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Abstract A number of hydrolyzing enzymes that are

secreted from malt during brewing, including cell wall-

hydrolyzing, saccharide-hydrolyzing, protein-degrading,

lipid-hydrolyzing, and polyphenol and thiol-hydrolyzing

enzymes, are expected to exist in an active form in waste

from beer fermentation broth (WBFB). In this study, the

existence of these enzymes was confirmed by sodium

dodecyl sulfate polyacrylamide gel electrophoresis, after

which enzyme extract was partially purified through a series

of purification steps. The hydrolyzing enzyme activity was

then measured under various conditions at each purification

step using carboxymethyl cellulose as a substrate. The best

hydrolyzing activities of partially purified enzymes were

found at pH 4.5 and 50 �C in a citrate buffer system. The

enzymes showed highest thermal stability at 30 �C when

exposed for prolonged time. As the temperature increased

gradually from 25 to 70 �C, yeast cells in the chemically

defined medium with enzyme extract lost their cell wall and

viability earlier than those without enzyme extract. Cell wall

degradation and the release of cell matrix into the culture

media at elevated temperature (45–70 �C) in the presence of

enzyme extract were monitored through microscopic pic-

tures. Saccharification enzymes from malt were relatively

more active in the original WBFB than supernatant and

diluted sediments. The presence of hydrolyzing enzymes

from malt in WBFB is expected to play a role in bioethanol

production using simultaneous saccharification and fer-

mentation without the need for additional enzymes, nutri-

ents, or microbial cells via a cell-free enzyme system.
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Introduction

Beer is produced by the saccharification of starch via the

action of enzymes derived from malted cereal grains (most

often barley and wheat), followed by fermentation of the

resulting sugars by microbial-derived enzymes [1]. The

discharged wet solid residue produced at the end of

brewing, which is composed of starch, yeast cells, and

liquid (mainly beer), is referred to as waste from beer

fermentation broth (WBFB). WBFB is an inexpensive raw

material with a high nutrient composition that is commonly

used in the production of biologically important products

including ethanol [2], microbial cellulose [3], and water-

soluble oligosaccharides [4]. Because it is the waste of raw

materials including starch, malt, etc., WBFB can be a rich

source of a variety of enzymes. The existence of the

saccharifying and starch-hydrolyzing enzymes and micro-

bial species in WBFB has been reported [1, 5]. Moreover,

direct elemental analysis of WBFB supernatant ensures the

presence of certain macromolecules in WBFB [6].

Saccharifying enzymes from malt in WBFB randomly

hydrolyze glycosidic bonding at multiple internal sites of

the amorphous region of the polysaccharide [7]. The sole

purpose of these enzymes is the production of simple

sugars (mostly glucose) via the hydrolysis of complex

polysaccharides into oligomers and then monomeric units

[8]. The simple sugars produced via the saccharification

process are utilized through a complex procedure in which

the fermenting species produce ethanol. Being hydrolyzing

agents in nature, these enzymes not only catalyze their
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substrates (starch and other carbohydrate sources), but also

affect the cell wall of fermenting microbial species [9].

Accordingly, the difference in the optimum temperature for

enzyme activity ([50 �C) and microbial cell growth

(\35 �C) is considered the major barrier for conducting

simultaneous saccharification and fermentation [10]. Spe-

cifically, microbial species cannot survive at elevated

temperatures, which affects the fermentation process.

Accordingly, any process that can carry out fermentation

utilizing fermentation enzymes at high temperature without

considering the restriction of cell viability can significantly

improve bio-ethanol production.

Sugars and other nutrients present in the liquid phase as

a result of the activity of hydrolyzing enzymes must diffuse

across the yeast cell wall to be metabolized by different

fermentative enzymes into ethanol and other flavored

compounds. The product formed inside the yeast cell

ultimately diffuses into the media [11]. Thermal stress

continuously increases membrane permeability and even-

tually causes cell death [12]. Upon cell death, the cell wall

ruptures, resulting in release of the cell matrix, which

consists of various enzymes, nutrients, and working

machinery, into surrounding media. These compounds can

then be utilized for the production of ethanol through usual

microbial fermentation [13]. The development of the high-

throughput in vitro glycoside hydrolase (HIGH) screening

method has enabled the detection of glycoside hydrolase

activity [14]. In the present study, we attempted to evaluate

the existence of saccharifying and cell wall-hydrolyzing

activities of various malt-derived enzymes in WBFB, their

effect on yeast cell wall hydrolysis and their possible

impact on bio-ethanol production.

