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Abstract A 2 M sodium acetate buffer at pH 4.2 was

tried to simplify the step of pH adjustment in a laboratory

dry-grind procedure. Ethanol yields or conversion effi-

ciencies of 18 sorghum hybrids improved significantly with

2.0–5.9% (3.9% on average) of relative increases when the

method of pH adjustment changed from traditional HCl to

the acetate buffer. Ethanol yields obtained using the two

methods were highly correlated (R2 = 0.96, P \ 0.0001),

indicating that the acetate buffer did not influence resolu-

tion of the procedure to differentiate sorghum hybrids

varying in fermentation quality. Acetate retarded the

growth of Saccharomyces cerevisiae, but did not affect the

overall fermentation rate. With 41–47 mM of undissoci-

ated acetic acid in mash of a sorghum hybrid at pH 4.7,

rates of glucose consumption and ethanol production were

inhibited during exponential phase but promoted during

stationary phase. The maximum growth rate constants

(lmax) were 0.42 and 0.32 h-1 for cells grown in mashes

with pH adjusted by HCl and the acetate buffer, respec-

tively. Viable cell counts of yeast in mashes with pH

adjusted by the acetate buffer were 36% lower than those in

mashes adjusted by HCl during stationary phase. Coupled

to a 5.3% relative increase in ethanol, a 43.6% relative

decrease in glycerol was observed, when the acetate buffer

was substituted for HCl. Acetate helped to transfer glucose

to ethanol more efficiently. The strain tested did not use

acetic acid as carbon source. It was suggested that

decreased levels of ATP under acetate stress stimulate

glycolysis to ethanol formation, increasing its yield at the

expense of biomass and glycerol production.

Keywords Acetate � Ethanol � Glycerol � Fermentation �
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Introduction

Interest in ethanol as a clean-burning fuel is stronger than

ever. Use of ethanol as a fuel additive has grown over the

past few years, and this growth is expected to continue.

Corn constitutes about 97.5% of the feedstock for ethanol

production in the United States. In 2007, conversion to

ethanol accounted for 2.3 billion bushels of corn [26],

nearly 18% of the total US corn crop production of 13.1

billion bushels [35]. Likely, many sources of biomass and

species will be selected for their ecological fit as well as

their production and processing capability. In addition to

corn, breeders are working with several other crops

including sorghum, wheat, millet, rice, and barley to study

the performance of these crops in ethanol fermentation.

There is a large variation in fermentation quality among the

hundreds of cereal hybrids used in the commercial channel;

thus, it is important for the ethanol industry and crop
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producers to have proper methods to predict ethanol yields

as well as conversion efficiencies of these hybrids.

Laboratory fermentation is the most direct and reliable

method of evaluating fermentation qualities of cereal

grains. Many laboratories have reported their dry-grind

procedures [5, 10–12, 16, 17, 28, 29, 32, 34, 37–42], which

are similar to each other to some extent. The traditional

procedure described by Wu et al. [41] was tedious and

laborious, especially in the steps of mash preparation, pH

adjustment, and yeast preculture preparation. To save time,

increase experiment repeatability, and mimic fuel ethanol

production in the dry-grind industry, we modified that

procedure as follows: liquefaction was simplified from two

steps (95�C for 45 min and 80�C for 30 min) to one step

(86�C for 90 min), yeast preculture preparation was

substituted with commercially available active dry yeast,

and simultaneous saccharification and fermentation (SSF)

were applied. In a recent study [43], we reported that there

was a strong linear relationship in ethanol yields of 18

sorghum hybrids between the traditional and SSF proce-

dure. Ethanol yield improved significantly using SSF. On

average, changing from the traditional fermentation pro-

cedure to SSF resulted in a relative increase in ethanol

yield of 3.0%. In both procedures, pH of mashes was

adjusted one by one after saccharification via 2 M HCl

using a pH meter. No fixed quantity of acid solution was

titrated, and the adjustment process was time-consuming

because the buffering capacity of whole grain mashes

differed among samples [2], even within the same crop

variety (e.g., sorghum). Moreover, the risk of microbial

contamination would have been increased. A much simpler

method for pH adjustment was anticipated.

Acetic acid is well known for its toxicity and is used

as an antimicrobial food additive. Maiorella et al. [15]

noted that 7.5 g/L of this acid was enough to induce

80% inhibition on the performance of S. cerevisiae.

Pampulha and Loureiro [20] reported a 90% inhibition of

the growth of S. cerevisiae when total acetic acid con-

centration was 80 mM at pH 3.5–4.5. Phowchinda et al.

[24] observed a 75% reduction in the maximum specific

growth rate of S. cerevisiae when 6 g/L acetic acid was

added to the medium. A complete inhibition of S. ce-

revisiae could be obtained if a high amount of acetic

acid (10 g/L) is added [15, 20, 24]. Early experiments

concluded that toxicity of acetic acid for various

microorganisms including S. cerevisiae is not confined to

the hydrogen-ion concentration alone but seems to be a

function of the concentration of their undissociated forms

[13]. It was also reported that acetic acid inhibits

hexokinase, phosphofructokinase, and enolase in yeast

cell and then inhibits fermentation [22].

