate the complete amount of yeast cells as 
well as indicate the effect of the inhibitors on the growth 
of yeast over time. This novel method to determine the 
effect of yeast cell viability can help distinguish between 
various methods to maximize fermentation capabilities 
for bioethanol production. 
 In this study, the synergetic effect of inhibitors on the 
viability of S. cerevisiae during ethanol production was 
evaluated to better correlate the susceptibility of yeast 
strain to pretreatment-derived inhibitors and ethanol  
production rate. The plate counts were compared with 
flow cytometry TCC and the damaged cell measured at 
various inhibitory concentrations. All the methods used 
the same yeast cell samples over a constant period of 
time, from which the results could be determined and cor-
related. 

Methodology 

Materials 

The weak acids, acetic acid (95.5%) and formic acid 
(99.9%), were purchased from Associated Chemicals  
Enterprises (ACE, Johannesburg, South Africa) and the 
phenol, vanillin purchased from Merck (Darmstadt, Ger-
many). Commercial Anchor yeast was purchased as the 
source of S. cerevisiae. Furthermore, the LIVE/DEAD® 
FungaLight™ Yeast Viability Kit was purchased from 
ThermoFisher Scientific (Massachusetts, USA). Buffer 
tablets were purchased from Sigma-Aldrich (St Louis, 
Missouri, USA) for flow cytometry analysis preparation. 
Additionally, ethanol (99.9%) and sodium hydroxide 
(>98%) were purchased from Sigma-Aldrich (South Africa) 
and Rochelle Chemicals, South Africa respectively. 
Deionized water was used to make up the volumes of the 
respective solutions. 
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Growth of S. cerevisiae 

First, the dried yeast cells were restored with the inocula-
tion of the sterilized YPD nutrient broth. The pH of the 
solution was adjusted to 6.5 by adding 0.1 M NaOH. The 
broth and agar solutions were autoclaved at 121°C for 
20 min to ensure sterility and prevent initial contamina-
tion. 
 The yeast cells were fermented in sterile 500 ml GL 45 
laboratory glass bottles with blue PP screw caps and 
pouring rings. The inoculum of 0.05 g dry yeast cells was 
added to 1000 ml sterilized broth to be incubated over-
night at 30°C in a shaking incubator with a speed of 
120 rpm to ensure sufficient growth conditions of cell 
cultures and reduction in the lag time of yeast growth. 
One millilitre of broth was transferred to 20 g/l glucose in 
deionized water in 100 ml GL 45 laboratory glass bottles 
with blue PP screw caps and pouring rings. The new in-
oculum was further incubated at 30°C for 48 h. 

Determination of minimum inhibitory concentration 

The YPD aerobically grown yeast cultures were inocu-
lated in broth solutions that were dosed with various pre-
treatment concentrations and combinations of acetic acid, 
formic acid and vanillin. All experiments were carried 
out in 100 ml GL 45 laboratory glass bottles with blue PP 
screw caps and pouring rings, each containing 50 ml  
solution, shaking speed of 120 rpm and incubation tem-
perature of 30°C. In order to ensure that pH does not lim-
it the growth of yeast, the former was adjusted to 6.5 with 
NaOH, prior to the addition of any inhibitor or fermenta-
tion. The samples were analysed at set time intervals to 
determine the minimum inhibitory concentration (MIC); 
the lowest concentration at which no visible growth of 
the organism can be observed, with the exception of one 
or two small colony formations29. Experiments were done 
in duplicate. Table 1 shows the various inhibitory combi-
nations. 

Determination of synergistic effects on the  
growth and ethanol yield of yeast cells 

A 4 ml aliquot yeast culture was added to 46 ml of glu-
cose (20 g/l) solution in deionized water contained in 
100 ml GL 45 laboratory glass bottles with blue PP screw 
caps and pouring rings. The MIC of different inhibitors 
was added to the solutions to ensure that the final concen-
tration would correspond to that of pretreatment concen-
tration and the samples were analysed at set intervals for 
48 h. After fermentation, the samples were filtered through 
a 0.2 μm micro pore syringe filter and all sugars, ethanol 
and secondary inhibitors (acetic and lactic acid) were 
quantified with an Agilent series 1200 HPLC fitted with a 
HPX-87H Aminex column at 55°C RID and 30°C column 

temperature. The mobile phase used was 0.005 M H2SO4 
at a flow rate of 0.6 ml min–1, with an injection volume of 
5 μl. 

Cell quantification 

The growth of S. cerevisiae in the fermentation broth was 
quantified by the measurement of absorbance using a 
SHIMADZU spectrophotometer at a wavelength of 
600 nm. This measurement of optical density (OD) pro-
vided an indication of the number of cells present, wheth-
er dead, alive or injured. 