Materials and methods

Waste from beer fermentation broth

Waste from beer fermentation broth was provided by the

Aryana Hotel Beer Industry, Daegu, Korea. The WBFB

was stored at 20 �C in closed cap containers for different

periods of time. Microbial cells contained in WBFB were

subsequently removed by filtration using Whatman�

Schleicher & Schuell PVDF syringe filters with a size of

13 mm and 0.45 lm pore size before processing for

enzyme extraction. Enzyme extraction was conducted

using 1- and 3-month-old WBFB.

SDS-PAGE analysis

The molecular masses of hydrolyzing enzymes from malt in

WBFB were determined by sodium dodecyl sulfate poly-

acrylamide gel electrophoresis (SDS-PAGE) in a 15 %

polyacrylamide gradient gel under reducing conditions

using a Bio-Rad mini-gel apparatus [15]. Thermo Scientific

PageRulerTM protein ladders with a range 10–170 kDa were

used for calibration. The protein bands were visualized by

staining with Coomassie brilliant blue R-250 (Sigma).

Partial purification

The original WBFB was shaken vigorously and the

homogenate was then centrifuged at 12,000 rpm for

20 min, after which the supernatant was used as a crude

extract. Solid ammonium sulfate (80 % saturation) was

dissolved slowly in WBFB supernatant with continuous

stirring. The proteinaceous part of the WBFB supernatant

was precipitated by salting out with ammonium sulfate

after overnight shaking incubation at 4 �C. The precipitates

were obtained by centrifugation at a high speed of

12,500 rpm at 4 �C for 30 min. After centrifugation, the

supernatant was discarded and the solid precipitate in the

bottom was dissolved in citrate buffer (0.1 M, pH 4.5) at a

ratio of 0.1 g/ml. The protein solution was then dialyzed

against citrate buffer (0.1 M, pH 4.5) for 10 h at 4 �C with

continuous stirring. To improve solute exchange, the dial-

ysis buffer was replaced after each 2 h of incubation so that

a new concentration gradient could be established. The

dialyzed solution and ice cold acetone (100 %) were then

mixed in equal ratios with continuous magnetic stirring.

The precipitate that formed was collected through centri-

fugation at 12,000 rpm at 4 �C for 15 min and then dis-

solved in citrate buffer (0.1 M, pH 4.5). The enzyme

solution was stored at -20 �C for further characterization

as it is stable for [12 months in citrate buffer [16].

Determination of optimum pH

The optimum pH of the cell wall-hydrolyzing enzymes was

determined using citrate buffers with different pH (3.0–6.0)

at 50 �C for 30 min. The reaction mixtures were then used to

measure the residual endoglucanase activity under standard

assay conditions. Relative activity of the cell wall-hydro-

lyzing enzymes was measured on the basis that the activity

of cell wall-hydrolyzing enzymes at pH 4.5 is 100 %.

Determination of optimum temperature and thermal

stability of enzyme

The optimum temperature for the partially purified

enzymes was determined by incubating the reaction mix-

tures at 30–80 �C for about 30 min. A standard cell wall-

hydrolyzing enzymes assay was then carried out for each

reaction mixture to determine optimum temperature on the

basis of the activity result. Relative activity of the partially

purified hydrolyzing enzymes was measured on the basis
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that the activity of hydrolyzing enzymes at 50 �C is 100 %.

Thermostability of the enzyme was measured by pre-

incubating the enzyme solution at different temperatures

(30–80 �C) for about 1 h. Samples of enzyme extracts were

taken at different intervals and analyzed for residual

activity through a standard assay [17]. Relative activity of

the hydrolyzing enzymes was measured on the basis that

the activity of hydrolyzing enzymes at 30 �C after different

intervals is 100 %.