The equilibrium between dissociated and undissociated

states is pH-dependent in both extra- and intra-cellular

environment, as described by the Henderson–Hasselbach

equation

pH ¼ pKa þ log Ac�½ �= HAc½ �

where pKa = 4.74 for acetic acid; [Ac-] and [HAc] are the

molarities of dissociated and undissociated species,

respectively. There is a general agreement in the literature

[2, 7, 18, 19, 21, 23, 30, 33] that the undissociated form of

the molecule diffuses passively into the microbial cell

because of its high solubility in the phospholipid portion of

the plasma membrane and reaches the more alkaline

environment of cellular cytoplasm where dissociation

occurs. This leads to a massive accumulation of dissociated

anions and protons within the cell, thereby acidifying the

cytoplasm, disrupting homeostasis of intracellular pH, and

increasing the inhibitory activity. Thus, the magnitude of

growth inhibition is enhanced as extracelluar pH decreases,

because this shifts the equilibrium in favor of the undis-

sociated acid. Working at extracellular pH of 3.5–5.5,

Pampulha and Loureiro-Dias [21] reported that the internal

pH (pHi) of S. cerevisiae is a function of the concentration

of undissociated form of acetic acid only, independent of

extracellular pH. However, Thomas et al. [33] argued that

it was the total concentration of acetic acid, not the con-

centration of undissociated acid alone, that determines the

extent of growth inhibition, although only undissociated

acid diffuses into the cells.

Yeast cells are known to maintain their pHi within the

narrow physiological range of 5.0–7.1 despite wider vari-

ations in external pH of 2.0–10.0 [6, 8, 9, 25, 31, 36]. As

reviewed in detail by Madshus [14], prominent regulation

mechanisms of pHi in eukaryotic cells include Na?/H-

antiport, anion antiport, Na?/HCO3
-symport, and H?-

translocating adenosinetriphosphatase (H?-ATPase). In the

case of yeast, the latter mechanism is widely recognized in

the presence of acetic acid [2, 18, 19, 23, 30, 33]. Undis-

sociated acid that diffuses through the plasma membrane

may dissociate to an extent determined by pHi. This results

in the formation of charged anions and protons and may

cause reduction in pHi once buffering capacity is exceeded.

The cell, however, tries to maintain its pHi homeostasis by

extruding the excess protons via the plasma H?-ATPase,

which uses energy from ATP hydrolysis for its activity.

Narendranath et al. [18] demonstrated that pHi of yeast

cells was not significantly affected by acetic acid up to a

concentration of 42 mM in the medium, whereas activity of

the plasma membrane H?-ATPase increases linearly with

increasing concentrations of acetic acid. It takes time for

yeast to pump out excess protons to achieve the required

pHi for growth, as indicated by the increase in the duration

of the lag phase at increasing acetic acid concentrations

[19]. However, maintenance of pHi homeostasis results in

significant depletion of cellular ATP [15, 30]; 1 mol of
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ATP was consumed for every mole of acetic acid entering

the yeast cells [23]. Increased diversion of energy (ATP)

for cell maintenance can impair growth, because, under

anaerobic conditions, biomass is directly related to ATP

production. Biomass yield on ATP and growth rate are

affected. Subsequent reductions in biomass yield, maxi-

mum specific growth rate, or rate of glucose depletion have

been demonstrated [15, 19, 20, 24, 30].

During the development of a small-scale mashing

(SSM) procedure [43], the pH of liquefied mashes was

found to be very important for saccharification, and a 2 M

acetate buffer at pH 4.2 was optimized to conveniently

adjust pH of mashes. One particular aim in this study was

to apply the acetate buffer for pH adjustment of liquefied

mashes in the SSF procedure. We expected that acetic acid

would behave as a friend [30] in laboratory fermentation,

affecting neither the anaerobic conversion of glucose to

ethanol by S. cerevisiae nor the resolution of the SSF

procedure in differentiating grain samples varying in fer-

mentation quality. Thus, our laboratory fermentation

procedure would be further simplified and more

maneuverable.

Materials and methods

Preparation of samples

The 18 sorghum hybrids (I–XVIII) described by Zhao et al.

[43] were used in this study. Two additional sorghum

hybrids, XIX and XX, were also selected and tested.

Samples for ethanol fermentation were ground into fine

meals in a Magic Mill III Plus grain mill (Magic Mill

Products and Appliances, Monsey, NY, USA) set at Level

III. For starch analysis, sorghum kernels were ground using

an Udy mill (Udy Corp., Fort Collins, CO, USA) through a

1.0-mm screen.

