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Abstract
Fermentation of sugars released from lignocellulosic biomass (LCMs) is potentially a sustainable option for the 

production of bioethanol. LCMs release fermentable hexose sugars and the currently non-fermentable pentose sugars; 
ethanol yield from lignocellulosic residues is dependent on the efficient conversion of available sugars to ethanol. One of 
the challenges facing the commercial application for the conversion of lignocellulosic material to ethanol is the presence 
of inhibitors released by the breakdown of plant cell walls.

Presence of acetic acid is an inevitable side-effect for the release of fermentable sugars from the deconstruction 
of plant cell walls, increasing temperatures used for the pre-treatment process releases acetic acid from the lignin 
component of the plant cell wall. Using phenotypic microarray analysis revealed that low concentrations (20 mM) acetic 
acid augmented metabolic output in yeast for an initial period, however, assays at higher concentrations (>50 mM) 
reduced metabolic output.

Fermentations in the presence of acetic acid where characterized by an improved fermentation efficiency in assays 
containing 20 mM acetic acid compared with control conditions, however, efficiency was reduced in assays using 50 
mM acetic acid. Yeast cells in the presence of 20 mM acetic acid produced less glycerol, and produced more ATP when 
compared with control conditions or in the presence of 50 mM acetic acid.
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Introduction 
Short-chain weak organic acids are potent inhibitors of microbial 

growth and are widely applied as preservatives in food and beverages. 
Short-chain organic acids also occur as inhibitory compounds in 
industrial fermentation processes, for example the detrimental effect 
of acetic acid and on the production of bioethanol from lignocellulosic 
material in a fermentation using Saccharomyces cerevisiae [1]. 

Acetic acid is produced by the deacetylation of xylan during pre-
treatment [2] as well as a by-product of bacterial contamination and a 
minor product of yeast fermentation [3]. The toxicity of acetic acid and 
other weak organic acids is pH dependent, as it is the un-dissociated 
form which passively enters the yeast cell [4]. Un-dissociated acetic 
acid that diffuses through the cell membrane will become dissociated 
intracellularly [5], the degree of dissociation will depend on the cytosolic 
pH. In order to maintain a constant intracellular pH, protons are 
transported across the cell membrane through the activity of ATPases 
[5]. This results in an increase in ATP consumption and addition of 
acetate to a media has been shown to lower biomass produced [6].

Acetic acid also stimulates Programmed Cell Death (PCD) in yeast 
cells through a mitochondria specific caspase cascade [7]. This appears 
to be separate from weak acids causing anion accumulation due to 
acidification of the cytoplasm through passive diffusion of acetic acid 
through the cell membranes.

Saccharomyces cerevisiae is currently used for the production 
of bioethanol; Pre-treatment of lignocellulose to release constituent 
sugars results in the formation of aromatic and acidic compounds such 
as acetic acid, formic acid, furfural, Hydroxy-Methyl Furfural (HMF), 
levulinic acid and vanillin [8] that are detrimental to the growth of S. 
cerevisiae. In addition, fermentations carried out within bioreactors 
generate additional difficulties, such as osmotic stress due to high 
sugar levels, elevated heat and increasing ethanol concentrations [9-

11]. Acetic acid is ubiquitous in hydrolysates where hemicellulose 
and components of the plant cell wall have acetyl groups which can 
undergo hydrolysis [12-14]. The precise mode of action for many of 
the inhibitors has yet to be fully determined [15]. Weak acid stress is 
induced when acetic, formic or levulinic acid is liberated from LCMs, 
they inhibit yeast fermentations reducing both growth and ethanol 
production.

Weak acids effect fermentation profiles where at low concentrations 
weak acids improve fermentation rates with increased ethanol yield, 
weak acids at low concentrations are believed to stimulate ATP 
production [16], and under anaerobic conditions ethanol is produced 
[17]. However, at high concentrations the beneficial stimulation of 
ATP production is overtaken by the acid stimulating the cell to increase 
ATPase activity. 