Enzyme assay

The activity of cell wall-hydrolyzing enzymes was deter-

mined as previously described [18]. Reaction mixtures

containing 1 ml of enzyme extract, 1 % carboxymethyl

cellulose (CMC) (substrate), and citrate buffer (pH 4.5)

were mixed and incubated at 50 �C for 30 min. The

quantity of reducing sugar produced as a result of enzy-

matic activity was then determined by the DNS assay

protocol [17]. One unit of enzyme activity was defined as

the amount of enzyme that catalyzed the conversion of

1 lmol of glucose under experimental conditions.

Analytical methods

The concentration of glucose produced as the final product

of polysaccharides hydrolysis by cell wall-hydrolyzing

enzymes was determined using a glucose standard curve

developed through the DNS (3,5-dinitrosalicylic acid)

method [17]. Absorbance was measured at 575 nm using an

UV-visible spectrophotometer (Model T60 U, Sunil Eyela

Co., Ltd.). The total protein content in WBFB samples was

determined after each purification step via Bradford assay

using bovine serum albumin as a standard [19].

Microorganism

Yeast (Saccharomyces cerevisiae) was obtained from

WBFB supernatant on chemically defined YM selective

media. Briefly, an aliquot of WBFB was spread on agar

plates of YM selective media prepared by dissolving 3 g/L

glucose, 10 g/L yeast extract, 3 g/L malt extract, 5 g/L

peptone, 10 g/L dextrose, and 20 g/L agar in 1 L of dis-

tilled water. The culture plates were then incubated at

30 �C for 36 h, after which the colonies were counted for

CFU determination. Morphological studies of yeast cells

were carried out using a fluorescence microscope (JEN-

MED, Germany).

Starch-hydrolyzing enzyme activity

Original WBFB, supernatant, and sediments were evalu-

ated separately for saccharifying enzyme activity in the

presence of starch as a substrate. In all three samples

(6 ml), after dilution with 0.5 ml distilled water, 0.3 g of

soluble starch was dissolved with continuous shaking.

Following starch dissolution, the reaction mixtures were

kept in a shaking incubator at 150 rpm for 2 days at 30, 50,

and 60 �C. In another starch-hydrolyzing experiment, the

original WBFB, supernatant, and sediments were incubated

at 20 �C for 15 days. The glucose produced from soluble

starch hydrolysis during incubation was determined using a

glucose analyzer (Refractometer ATGO�, Japan) and glu-

cose kit (GAHK20 Sigma-Aldrich, USA).

Results and discussion

The presence of hydrolyzing enzymes from malt

in WBFB

Starch- and multiple hydrolyzing enzymes from malt play

important roles in the process of beer production. Starch

acts as a substrate for saccharifying enzymes derived from

malt and are hydrolyzed into simple sugars that are further

utilized by yeast cells to produce ethanol via the fermen-

tation process. A number of hydrolyzing enzymes including

cell wall-hydrolyzing enzymes, starch-degrading enzymes,

protein-degrading enzymes, and lipid-hydrolyzing enzymes

from malt are secreted during brewing. Detailed descrip-

tions of the various enzymes that have reportedly been

obtained from malt are shown in Table 1 [16, 20–39].

WBFB obtained at the end of the beer fermentation process

was expected to contain some of these malt enzymes in

active form [5]. To ensure the existence of various hydro-

lyzing enzymes in WBFB supernatant, we conducted SDS-

PAGE analysis of 1- and 3-month-old WBFB supernatant

(Fig. 1). The results revealed that several bands were pro-

duced from both 1- and 3-month-old WBFB samples.