Preparation of mashes

For mashing, 30 g of ground sorghum (dry matter) was

dispersed in a 250-mL Erlenmeyer flask with an aliquot of

100 mL of fermentation solution, which was prepared by

mixing 1 L of distilled water (60–65�C) with 1.0 g of

KH2PO4, 3.0 g of yeast extract, and 200 lL of Liquozyme

SC DS (240 KNU/g, 1.25 g/mL; Novozymes, Franklinton,

NC, USA), an enzyme preparation containing thermostable

alpha-amylase. Flasks were then inserted into a water bath

shaker (Amerex Instruments, Inc., Lafayette, CA, USA)

oscillating at 100 rpm. The water bath had been preheated

to 95�C. Initially, flasks were shaken manually to prevent

gel formation. This shaking process required several min-

utes depending on the number of flasks inserted. The water

bath temperature was decreased to 82–87�C at the end of

shaking with slurries in the flasks well-dispersed. The

temperature was brought to 86�C and held for 90 min with

continuous shaking. Flasks were then removed from the

water bath, and the material on the inner surface of the

flasks were scraped back into the bottom with a spatula and

rinsed with 3–5 mL of deionized distilled water (DD-

water) using a sterilized fine-tipped polyethylene transfer

pipette.

pH adjustment

After cooling to ambient temperature, the pH of liquefied

mashes was adjusted in two ways. Some mashes were

aseptically adjusted to pH 4.2–4.3 by 2 M HCl with a pH

meter being used. For pH adjustment by acetate, 5.0 mL of

2 M sodium acetate buffer at pH 4.2 was added to the mash

in a flask in most experiments, and 2.5, 7.5, or 10.0 mL of

the buffer was also used in some cases. For comparison, no

pH adjustment was performed to some mashes or 5 mL of

DD-water was used as a control.

Preparation of inoculum

One gram of active dry yeast (Red Star Ethanol Red, Le-

saffre, Milwaukee, WI, USA) was dispersed in 19 mL of a

preculture broth containing glucose (20 g/L), peptone (5 g/

L), yeast extract (3 g/L), KH2PO4 (1 g/L), and

MgSO4�7H2O (0.5 g/L), and incubated at 38�C for 30 min

in an incubator operating at 200 rpm.

Simultaneous saccharification and fermentation

One milliliter of the above activated yeast culture and 100

lL of Spirizyme Fuel (750 AGU/g, 1.15 g/mL, Novo-

zymes, Franklinton, NC, USA), an enzyme preparation

containing glucoamylase, were added to each flask, which

was subsequently sealed with an S-shaped airlock filled

with &2 mL of mineral oil. The ethanol fermentation was

performed in an incubator shaker (Model I2400, New

Brunswick Scientific Inc., Edison, NJ, USA) at 30�C, with

continuous shaking at 200 rpm. The fermentation process

was monitored by measuring the mass losses of mash

because of the emission of CO2 during fermentation. The

fermentation time was normally 72 h, but some flasks were

removed for beer sampling and analyses at fermentation

times of 0, 4, 10, 16, 22, 28, 34, 40, 48, and 72 h.

Beer diluting and sampling

For flasks removed at the previously described fermenta-

tion times, pH of the beer was determined using a pH

meter. Then, all of the beer in each flask was diluted to 1 L
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with DD-water. After mixing thoroughly, diluted beers

were sampled immediately for HPLC and microbiological

analyses through a set of pipettes and presterilized tips.

Prior to HPLC analyses, all diluted beer samples were fil-

tered through a 0.20-lm Millipore membrane.

Viable cell counts

After serial decimal dilutions (up to 10-6) of the diluted

beer samples using a 0.1% sterile peptone solution, 0.1 mL

of the 10-3, 10-4, and 10-5 dilutions were spread-plated

onto triplicate Potato Dextrose Agar of pH 3.5 adjusted

with 10% (w/v) tartaric acid for yeast-mold counts. One

milliliter of the 10-5 and 10-6 dilutions was also plated on

3M Petrifilms for total cell counts (3M Microbiology

Products, St Paul, MN, USA). All plates and Petrifilms

were incubated at 32�C for 48–72 h, and then cell counts

were calculated.

Distillation

In some experiments, all of the beer in a flask was trans-

ferred to a 500-mL distillation flask with a total 100 mL of

DD-water at the final fermentation time (72 h). The

transferred beer was distilled on a distillation heating unit,

and the distillate was collected into a 100-mL volumetric

flask that was dipped into ice water. Distillation was

stopped when distillate approached the 100-mL mark

(&99 mL). The collected distillate was then equilibrized to

25�C and brought to 100 mL. The residue (distiller’s grains

with solubles, DGS) remaining in each distillation flask

was diluted to 1 L with DD-water. Prior to HPLC analyses,

all diluted DGS samples were filtered through a 0.20-lm

Millipore membrane.