Strain selection for the production of ethanol from LCM derived 
sugars has traditionally involved the use of several assays based on 
cell growth and division, maintenance of viability in stress tests and 
fermentation analyses [18,19]. Whilst very useful, these approaches 
are time consuming and interpretations can be subjective [20]. The 
Phenotypic Microarray (PM) developed by Bochner and colleagues, 
provides an analogous two-dimensional array technology for 
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simultaneous analysis of live yeast cell populations in a 96-well micro 
titre plate format [21,22]. Use of be-spoke PM plates have been 
described previously [1], and how metabolic output relates to growth 
and production of ethanol [1,23]. In this present work, the effect of 
acetic acid on Saccharomyces cerevisiae NCYC2592 on metabolic 
output and conversion of sugar into ethanol has been assessed and 
correlated with acetic acid concentrations in the medium. 

Material and Methods
Yeast strain and growth conditions

S. cerevisiae NCYC 2592 (www.ncyc.co.uk) was maintained on 
YPD containing agar containing 10 g/L yeast extract, 20 g/L peptone, 
20 g/L glucose, and 20 g/L agar. 

Phenotypic microarray analysis

Biolog growth medium was prepared using 0.67% (w/V) minimal 
medium (YNB- Yeast Nitrogen Base) supplemented with mixture 
of 6% (w/v) glucose, 2.6 µL of yeast nutrient supplement mixture 
(NS×48- 24 mM Adenine-HCl, 4.8 mM L-histidine HCl monohydrate, 
48 mM L-leucine, 24 mM L-lysine-HCl, 12 mM L-methionine, 12 
mM L-tryptophan and 14.4 mM uracil), and 0.2 µl of dye D (Biolog, 
USA). Final volume was made up to 30 µL using Reverse Osmosis (RO) 
sterile distilled water and aliquoted into individual wells with varying 
concentrations of acetic acid or levulinic acid (both prepared as 1M 
stock solutions) as required. 

The inhibitory effects of pH was measured via Biolog by adjusting 
media containing 6% glucose, 2.8 % YNB to pH 5 with phosphoric 
acid, acetic acid was then added and the pH again adjusted using either 
phosphoric acid or NaOH. 

Strains were prepared for inoculation and prepared for the PM 
assay plates as described previously [1], the plates were then placed in 
the OmniLog reader and incubated for 96 h at 30°C. 

The OmniLog reader reads the plates at 15 min intervals, converting 
the pixel density in each well to a signal value reflecting cell growth 
and dye conversion. After completion of the run, the signal data was 
compiled and exported from the Biolog software and compiled using 
Microsoft® Excel. In all cases, a minimum of three replicate PM assay 
per plate were conducted, and the average of the signal values was 
used. To ensure that dye reduction was not occurring in the absence 
of growth, all PM plates were carefully examined following each run.

Effect of acetic acid on logarithmic metabolic output was 
determined by calculating the time required to double maximal output 
when cells were in logarithmic phase of metabolic activity. Exit from 
lag phase was determined by determining when metabolic activity was 
above 10 redox signal intensity units as wells containing media but no 
cells can produce a metabolic signal up to 10. Data representative of 
triplicate wells run on the same plate. 

Budding index

10 µL of yeast cells were spotted onto 1 mL of YPD agar on a 
microscope slide containing acetic acid and single or clustered cells 
counted at x 20 magnification. Viable cells will start budding and 
become clumps of cells over time; dead cells remain as single cells. All 
slides were kept at 30°C for 42 hours with cell counts occurring after 
18 and 42 hours respectively. All experiments were done in triplicate.

Confirmation of phenotypic microarray results using mini 
fermentation vessels

Fermentations were conducted in 180 mL mini-Fermentation 
Vessels (FV). Cryopreserved yeast colonies were streaked onto YPD 
plates and incubated at 30°C for 48 hrs. Colonies of S. cerevisiae 
NCYC2592 were used to inoculate 20 mL of YPD broth and incubated 
in an orbital shaker at 30°C for 24 hrs. These were then transferred to 
200 mL of YPD and grown for 48 hrs in a 500 mL conical flask shaking 
at 30°C. Cells were harvested and washed three times with sterile RO 
water and then re-suspended in 5 mL of sterile water. For control 
conditions, 1.5 × 107 cells.mL-1 were inoculated in 99.6 mL of medium 
containing 8% glucose, 2% peptone, 1% yeast extract with 0.4 mL RO 
water. For stress conditions, 1.5 × 107 cells.mL-1 were incubated in 99.6 
mL of medium containing 8% glucose, 2% peptone, 1% yeast extract 
with 0-50 mM acetic acid. Volumes of media were adjusted to account 
for the addition of the inhibitory compounds (0-400 µL) to ensure that 
all fermentations began with the same carbon load.