Comparison of the proteins bands with a molecular standard

revealed the molecular weights of expected cell wall

hydrolyzing enzymes and other malt-derived enzymes

(Table 2). The bands produced from the 1-month-old

WBFB samples ranged from 10 to 97 kDa, while those

produced from the 3 month old WBFB samples ranged

from 15 to 58 kDa. Comparison of the band positions with

those of a standard and from previously conducted studies

revealed that the one month old WBFB contained limit

dextrinase [31], b-amaylase [30], carboxypeptidase [25],

a-amaylase [29], endopeptidase [32], (1-3,1-4)-b-glucanase

EI, EII [27], xylanase [23], endoglucanase [16], glucanase

[28], and lipid transferase (LPT) [35]. The malt enzymes

found in the 3-month-old WBFB were similar to those in the

1-month-old WBFB; however, some higher molecular mass

peptides like limit dextrinase and lower molecular mass

peptides were absent (\15 kDa) (Fig. 1).
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Less protein bands were recovered from the 3-month-old

WBFB supernatant than the 1-month-old WBFB. These

findings indicate that higher and lower molecular weight

enzymes degraded with time; therefore, it is likely that the

hydrolyzing activities of the 3-month-old WBFB superna-

tant are lower. The degradation of enzymes may have

occurred due to variation in the WBFB composition with

the passage of time and the decrease in pH as a result of the

continuous production of acetic acid [2]. The half life of an

enzyme, which is the time after which the enzyme loses

50 % of its original activity under standard conditions, is

one of the most important parameters. The half life of an

enzyme varies depending on conditions as enzymes are

biodegraded or subjected to denaturation by others enzymes

(protease), chemicals, and extreme pH and temperature

stress [40]. Both decreasing pH and the presence of inhib-

itor favored the above statement that with the passage of

time under unfavorable conditions, enzymes are subjected

to denaturation due to their limited half life. Thus, the

3-month-old WBFB sample produced fewer enzyme bands

than the 1-month-old WBFB.

Partial purification of hydrolyzing enzymes

Supernatant samples from both one month and 3-month-old

WBFB were processed for partial purification of all malt-

derived enzymes in WBFB. The purification of hydrolyz-

ing enzymes in the WBFB supernatant was conducted

through the following steps: filtration of supernatant,

ammonium sulfate saturation, and concentration, dialysis

against citrate buffer and precipitation in ice cold acetone

(100 %) solution. After each purification step, the enzyme

solution was analyzed by SDS-PAGE analysis (Fig. 1).

The supernatant and ammonium sulfate precipitate samples

of both 1- and 3-month-old WBFB were found to be rich in

proteins and produce the maximum number of bands

Table 1 Major key enzymes of malt secreted in fermentation broth

during brewing

Substrate Class Enzyme Reference

Cell wall 1 Endoglucanase [16, 20, 21]

Xylanase [20, 22, 23]

Arabinofuranosidase [20]

Feruloyl esterase [20]

Acetoxylan esterase [20]

Carboxypeptidase [24, 25]

Exo-b-glucanase [20]

b-glucosidases [20, 26]

Glucanase [27, 28]

Starch 2 a-amylase [20, 22, 26, 29]

b-amylase [20, 22, 30]

Limit dextrinase [20, 26, 31]

a-glucosidase [20]

Protein 3 Endo-peptidase [20, 32]

Carboxypeptidase [20, 22, 25, 33]

Proteases [22]

Lipid transfer proteins [34, 35]

Lipids 4 Lipase [36]

Lipoxygenase [22, 37]

Hydroperoxide lyase [20]

Hydroperoxide isomerase [20]

Hydrase [20]

Phytin 5 Phytase [38]

Polyphenol 6 Peroxidase [39]

Thiols 7 Thiol oxidase [20]

Fig. 1 Enzyme extract obtained after every purification step (a super-

natant; b (NH4)2SO4 saturation; c dialysis and d acetone precipita-

tion) was analyzed by SDS-PAGE to determine the molecular weight

of expected malt-derived hydrolyzing enzymes in WBFB

Table 2 Molecular weights of expected enzymes from malt in

WBFB (1 and 3 month old) were determined after SDS-PAGE

analysis using 15 % polyacrylamide gradient gel under denatured

conditions

WBFB (kDa) Expected enzymes Class

1 month old 3 month old

97 Limit dextrinase 2

58 b-amaylase 2

40–48 40–42 Carboxypeptidase III,

a-amylase

1,2,3

37 37 Endopeptidase 3

25–30 28–29 (1-3,1-4)-b-glucanase EI, EII,

Xylanase, Endoglucanase

1

15–20 15–20 Glucanase 1

9.5 Lipid transferase (LTP) 3
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among samples. The bands produced by the one month old

WBFB sample ranged from 10 to 97 kDa; however, those

produced by the 3-month-old WBFB ranged from 15 to

58 kDa. These findings demonstrate that various enzymes

were removed during the purification process. Accordingly,

this variation in band intensity with successive purification

steps can be used to demonstrate the effect of each step on

the hydrolyzing activities of various enzymes.