Experimental design

A split-plot design was conducted to investigate the effect

of acetic acid on yeast growth and its metabolites during

fermentation (Table 1). Experiments were carried out in

two separate weeks, which were treated as blocks to

remove source variability caused by any possible changes

in the laboratory, such as room temperature and humidity,

during testing periods. The two methods of pH adjustment,

by 2 M HCl and by 5 mL of 2 M sodium acetate buffer at

pH 4.2, were selected as the whole-plot factors in a ran-

domized complete block structure with fermentation times

as the subplot factors. For one pH treatment during one

single testing period (a block), a total 12 flasks of mashes

were prepared at the beginning of fermentation and one

flask was randomly removed for beer diluting and sampling

at fermentation times of 0, 4, 10, 16, 22, 28, 34, 40, 48, and

72 h. There were two flasks left at the 72 h fermentation

time for each pH treatment in each block; masses of eth-

anol in these flasks were obtained via distillation, and

masses of glycerol in diluted DGS were also measured.

Analytical methods

Moisture content was measured using AACC-Approved

Method 44-15A [1]. Total starch content was determined

using a Megazyme total starch kit (Megazyme Interna-

tional Ireland Ltd, Wicklow, Ireland) according to AACC-

Approved Method 76-13 [1]. Method B was used, which

involves pretreatment with dimethyl sulfoxide at 100�C.

Glucose, glycerol, and ethanol in diluted beer samples;

glycerol in diluted DGS samples; and ethanol in distillate

samples were determined using a Shimadzu (Shimadzu

Scientific Instruments, Inc., Columbia, MD, USA) HPLC

system equipped with a Rezex RCM 300 9 7.8 mm col-

umn (Phenomenex, Torrance, CA, USA) with a security

guard column. The mobile phase used was DD-water at a

flow rate of 0.6 mL/min. Injection volume was 20 lL.

Table 1 The numbers of fermentation flasks taken out for analyses in

a split-plot design

Block

(testing

period)

Subplot factor

(fermentation

time, h)

Whole-plot factor

(pH adjustment)

Analysis items

HCl Acetate buffer

Week 1 0 1 1 pH, VCC, HPLC

4 1 1

10 1 1

16 1 1

22 1 1

28 1 1

34 1 1

40 1 1

48 1 1

72 1 1

72a 2 2 Distillation, HPLC

Week 2 0 1 1 pH, VCC, HPLC

4 1 1

10 1 1

16 1 1

22 1 1

28 1 1

34 1 1

40 1 1

48 1 1

72 1 1

72a 2 2 Distillation, HPLC

Total 24 24

a There were two flasks left at the 72 h fermentation time for each pH

adjustment (by HCl and by acetate buffer) in Weeks 1 and 2; masses

of ethanol in these flasks were obtained via distillation
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Concentrations of all mentioned metabolites were detected

with a refractive index detector (Model RID-10A, Shima-

dzu). Temperatures of the column and detection cell were

maintained at 80 and 40�C, respectively. HPLC data were

processed using EZStart 7.4 software (Shimadzu), and the

amounts of each metabolite at different fermentation times

were compared according to their total masses in each

flask. Ethanol yields (%, v/v) of sorghum hybrids were

quoted as concentrations of ethanol in their distillates.

Calculation of the masses of ethanol or glycerol

in a fermentation flask

The beer and the DGS samples in Fig. 1 originated from

two different flasks with pH adjusted by 2 M HCl at fer-

mentation time of 72 h, and they were diluted to 1 L before

sampling for HPLC analyses. The peak of glycerol from

the diluted DGS sample identically matched its counterpart

from the diluted beer sample. The profile of ethanol in the

diluted beer sample was obtained by subtracting the profile

of glycerol in the diluted DGS sample from that of glycerol

and ethanol in the diluted beer sample. Thus, the peak areas

of glycerol (Ag) and ethanol (Ae) were integrated sepa-

rately. Atol was equal to the sum of Ag and Ae (Fig. 1). At

a fermentation time of 72 h, Ag and Ae accounted for 15.9

and 84.1% of Atol, respectively, for the diluted beer sample

in the fermentation flask with pH adjusted by 2 M HCl; the

ratio of Ag to Atol decreased to 9.5% and the ratio of Ae to

Atol increased to 90.5% when pH was adjusted by the

acetate buffer. Using the same ground meal (from sorghum

hybrid XIX) with the same fermentation conditions, all

diluted beer samples at different fermentation times had

profiles very similar to that at 72 h, except that their

glycerol and ethanol peaks differed mainly in the magni-

tude of height. We assumed that the productions of

glycerol and ethanol by yeast were concomitant (i.e., the

ratios of Ag or Ae to Atol would be constant throughout

fermentation, irrespective of the fermentation times). Thus,

we used the ratios of Ag or Ae to Atol at 72 h to calculate

the peak areas of glycerol and those of ethanol at the other

fermentation times after the total areas of glycerol and

ethanol were obtained by HPLC analyses, and then the

masses of glycerol or ethanol in each fermentation flask

were calculated conveniently.

Statistical analyses

All experiments were performed at least in duplicate.