Bioethanol production 

Bioethanol production is represented as the percentage of 
ethanol formed from an initial glucose concentration of 
20 g/l. The ethanol yield (see eq. (1)) was determined by 
taking into account the total volume changes as ethanol is 
produced during the fermentation process, where [C] 
represents the ethanol produced in the fermentation broth 
(g/l). 
 

 Total volume ( )Ethanol yield (g/g) = [ ]  .
Sugar weight (g)

lC ×  (1) 

 
The concentration of sugar was calculated using eq. (2). 
 

 Area of sugar (HPLC)[ ] =  × dilution factor.
Slope sugar calibration curvesC

 
 (2) 

Cell viability 

The viability of yeast cells was determined using both 
culture method and flow cytometry. The first method  
entailed the serial dilution of cells with the addition of 
deionized water, up to a concentration of 10–6. The  
diluted samples were then spread evenly over the agar 
plates, followed by an incubation period of 48 h at 30°C.  
 
 

Table 1. Inhibitor combination matrix indicating the possible  
 combinations at various concentrations to determine minimum inhibitory  
 concentration 

Acetic acid (g/l) Formic acid (g/l) Vanillin (g/l) 
 

4 0 0 
0 2 0 
0 0 2 
0.262 0.158 0 
0.391 0 0.029 
0 0.37 0.049 
0.250 0.150 0.020 
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The amount of colonies and average of duplicate plates 
were represented as colony-forming units (CFUs). 
 The flow cytometry analysis was done using LIVE/ 
DEAD® FungaLight™ yeast viability kit. All samples 
were initially collected in micro-centrifuge tubes and  
centrifuged for 1–3 min to pellet the cells. A cell-killed  
control sample was prepared using the pellet of the  
centrifuged culture, added to 1 ml isopropyl-alcohol and 
incubated at room temperature for 30–60 min, while stir-
ring every 15 min. An untreated control sample and an 
experimental control sample collected in micro-centrifuge 
tubes were centrifuged for 1–3 min to pellet the cells and 
remove the supernatants. All samples, including the  
cell-killed control, were washed in 1 ml buffer solution, 
centrifuged for 1–3 min, followed by removal of superna-
tants. The sample pellet was suspended in 1 ml buffer so-
lution and an aliquot of 200 μl was placed in 10 ml buffer 
to dilute the suspension to approximately 106 cells/ml. 
 For the staining procedure, triplicate analysis was done 
for 1 ml of yeast suspension (killed, untreated and expe-
rimental) in the respective test tubes. An unstained  
sample was produced without adding any dye. For single-
colour dye controls, 1 μl SYTO 9 dye was added to the 
tube of untreated samples as well as to one tube of killed 
cell samples. Propidium iodide (1 μl) was added to the 
other tube of control cell samples and killed cell samples. 
For preparation of experimental samples, 1 μl SYTO 9 
and 1 μl propidium iodide dye were added to the samples. 
Following the staining, samples were vortexed gently and 
incubated at room temperature for 30 min. 
 Cells were analysed with a FACSVerseTM (BD  
Biosciences, San Jose, CA, USA) flow cytometer. After 
incubation, the stained cells were analysed by flow  
cytometry using 480/500 nm as excitation/emission  
wavelengths for SYTO-9 and 490/635 nm as excitation/ 
emission wavelengths for propidium iodide respectively. 
The cells were detected in three separate groups: live 
cells with green fluorescence, dying cells with both red 
and green fluorescence and dead cells with red  
fluorescence. Gates were set on the dot plot FSC and SSC 
during analysis. The percentage cells with positive fluo-
rescence for all the parameters were calculated from the 
respective histograms or two-parameter fluorescence dot 
plots. Each experiment was repeated two times in tripli-
cate (n = 3) and results expressed as percentage cells with 
positive red fluorescence relative to the negative control 
(cells treated with isopropyl-ethanol). 

Results and discussion 

Clear differences were found between the effects of dif-
ferent inhibitory compounds when various combinations 
and concentrations were used. The results of plate counts 
and flow cytometry were in agreement with one another 
with small deviations, but there was a strong trend corre-
lation with decrease in combined inhibitory effects. 

Individual inhibitory effect on the growth of  
S. cerevisiae 

The MIC of individual inhibitory concentrations has been 
determined by Fosso-Kankeu et al.1 to be 2 g/l for vanil-
lin and 4 g/l for acetic acid. Further experimentation led 
to MIC of 2 g/l for formic acid. In glucose-containing 
media with pH higher than 4.5, yeast cells can activate an 
adaptive response to the environment and resume growth 
after a longer lag phase (Figure 1 a and b). 