Anaerobic conditions were prepared using a sealed butyl plug 
(Fisher, Loughborough, UK) and aluminium caps (Fisher Scientific). A 
hypodermic needle attached with a Bunsen valve was purged through 
rubber septum to facilitate the release of CO2. All experiments were 
performed in triplicate and weight loss was measured at each time 
point. Mini-fermentations were conducted at 30°C, with orbital 
shaking at 200 rpm. 

Determination of glucose, acetic acid, glycerol and ethanol 
concentrations from fermentation experiments via HPLC

Glucose, acetic acid, glycerol and ethanol were quantified by 
HPLC. The HPLC system included a Jasco AS-2055 Intelligent auto 
sampler (Jasco, Tokyo, Japan) and a Jasco PU-1580 Intelligent pump 
(Jasco). The chromatographic separation was performed on a Rezex 
ROA H+ organic acid column, 5 µm, 7.8mm × 300 mm, (Phenomenex, 
Macclesfield, UK) at ambient temperature. The mobile phase was 
0.005N H2SO4 with a flow rate of 0.5 mL/min. For detection a Jasco 
RI-2031 Intelligent refractive index detector (Jasco) was employed. 
Data acquisition was via the Azur software (version 4.6.0.0, Datalys, 
St Martin D’heres, France) and concentrations were determined by 
peak area comparison with injections of authentic standards. The 
injected volume was 10 µl and analysis was completed in 28 minutes. 
All chemicals used were analytical grade (>95% purity, Sigma-Aldrich, 
UK). 

ATP concentration

Determination of ATP was using a ATP assay kit (ab8335, Abcam, 
UK), yeast cell pellets (106 cells/mL) taken during the fermentation 
were then broken using a MagNA lyser (Roche Applied Science, UK), 
cells were subjected to vigorous shaking/vortexing via the MagNa 
lyser for 1 min and repeated five times at a speed of 7,000 rpm while 
temperature was kept as low as practicable. ATP concentrations were 
determined using a using a Tecan (Mannedorf, Switzerland) Infinite 
M200 Pro plate reader at 570 nm. 

Statistical analysis

Data derived from phenotypic microarrays was analysed for 
analysis of variance (ANOVA) using ezANOVA (http://www.cabiatl.
com/mricro/ezanova), a free for use online statistical program with 
statistical significance signified by use of *, * = 0.05% significant, ** = 
0.01% significant and *** 0.001% significant.

http://www.ncyc.co.uk
http://www.cabiatl.com/mricro/ezanova
http://www.cabiatl.com/mricro/ezanova
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Results
Presence of acetic acid influences metabolic output in S. 
cerevisiae 

Presence of acetic acid (0-100 mM) on metabolic output was 
assessed with a reduction in metabolic output observed at 75 mM 
acetic acid and no metabolic output observed in an assay containing 
100 mM acetic acid (Figure 1A). Low concentrations of acetic acid 
(<20 mM) had little or no effect on metabolic output when compared 
with the control (control defined as absence of acetic acid); however, 
assays containing low concentrations of acetic acid outperformed the 
unstressed control for the first 8 hours of the experiment (p=0.034) 
(Figures 1B and 1C). Augmentation of metabolic output observed for 
acetic acid was not observed for other weak acids, metabolic output 
in the presence of levulinic acid failed to show an early augmentation 
at low concentrations of levulinic acid (p=0.54) (Figure 1D). pH for 
all experiments was adjusted to pH 5 following the addition of acetic 
or levulinic acid with the addition of NaOH or phosphoric acid as 
appropriate. 

Using metabolic output data and determining when the cell exits 
lag phase and enters logarithmic phase of metabolic output allows us to 
investigate how long a cell takes to overcome acetic acid stress. Plotting 
acetic acid concentration against entry into logarithmic metabolic 
output revealed that increasing concentrations of acetic acid increased 
the length of time the yeast takes to enter into log phase of metabolic 
output (Figure 2A). Presence of acetic acid also reduced maximal rates 
of metabolic output when compared with unstressed controls (Figure 
2B). 