Results presented are the mean values of the repeated

experiments. Analysis of variance, split-plot design, and

linear regression were performed using SAS software

version 9.1 (SAS Institute, Cary, NC, USA).

Results

Application of acetate buffer in pH adjustment of mash

In a small-scale mashing (SSM) procedure [43], the pH of a

liquefied mash containing 300 mg of ground grain and a

total 1.1 mL of enzyme dilutions in a microtube was

adjusted easily by mixing with 50 lL of 2 M sodium

acetate buffer at pH 4.2. Then, we attempted to use this

acetate buffer to adjust the pH of liquefied mashes prepared

for laboratory SSF, in which 2 M HCl was usually used for

pH adjustment. Ethanol fermentation processes (Fig. 2)

were monitored by measuring the masses of the flasks with

S-shaped airlocks, because the mass losses by CO2 evo-

lution are proportional to the amounts of ethanol produced

Fig. 1 Chromatograms of glycerol and ethanol in a beer sample

(upper solid line) and glycerol in a DGS sample (lower solid line) at a

fermentation time of 72 h. The beer and the DGS originated from two

different fermentation flasks with pH adjusted by 2 M HCl, and they

were diluted to the same volume (1 L) before sampling for HPLC

analyses. The chromatogram of ethanol was obtained by subtracting

the chromatogram of glycerol in the diluted DGS sample from that of

glycerol and ethanol in the diluted beer sample (lower dotted line).

Atol, Ag, and Ae represent the peak areas under the corresponding

chromatograms
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during ethanol fermentation [39]. Fermentation sped up in

the mashes with pH adjusted either by 2 M HCl or by the

acetate buffer, indicating that pH adjustment was necessary

in SSF. The ground meal (from sorghum hybrid XIX) had a

total starch content of 73.0% (dry matter). After 72 h of

fermentation, the ethanol yield and conversion efficiency of

the control (no pH adjustment) were 14.04% (v/v) and

88.6%, respectively. When pH was adjusted by 2 M HCl,

the ethanol yield and conversion efficiency increased

slightly but significantly (P \ 0.01) to 14.18% (v/v) and

89.5%, respectively. An unexpected 5.1% relative increase

in ethanol yield or conversion efficiency was achieved

when acetate buffer was used as a substitute for 2 M HCl.

After the promising results, we extended the application

of the acetate buffer in SSF to 18 other sorghum hybrids.

As reported by Zhao et al. [43], these hybrids had ethanol

yields of 12.38–14.77% (v/v) (13.78% on average) and

conversion efficiencies of 87.3–92.3% (89.9% on average)

using the SSF procedure with pH adjusted by 2 M HCl.

Using the same SSF procedure but with pH adjusted by the

acetate buffer (Fig. 3), their ethanol yields or conversion

efficiencies improved significantly (P \ 0.0001), with

ranges of 12.87–15.21% (v/v) (14.29% on average) and

91.4–95.7% (93.4% on average) for ethanol yields and

conversion efficiencies, respectively. Relative increases in

their ethanol yields or conversion efficiencies were 2.0–

5.9% (3.9% on average). Ethanol yields with pH adjusted

by the acetate buffer were highly related to those adjusted

by 2 M HCl (R2 = 0.96, P \ 0.0001).

Effects of acetate buffer on ethanol fermentation in SSF

Compared with the measurement of mass losses in Fig. 2,

it was not as convenient to analyze how yeast cells grew

and their metabolites developed in flasks during fermen-

tation, because the beers had to be sampled at different

fermentation times. If repeated measurements were taken

over time using the same beer in a flask, oxygen would

enter into the flask at each sampling time. Results would be

incomparable to those obtained with flasks sealed by S-

shaped airlocks throughout fermentation. To avoid dis-

turbing the anaerobic conditions, one flask was randomly

removed from a total 12 flasks of mashes at the required

fermentation times for one pH treatment during one testing

period. The growth kinetics of S. cerevisiae in sorghum

mashes are shown in Figs. 4 and 5. In Fig. 4, viable cell

counts (VCCs) are plotted over time on a semilogarithmic

scale, whereas pH values and mass losses on the same

graph using a linear scale. For simplicity, mashes in the

flasks with pH adjusted by HCl and by the acetate buffer

are referred to as Mash I and Mash II, respectively.

0.00

2.00

4.00

6.00

8.00

10.00

12.00

0 12 24 36 48 60

Fermentation time (h)

M
as

s 
lo

ss
 (

g/
fl

as
k)

72

No pH adjustment

pH adjustment by 2 M HCl

pH adjustment by acetate buffer

Fig. 2 Comparison among curves of mass losses from CO2 evolution

in a laboratory SSF procedure using different methods for pH

adjustment on the mashes from the same ground meal (from sorghum

hybrid XIX). For pH adjustment by acetate, 5 mL of 2 M buffer at pH

4.2 was added to the mash in a fermentation flask before inoculation.