Cell wall-hydrolyzing enzymes activity

After confirming the presence of different hydrolyzing

enzymes from malt via SDS-PAGE analysis, an enzyme

assay for cell wall-hydrolyzing enzymes was carried out

using CMC as a substrate. The cell wall-hydrolyzing enzyme

activities after each purification step are given in Table 3.

Specifically, Table 3 shows the total proteins, total activity

and the specific activity of the cell wall-hydrolyzing

enzymes obtained after successive purification steps at 50 �C

and pH 4.5. The results revealed that the supernatant of both

one month and three month old WBFB containing cell wall-

hydrolyzing enzymes showed less catalytic activity (12.63

and 4.24 U/mL) than any other samples, regardless of the

purification step. Solid ammonium sulfate has been widely

applied to induce maximum protein precipitation from

diluted samples while recovering only the proteinaceous

portion of WBFB [41, 42]. Ammonium sulfate saturation and

concentration by dissolving enzyme pellets in citrate buffer

at 0.1 g/ml resulted in cell wall-hydrolyzing enzyme activity

increasing from 12.63 and 4.24 U/mL to 36.37 and 17.23

U/mL in the 1- and 3-month-old WBFB, respectively. After

dialysis and ice cold acetone treatment, the hydrolyzing

activity of enzymes decreased to 31.60 and 29.58 U/mL in

1-month-old WBFB and 15.67 and 12.58 U/mL in 3-month-

old WBFB, respectively. The increase in specific activity

after each purification step ensured the purification of

hydrolyzing enzymes from the WBFB supernatant and each

purification step increased the efficiency of the active site of

enzymes for the conversion of substrate into product.

Effect of pH on cell wall-hydrolyzing enzyme activity

pH is one of the most important factors influencing the

reaction rate and reactivity of different enzymes. Similar to

other reactants, enzymes are specifically active under a

certain range of pH. Therefore, determining the optimum

pH of a specific enzyme is of the utmost importance to

achieve the maximum hydrolyzing activity. The optimum

pH for cell wall-hydrolyzing enzymes was determined by

measuring their hydrolysis activity in citrate buffer at 50 �C

at pH ranging from 3.0 to 6.0. The selection of a citrate

buffer system and 50 �C for the enzyme assay were based

on previously reported data that have been used to deter-

mine the optimum cell wall-hydrolyzing enzyme activity

[43, 44]. The results presented in Fig. 2 indicate that the

catalytic activity of the enzyme extracts gradually increased

as the pH of the buffer increased from 3.0 to 4.5. The

maximum enzyme activity was obtained at pH 4.5; how-

ever, further increases in pH caused retardation and a

gradual decrease in cell wall-hydrolyzing enzyme activity.

The enzyme activity obtained at pH 4.5 was taken as 100 %

and the activity obtained at the rest of the pH ranges was

reported relative to this value. Initially, the activity of cell

wall-hydrolyzing enzymes increased in the order of 16.07,

26.18, and 58.04 % at pH 3.0, 3.5, and 4.0, respectively.

However, increases in pH above 4.5 resulted in loss of

hydrolyzing activity to 26.03, 53.85, and 81.36 % at pH 5.0,

5.5, and 6.0, respectively. The results obtained for the

optimum activity of cell wall-hydrolyzing enzymes were

similar to those for endoglucanase (cell wall-hydrolyzing

enzyme) extracted from Zea mays seedling cell walls [16]

and T. viride [45]. The pH optima for certain cell wall-

hydrolyzing enzymes obtained from different sources var-

ied slightly from those in previous studies. For example, the

optimum activity of A. aculeatus [46] and T. aurantiacus

Table 3 WBFB (1 and 3 month old) after every step of purification was processed for cell wall-hydrolyzing activity by incubation in the

presence of 1 % CMC as substrate in citrate buffer at pH 4.5 and 50 �C for 30 min