Presence of acetic acid slows conversion of metabolic output 
into cell mass

Measuring yeast growth in the presence of acetic acid shows a 
correlation between concentration of acetic acid and growth. Presence 
of low concentrations of acetic acid (10-25 mM) had little or no impact 
on growth, indeed growth in the presence of 25 mM acetic acid was 
improved with unstressed controls (Figure 3A). Increasing acetic acid 
to 50 mM slowed growth, characterised by a longer lag phase and a delay 
of entry into the exponential growth phase (Figure 3A). Comparing 
growth (OD600) and metabolic output (redox signal intensity) revealed 
that under control conditions there was no difference between rates 
of growth and metabolic output (Figure 3B), however, in the presence 
of 50 mM acetic acid there is a delay between metabolic output and 
cellular growth (Figure 3C). 

An assessment of the number of budding cells after 18 and 42 hours 
exposure (these time points were chosen because after 18 hours yeast 
are principally in logarithmic phase of metabolic output but after 42 
hours have reached stationary phase of metabolic output (Figure 1A)) 
observed a reduction in budding cells in the presence of acetic acid 
after 18 hours (10-50 mM) when compared with control conditions. 
However, after 42 hours in the presence of 10-30 mM the number of 
budding index had returned to unstressed control conditions (Figure 2F).

There was no increase in acetic acid toxicity at pH 4 or pH 7 

Toxicity of acetic acid is closely related to the pH of the media as 
the concentrations of un-dissociated form increases as the pH of the 
media decreases [4], initial studies were performed at pH 5, however 
we also assayed for the toxicity of low concentrations (10-25 mM) at 
pH 4 and pH 7. Assays revealed that there was no inhibition caused by 
the presence of acetic acid at either pHs when compared with controls 

in which the pH had been set using phosphoric acid (Figures 4A and 
4B), indicating that the presence of low concentrations of acetic acid 
was not inhibitory at pH 4-7 when compared with assays just looking 
at the effect of pH. 

Presence of 20 mM acetic acid improves ethanol production 
during fermentation

Presence of 20 mM acetic acid on ethanol and glycerol production 
was assessed and compared with unstressed control conditions during 
fermentations. Ethanol production in the presence of acetic acid was 
higher (43.58 ± 0.53 g/L) than under control conditions (41.04 ± 0.46) 
(Table 1), the theoretical maxima for glucose to ethanol conversion 
is 0.51 g/L [24] with an improved fermentation efficiency 93.53% 
compared with 88.82% (Table 1). Assessment of glycerol revealed 
that there was a reduction in glycerol production in the presence of 
acetic acid (2.78 ± 0.03 g/L) compared with control conditions (4.19 
± 0.045 g/L) (Table 1). Fermentations in the presence of 50 mM acetic 
acid where characterised by a reduced ethanol production (34.45 ± 0.4 
g/L), reduced fermentation efficiency 78.31% and a reduced glycerol 
production (1.78 ± 0.2 g/L) (Table 1). 

ATP levels increased in the presence of low concentrations of 
acetic acid

ATP concentrations have been shown to be increased at relatively 
low concentrations of acetic acid; we measured ATP concentrations 
in the presence of acetic acid throughout fermentations. ATP 
concentrations under control conditions at the start of the fermentation 
was determined to be 0.04 ± 0.003 mM and increased for the first 
eight hours of the fermentation to a peak of 0.09 ± 0.004 mM before 
decreasing to 0.06 ± 0.001 mM for the remainder of the fermentation 
(Table 2). Addition of 20 mM acetic acid stimulated ATP production 
for the first 8 hours of the fermentation (0.15 ± 0.04 mM) subsequently 
there was no increase in ATP production observed for the duration of 

Figure 1: (A) Metabolic output under 0-100 mM acetic acid for S. cerevisiae 
NCYC2592, (B) metabolic output for 0-50 mM acetic acid for S. cerevisiae 
NCYC2592 for 0-15 hrs, (C) % inhibition of metabolic output in the presence 
of 25 and 50 mM acetic acid when compared with under control conditions, 
(D) metabolic output under 0-25 mM levulinic acid for S. cerevisiae 
NCYC2592. Data representative of triplicate values (Mean SD=3).
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the fermentation (p=0.08) (Table 2). Addition of 50 mM acetic acid 
was characterised by no increase in ATP production for the first 10 
hours of the fermentation before an increase was observed (Table 2). 
ATP concentrations in fermentations in the presence of 50 mM acetic 
acid did not increase above that observed under control conditions for 
any time point measured during the fermentation (p=0.91) (Table 2).