Duplication (two flasks) for each pH treatment with repeated

measurements taken over time. Standard error for mean values of

mass losses was 0.03

y = 0.9025x +1.876

R2 = 0.9553

12.5

13.0

13.5

14.0

14.5

15.0

15.5

12.0 12.5 13.0 13.5 14.0 14.5 15.0

Ethanol  yield  (%,v/v),  pH  adjusted  by  2  M  HCl
E

th
an

ol
 y

ie
ld

 (
%

, v
/v

),
 p

H
 a

dj
us

te
d 

by
 a

ce
ta

te
 b

uf
fe

r
Fig. 3 Relationship between ethanol yields of 18 sorghum hybrids

(I–XVIII) using a laboratory SSF procedure with the pH of their

mashes adjusted by 2 M HCl or acetate buffer before inoculation. For

pH adjustment by acetate, 50 lL of 2 M buffer at pH 4.2 was added to

the mash in a fermentation flask before inoculation

80 J Ind Microbiol Biotechnol (2009) 36:75–85

123



Effect on pH

The main purpose of pH adjustment was to optimize the

activity of the enzyme, amyloglucosidase, which had an

optimum pH range of 3.5–4.5. As shown in Fig. 4, the pH

of Mash I decreased gradually (from initial 4.2 to the

lowest 3.4) during fermentation, but there was a sharp

reduction in the period from 4 to 10 h of fermentation,

during which the yeast cells grew most rapidly. The pH

values remained unchanged (P [ 0.05) during 28–48 h,

and then increased slightly but significantly (P \ 0.0001)

to 3.5 at the end of fermentation, which might be related to

release of amino acids from autolysing yeast cells [27]. The

acetate buffer did not adjust the pH values of Mash II to 4.2

as expected, but it kept them very stable (from 4.7 to 4.5)

throughout the fermentation process.

Effect on yeast growth

The growth curves of S. cerevisiae (Fig. 4) show that the

yeast cells grew exponentially within the first 10 h. The

maximum growth rate constants (lmax) were 0.42 and

0.32 h-1 for cells grown in Mash I and Mash II, respec-

tively. The deceleration phase for Mash I was shorter than

that for Mash II. The stationary phase for Mash I started

from the fermentation time at 16 to 40 h, and then a death

phase. After the fermentation time at 28 h, the VCC for

Mash II decreased continuously but not significantly

(P [ 0.07). Acetate retarded the growth of yeast cells in

sorghum mash. The VCC in Mash II was 36% lower than

that in Mash I during the stationary phase. It was difficult

to detect any red colonies on the 3M Petrifilms even after

3 days of incubation, and we concluded that the 3M Pet-

rifilm for total cell counts was not a good medium for yeast

and mold. However, the results showed that no bacteria

contamination was found in the mashes. Mashing (86�C,

90 min) acted as a pasteurization process, and all bacteria

in sorghum meal could be killed successfully.

Effect on consumption of glucose

In SSF, amyloglucosidase and yeast were added simulta-

neously, and sugars (mainly glucose, maltose, and

maltotriose) were released by amyloglucosidase and con-

sumed by yeast continuously throughout the process. Each

flask contained 30 g of dry sorghum meal with starch

content of 73.0% (dry matter), and the theoretical glucose

content was 24.3 g if starch could be hydrolyzed to glucose

completely. The amounts of glucose in mashes were sup-

posed to be near zero at the beginning of fermentation, but

13–15 g of glucose, as shown in Fig. 5, was detected in

each flask as there was a period of time from the addition

of amyloglucosidase to sample preparation until final

HPLC analysis. Again, glucose content in Mash II (15.0 g/

flask) was higher than that in Mash I (13.3 g/flask)

immediately after inoculation, which might be related to

the fact that the diluted samples from Mash II were always

analyzed by HPLC after their counterparts from Mash I.

The speed of glucose release by amyloglucosidase was far

beyond that of glucose consumption by yeast in SSF. The

dynamic glucose levels (Fig. 5) in Mash II were always

higher than their counterparts in Mash I within the first

22 h (P \ 0.001). This was related to the fact that yeast

cells in Mash I came to the stationary phase 6 h earlier than

their counterparts in Mash II. However, yeast cells in Mash

II consumed glucose more rapidly as there was no signif-

icant difference (P = 0.60) in glucose between the two

kinds of mashes at 22 h, and after that time the glucose

contents in Mash II were lower than those in Mash I till the

glucose had almost been nearly depleted at 40 h.

Effect on production of glycerol and ethanol

Production of glycerol and ethanol from glucose happened

simultaneously with anaerobic fermentation by yeast cells

(Fig. 5). In Mash II, maximum ethanol production occurred

at a fermentation time of 48 h [i.e., there was no significant
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1.4 9 109 cells/flask, 0.02, and 0.07 g/flask for VCC, pH, and ML,

respectively
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difference in ethanol (P = 0.42) between fermentation

time at 48 and 72 h], whereas in Mash I, production of

ethanol ended later. This was in compliance with the

consumption of glucose and the evolution of CO2 moni-

tored by mass losses (Fig. 4). Although ethanol contents in

Mash II were lower than their counterparts in Mash I

within the first 16 h, they increased more rapidly after

fermentation time at 10 h and led to higher values at

completion. On the contrary, glycerol was produced at

much lower levels in Mash II throughout the SSF process.