Synergistic inhibitory effect on the growth of  
S. cerevisiae  

In order to simulate pretreatment concentrations, the  
average MIC concentration values were determined for 
experimentation. The concentrations considered were 
0.25 g/l for acetic acid, 0.15 g/l formic acid and 0.02 g/l 
for vanillin. In all cases it was found that an increase in 
concentration caused stress to the yeast, as seen by  
reduced growth rates and increased lag times. 

Effect of the weak acid combination 

The combination of acetic acid and formic acid produced 
a similar growth trend (Figure 1 b), as the individual  
inhibitors are both classified as weak acids and therefore 
have similar inhibitory mechanisms on the yeast cells. 
The short lag phase of 4 h indicates that the yeast cells 
adapt to the spiked broth and develop normally for the 
remaining fermentation time. The inhibitors are intro-
duced during the lag phase to obtain maximum contact 
between them and the yeast cells. It is also observed that 
the low concentration of weak acids can be beneficial for 
fermentation, as it acts as a catalyst that delivers the  
necessary energy required for ATP formation. However, 
very high acid concentrations will lead to a pH decrease 
beyond the cell capacity, which will lead to cell disor-
dered fermentation and ultimately cell lysis. This can be 
clarified by the weak acid theory, where the undisso-
ciated molecules can freely diffuse through the cell mem-
brane and dissociate in the cell cytoplasm due to a greater 
intracellular pH, acidifying the cytoplasm. However, the 
cell will attempt to uphold the internal pH levels by  
homeostasis through excretion of the excess H+ ions by 
translocating the plasma membrane that commonly utiliz-
es ATP for activity. The interference of weak acids leads 
to higher ATP requirements for cell preservation and  
activity. Therefore, the ATP is channelled towards pH 
maintenance rather than cell growth30. 

Effect of acetic acid and vanillin combination 

The effect of acetic acid and vanillin is more pronounced 
than the individual effects of the inhibitors as they exhibit 
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concentration of secondary inhibitors decreased. This is  
ascribed to reduced cell activity in the presence of higher 
initial inhibitory concentrations1 and synergistic combi-
nations. 

Acetic acid 

Acetic acid is a cell stress and death-inducing agent pro-
duced during fermentation of yeast. At industrial level, 
the presence of acetic acid can have a negative effect on 
fermentation, as it can affect product quality and fermen-
tation capabilities. At low pH values, the increased anti-
microbial action of acetic acid leads to cytoplasmic 
acidification, inhibiting the metabolic process. 
 It is perceived that secondary acetic acid formation 
(Figure 2) produces a significant effect on S. cerevisiae 
by preventing adequate metabolic activities for proper 
fermentation. The long lag phase is due to the adaption of 
yeast to the inhibited environment; however, the final 
acetic acid concentration is lower compared to the refer-
ence fermentation. It is clear that the lack of fermentation 
at higher concentrations results in lower secondary  
inhibitor formation as the amount of acetic acid drastically 
decreases at lower cell growth rates. There is only a slight 
increase from 1 to 2 g/l in the presence of all three pre-
treatment inhibitors (Figure 2), where the combined pres-
ence of acetic acid and vanillin produces a significant 
increase from 0.5 to 6.2 g/l (Figure 2). The combined  
effect of formic acid and vanillin at MIC level is similar, 
with an increase in 0.3 and 0.5 g/l respectively (Figure 2). 
The combination of two weak acids leads to substantial 
reduction compared to the control, as the cells are dam-
aged by the same mechanism from acid combination. In 
the presence of acetic acid in the medium, the pH  
decreases, leading to increased inhibitory activity and re-
duced cell viability which cause a delay in glucose usage 
and ethanol production. This is also supported by Rolland 
et al.35 who showed that S. cerevisiae cells grown on it 
are not able to metabolize glucose in the presence of  
acetic acid. 

Lactic acid 

The formation of lactic acid is significant in the control 
fermentation with a final concentration of 2.32 g/l (Figure 
3). The concentration decreases periodically with the  
addition of inhibitors, yielding a final concentration of 
1.82 g/l (Figure 3). Acetic acid and vanillin as well as 
formic acid and vanillin yield lactic acid concentration of 
1.65 g/l. With an increase in synergistic concentrations, 
the production of lactic acid as secondary inhibitor will 
halt completely (Figure 3). As lactic acid is formed and 
pH lowered, the microorganism is at risk to be antago-
nized and stressed, leading to a decrease in cell metabolic 
activity. The effect of lactic acid appears to be different 

from that of acetic acid; the production of lactic acid halts 
the production of ethanol and therefore glucose consump-
tion is stagnant. Large-scale effects of lactic acid are rele-
vant as it is easily produced as a by-product from 
fermentation and the occurrence of lactic acid bacteria  
at industrial scale could result in the competing for  
nutrients. 
 The specific growth rates of yeast follow an exponen-
tial decrease in growth as the lactic acid concentration  
increases, proving that the inhibitory effect of secondary 
inhibitors is also significant and highly synergistic. It is 
also noted that as ethanol production increases, ethanol 
formation rate decreases, indicating that it acts as an  
additional inhibitor to the batch. Table 2 shows pH values 
of the fermenting product with the formation of acetic  
acid and lactic acid. 