Discussion
Presence of acetic acid is an unavoidable consequence of the pre-

treatment of lignocellulosic material as lignocellulosic material contains 
hemicellulose which reinforces the plant cell wall [25]. Regardless of 

the lignocellulosic material, a structural component of hemicellulose 
is that some of the pyranose subunits are substituted for acetyl groups 
[26], upon treatment for the liberation of monomeric sugars acetic 
acid is generated from the degradation of acetylated sugars with 
concentrations present at 1-10 g/L [27]. 

Presence of acetic acid at higher concentrations is inhibitory, 
however, assays at sub-lethal concentrations (10-20 mM) improves 
metabolic output, rates of fermentation and ethanol production. Acetic 
acid remains unchanged throughout the fermentation, however, at 
lower concentrations there is lower glycerol production and higher 
ATP levels within the cell when compared with unstressed conditions. 
Increasing acetic acid concentrations is characterised by a slower rate 
of fermentation and a reduced conversion of glucose into ethanol with 
increased glycerol production and reduced ATP production. 

Presence of acetic acid (20-80 mM) has been shown to induce 
Programmed Cell Death (PCD) [28], either involving mitochondria 
(intrinsic pathway) or a pathway involving cytosolic caspases called the 
extrinsic pathway [29,30]. The toxicity of acetic acid is pH dependent, 
acetic acid in its un-dissociated form diffuses through the cell membrane 
and dissociation is dependent on cytosolic pH, however, at low acetic 
acid concentrations (<20 mM) there was no increase in toxicity in the 
presence of acetic acid compared with pH adjusted assays. 

Fermentations in the presence of 20 mM acetic acid were 
characterised by an increase in fermentation efficiency, a reduction in 
glycerol production and an increase in ATP production. An increase 
in ATP production and a reduction in glycerol production has been 

Figure 2: (A) effect of acetic acid (0-50 mM) on exit of lag phase of 
metabolic output, (B) effect of acetic acid (0-50 mM) on maximal metabolic 
output, (D) comparison of yeast growth and metabolic output under control 
conditions, (E) comparison of growth and metabolic output in the presence 
of 50 mM acetic acid and (C) budding index in the presence of acetic acid 
(0-50 mM) after 18 and 42 hours exposure respectively. Data representative 
of triplicate values (Mean SD=3).

Figure 3: (A) Growth (OD600) under 0-50 mM acetic acid (B) comparison 
of growth and metabolic output under control conditions, (C) comparison 
of growth and metabolic output in the presence of 50 mM acetic acid. Data 
representative of triplicate values (Mean SD=3).

Figure 4: (A) Effect of 0, 10 and 25 mM acetic acid on metabolic output at 
pH 4, (B) Effect of 0, 10 and 25 mM acetic acid on metabolic output at pH 
7. Data representative of triplicate values (Mean SD=3).

Acetic acid (mM) Ethanol (g/L) Glycerol (g/L) Fermentation Efficiency (%)
0 41.04 ± 0.46 4.19 ± 0.045 88.82
20 43.58 ± 0.53 2.78 ± 0.03 93.53
50 34.45 ± 0.4 1.78 ± 0.2 78.31

Table 1:  Ethanol, glycerol production (g/L) for S. cerevisiae NCYC2592 under 
control conditions (no acetic acid), 20 mM and 50 mM acetic acid. Fermentation 
efficiencies (%) were calculated using ethanol production-0.51 g/L theoretical 
maxima.
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shown previously for yeast cells under acetic acid stress [16], glycerol 
is one of the main by-products in an ethanol fermentation and may 
account for 5% of the available carbon [31], reducing glycerol has 
been shown to increase ethanol production in an ethanol fermentation 
[32]. ATP levels for yeast cells under higher concentrations of acetic 
acid have been shown to be reduced along with inhibition of nutrient 
uptake when compared with controls [33]. 

Results here have revealed that presence of relatively low 
concentrations of acetic acid improve ethanoic fermentations with 
concurrent reduced accumulation of glycerol and increased ATP 
production, however, at higher concentrations of acetic acid these 
effects are reversed. 
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