In each flask at fermentation time of 72 h, Mash II con-

tained 11.71 g of ethanol and 0.62 g of glycerol, and Mash

I contained 11.12 g of ethanol and 1.09 g of glycerol.

Compared with pH adjustment by HCl, a 5.3% relative

increase in ethanol and a 43.6% relative decrease in glyc-

erol were obtained when the acetate buffer was used.

Effect of the volume of acetate buffer on ethanol

fermentation

As shown in Fig. 6, the volume of the buffer influenced

ethanol fermentation significantly. Similar to the observation

in Fig. 2, the control mash (pH adjustment by DD-water) had

an overall lower fermentation speed and mass loss than its

counterparts with pH adjusted by 2.5 or 5 mL of the buffer.

The time at which the mass loss of the mash in a flask could

be observed was delayed after the buffer volume was

increased from 5 to 10 mL. Yeast growth was almost com-

pletely inhibited when 10 mL buffer was added. After the

24 h fermentation time, the mash with 5 mL buffer had a

higher degree of mass losses than the mash with 2.5 mL

buffer (P \ 0.01). Although fermentation in the mash with

7.5 mL buffer started almost 18 h later than its counterpart

with 5 mL buffer, there was no difference (P [ 0.42) in mass

losses between the two mashes at the final period of time (64–

72 h). The ground meal (from sorghum hybrid XX) had a

total starch content of 72.0% (dry matter). After 72 h of

fermentation, ethanol yields were 13.73, 14.43, 14.72, 14.76,

and 0.59% (v/v) for the mashes with 0, 2.5, 5, 7.5, and 10 mL

of the buffer, respectively. The ethanol yield from the mash

with 7.5 mL buffer was not significantly higher (P = 0.31)

than that from the mash with 5 mL buffer.

Discussion

Currently, one of the research activities of our group is to

select a relatively large and diverse set of samples from the
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huge pool of sorghum breeding lines, evaluate their per-

formance in a bench-scale ‘‘dry-grind’’ conversion of

sorghum to ethanol, and identify key factors affecting

ethanol yield and conversion efficiency. To save time and

reduce the risk of contamination, an acetate buffer was

quantitatively pipetted to liquefied mashes before inocu-

lation in our SSF procedure. Ethanol yields or conversion

efficiencies of 18 sorghum hybrids improved significantly

with 2.0–5.9% (3.9% on average) of relative increases

when the method of pH adjustment changed from tradi-

tional HCl to the acetate buffer. Ethanol yields obtained

using the two methods were highly correlated (Fig. 3),

indicating that the acetate buffer did not influence resolu-

tion of the SSF procedure to differentiate grain samples

varying in fermentation quality. Thus, several experiments

were conducted to elucidate the reason why ethanol yields

or conversion efficiencies improved.

In previous researches [2, 19, 20, 24, 33], acetic acid

was observed to decrease rates of glucose consumption and

ethanol production. Contrastively, results in this research

showed that they are unnecessarily always reduced during

fermentation. With 5 mL of the acetate buffer added into

mash, they were inhibited during exponential phase but

promoted during stationary phase (Figs. 4, 5). Thus, the

overall fermentation rate in the mash with pH adjusted by

the acetate buffer was comparable to its counterpart HCl

(Figs. 2, 4, 5), and even faster than control without pH

adjustment (Figs. 2, 6). No inhibition in rate of mass loss

(i.e., ethanol production) was observed when 2.5 mL of the

acetate buffer was added to a flask (Fig. 6). Acetate

retarded yeast growth, but did not affect overall fermen-

tation rate.

One purpose of pH adjustment was to optimize the

activity of the enzyme, amyloglucosidase, which had an

optimum pH range of 3.5–4.5 [43]. Our results also showed

the necessity of pH adjustment in SSF for obtaining higher

conversion efficiency and faster fermentation rate (Fig. 2).

Because of the buffering capacity of whole grain mashes

[2, 33], 5 mL of the acetate buffer did not bring the pH of

mash to 4.2 as expected after inoculation, but it kept the

system stable (pH from 4.7 to 4.5) throughout the fer-

mentation process (Fig. 4), indicating that a buffer pair had

been developed. With 5 mL of the acetate buffer added

into a flask, the estimated volume of the liquid mash after

inoculation was about 110–125 mL, and the total concen-

tration of acetic acid including its undissociated and

dissociated forms was 80–90 mM. Thus, at the beginning

of fermentation (pH 4.7), the concentration of the undis-

sociated acetic acid in sorghum mashes was about 41–

47 mM, calculated according to the Henderson–Hassel-

bach equation. The undissociated form of the molecule

diffused passively into the yeast cells and led to an accu-

mulation of dissociated anions and protons within the cells.