Productivity and ethanol formation 

The formation of bioethanol in the presence of more than 
one toxic compound is clearly inhibited as the synergistic 
effect leads to multiple inhibitory mechanisms (Figure 4). 
The decrease of ethanol after 36 h is due to the lack of 
fermentation capabilities as a result of decrease in cell  
activity as it continues from stationary phase to the death 
phase. The volumetric productivity of each of the inhibi-
tors has been examined and a clear reduction is visible 
 
 

 
 

Figure 2. Effect of the presence of inhibitors on the concentration of 
secondary acetic acid. Results are presented as mean ± standard devia-
tion (n = 3). 

 

 
 

Figure 3. Variation of lactic acid content of fermentation broth in the 
presence of inhibitory combinations. Results are presented as mean ± 
standard deviation (n = 3). 
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Table 3. Summary of productivity results. The results are presented as mean and standard deviation from two duplicate analysis 

Process Final sugar concentration (%) Ethanol yield (%) Productivity (g/l.h) 
 

Control 0.00 96.85 ± 3.79 2.12 ± 0.23 
Acetic acid and formic acid 0.00 88.77 ± 3.73 1.79 ± 0.15 
Acetic acid and vanillin 59.60 ± 1.44  75.06 ± 1.78    1.51 ± 0.0.24 
Formic acid and vanillin   71.96 ± 1.215  68.53 ± 1.64 1.38 ± 0.06 
Pre-treatment synergistic combination 53.14 ± 2.01  41.53 ± 3.40 0.84 ± 0.11 

 
 

 
 

Figure 6. The amount of viable (live) cells, expressed as log (CFUs/ml) as determined by plate counts. Results are presented as 
the mean and the standard deviation of double triplicate analysis 

 
 
production. The live cells, at 86.29%, are accompanied 
by 12.12% dying cells and 3.57% dead cells. The pres-
ence of vanillin in the batch leads to yeast lysis, where 
constituents are broken down as formic acid damages the 
rigid cell wall responsible for the shape of the cell. 

4. Synergistic effect 

The effect of the three inhibitors follows a trend similar 
to that of the plate counts (Figures 5 and 6) as cell viabili-
ty is found to decrease with a noteworthy amount of cells 
classified as dying or injured, thus allowing no further 
fermentation or cell growth. This correlates with the plate 
counts as cell growth decreases from 36 h onwards in the 
presence of all three inhibitors. The number of dying cells 
also reduces and an increase in dead cells is observed as 
the inhibitors influence cell viability early during fermen-
tation. Figure 6 shows the final cell counts in the pres-
ence of inhibitors. 

Conclusion 

Alcoholic fermentation by S. cerevisiae, a robust yeast 
strain, is significantly affected by the presence of pre-
treatment process products. The results indicate that the 
degree of inhibition of toxic compounds is primarily  

dependent on the nature, classification and concentration 
of the inhibitor compound as well as the growth phase of 
the microorganism. Furthermore, the YPD broth offers 
some protection against external stresses as it is rich in 
yeast extract and encourages yeast growth. 
 For the three inhibitors used, vanillin and formic acid 
display the strongest inhibitory effects, whereas acetic  
acid acts as a catalyst for cell growth at low concentra-
tions. Single presence of inhibitors also indicates that 
cells have the capability to metabolize the inhibitor and 
overcome the inhibitory effect. However, the cumulative 
effects of inhibitors enhance incapacitation of microor-
ganisms to overcome the toxic effect, lowering cell  
activity and bioethanol productivity. 
 Furthermore, flow cytometric sorting with a combina-
tion of PI and SYTO-9 proves to be an effective method 
for the rapid determination of viable cells and a correla-
tion method to plate counts. Even though the number of 
cells differs for the two methods, flow cytometry pro-
vides information on damaged cells that the plate counts 
does not include, as dying cells do not reproduce on the 
nutrient medium. This, therefore provides us information 
about the mechanism of inhibition which is found to be 
fungistatic. 
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