The cells, however, tried to maintain pHi homeostasis by

extruding the excess protons via the plasma H?-ATPase,

which used energy from ATP hydrolysis. Depletion of

energy (ATP) for maintenance of pHi homeostasis

impaired yeast growth as evidenced by the decrease in

VCC and lmax (Fig. 4). As elucidated by Thomas et al.

[33], the buffer pairs, formed extracellularly by addition of

the acetate buffer and intracellularly from the acid accu-

mulated inside the cells, probably helped stabilize pH of

the medium by sequestering protons and making pHi of

yeast cells not being significantly affected, lessening the

negative impact of the pH drop on yeast growth. Conse-

quently, as suggested in previous studies [2, 19, 23],

decreased levels of ATP under moderate stress of acetic

acid might stimulate the energy-producing glycolytic

pathway, increasing ethanol yield at the expense of bio-

mass production. The magnitude of growth inhibition was

enhanced, as the volume of the acetate buffer increases. It

took more time for yeast to adapt to the culture conditions

(i.e., longer duration of the lag phase) with higher con-

centrations of acetic acid in the mash (Fig. 6). Likely, more

acetate added into mash, more undissociated form of the

molecule accumulated inside the cells and more extreme

stress yeast confronted. Five milliliters of the acetate buffer

happened to be the optimum addition in terms of fermen-

tation rate and ethanol yield. A proper addition (e.g., 5 mL)

of the acetate buffer increased the production of ethanol

yield as well as conversion efficiency and decreased the

production of glycerol significantly. Taherzadeh et al. [30]

also obtained a 21% increase in ethanol yield and 50%

decrease in glycerol yield adding 21 mM acetic acid at pH

3.5. In this research, the estimated total concentration of

acetic acid was 154–174 mM when 10 mL of the acetate

buffer was added into mash; at pH 4.2, concentration of the

undissociated acetic acid was about 120–135 mM, which

almost completely inhibits the growth of S. cerevisiae

(Fig. 6) and the yeast cell might be stressed out. In con-

trast, Thomas et al. [33] produced as much as 20% more

ethanol when 167 mM of acetic acid was present in the

medium at pH 4.5 than when it was absent.

Theoretically, acetate ions may be used in formation of

acetyl-CoA via the action of acetyl-coenzyme A synthetase

and consumed in the citric acid cycle, sparing some

pyruvic acid associated with anaerobic cell growth and

increasing fermentative production of ethanol. Taherzadeh

et al. [30] observed net acetate assimilation in some cases,

but the rate of acetate consumption is small compared with

the diffusion rate of undissociated acetic acid. However,

analysis results confirmed that yeast does not metabolize

acetic acid as long as glucose remains in the medium [23,

33]. No glucose was left in Mash II and the production of

ethanol stopped after a fermentation time of 48 h (Fig. 5),

suggesting that no acetic acid was consumed by yeast to
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produce ethanol. HPLC analysis further showed that there

was no change (P [ 0.05) in total acetic acid before and

after fermentation with the pH of mashes adjusted by 5 mL

of the acetate buffer, indicating that the yeast did not use

acetic acid as a carbon source (results not shown).

Data (Fig. 5) showed that the decrease in production

of the by-product glycerol was the most apparent reason

for the increase in ethanol yield. To reoxidize surplus

NADH, formed in the synthesis of biomass and sec-

ondary fermentation products during anaerobic

conditions, to NAD?, cells of S. cerevisiae reduce

dihydroxyacetone phosphate by NAD?-dependent glyc-

erol 3-phosphate dehydrogenase to glycerol 3-phosphate,

which is then dephosphorylated to glycerol by glycerol

3-phosphatase [4, 27]. Glycerol helps S. cerevisiae to

maintain cells’ redox balance. Taherzadeh et al. [30]

elucidated several reasons for decreased glycerol yield

with the addition of acetate; particularly, they pointed

out that decreases in biomass yield and formation of

acetate will reduce surplus formation of NADH. The fuel

ethanol industry, however, is increasingly interested in

developing a competitive bioprocess that can reduce

yields of fermentation by-products (e.g., glycerol) and

increase conversion efficiency [3], as the soaring price of

raw materials determines the overall economy of the

process. Results in this study afforded an approach to

reduce glycerol production during ethanol fermentation.

There was a strong, linear relationship (R2 = 0.997,

P \ 0.0001) between mass losses and ethanol contents for

all mashes (Figs. 4, 5), suggesting that the evolution of

CO2 was directly related to the production of ethanol, and

the pathway to produce glycerol during anaerobic fer-

mentation by S. cerevisiae had no effects on CO2.

Monitoring mass losses of mashes in fermentation flasks

would be a very simple, reliable, and also reproducible

method of estimating ethanol yields in the laboratory SSF

procedure.
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