WBFB Sample Total proteins (mg/ml) Total activity (U/ml) Specific activity (U/mg)

3 month old Supernatant 0.454 4.24 9.33

(NH4)2SO4 precipitates (80 %) 1.707 17.23 10.09

Dialysis 1.209 15.67 12.95

Acetone precipitation (100 %) 0.651 12.58 19.34

1 month old Supernatant 1.064 12.63 11.86

(NH4)2SO4 precipitates (80 %) 2.337 36.37 15.56

Dialysis 1.806 31.60 17.49

Acetone precipitation (100 %) 1.567 29.58 18.88
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[47] endoglucanase occurs around pH 5.0. However, in

most studies, the optimum activity occurs at pH values

ranging from 4 to 5, which is in accordance with the results

of the present study.

Effect of temperature on cell wall-hydrolyzing enzymes

activity

Similar to pH, temperature also plays an important role in

describing enzyme activity. The thermostability of an

enzyme is a major factor determining the efficiency and

level of certain enzyme-catalyzed reactions. Fermentation

is generally carried out at 35 �C; however, most of the

enzymes involved in the process show the optimum cata-

lytic activity and thermal stability at 50 �C or higher

[48, 49]. The optimum temperature for the activity of cell

wall-hydrolyzing enzymes was determined by varying the

temperature from 30 to 80 �C in a citrate buffer system

while maintaining the pH at 4.5. As shown in Fig. 3, the

activity of the cell wall-hydrolyzing enzymes increased in a

linear fashion as the temperature increased to 50 �C, but

further increases in temperature resulted in decreased

activity. Therefore, the enzyme activity at 50 �C was taken

as 100 % and the values at other temperatures were com-

pared to this value. Initially, the cell wall-hydrolyzing

activity increased by 56.73 and 76.48 % at 30 and 40 �C;

however, increasing the temperature beyond 50 �C resulted

in the hydrolyzing activity decreasing to 28.99, 55.1, and

73.62 % at 60, 70, and 80 �C, respectively. The results

obtained for the optimum temperature are similar to those

for endoglucanase (cell wall-hydrolyzing enzyme) obtained

from the leaves of Boscia senegalensis [50]. Tao et al. [44]

reported the same temperature optima for sugar cane

bagasse-hydrolyzing enzymes from Aspergillus glaucus

XC9.

Thermal stability of cell wall-hydrolyzing enzymes

Thermal stability is a desirable characteristic of an enzyme,

especially in cases of industrial processing, where heat

treatment may be inevitable. Therefore, the thermal sta-

bility of cell wall-hydrolyzing enzymes was evaluated by

pre-incubating the reaction mixtures at different tempera-

tures (30–80 �C) for 1 h. The results obtained for thermal

stability are shown in Fig. 4. The catalytic activity was

consistent at 30 �C, however, with further increases in

temperature, the catalytic activity decreased. At tempera-

tures above 50 �C, a sharp decline in activity was observed

as the incubation time increased, with about 59 and 72 %

of the enzyme activity being lost after 1 h of pre-thermal

treatment at 60 and 70 �C, respectively. At 80 �C, 99.6 %

of cell wall-hydrolyzing enzyme activity was lost after 1 h.

Effect of cell wall-hydrolyzing enzymes on yeast cell

morphology and viability

One of the major challenges faced by free-living unicel-

lular organisms such as yeast is their ability to adapt to

stress conditions while maintaining their integrity and

normal growth. Sudden and drastic changes in the external

environment demolish the internal machinery of the cell,

preventing normal growth. However, under certain stressed

conditions, yeast cell surface proteins induce the signal

transduction pathways of genes in different compartments

specifying number of proteins translation involved in repair

of intracellular damage [51]. Yeast cells have the ability to

Fig. 2 Cell wall-hydrolyzing activity of enzyme extracts from

WBFB. Samples were incubated in the presence of 1 % CMC as

substrate in citrate buffer at different pH (3.0–6.0) and at 50 �C for

30 min. The activity of cell wall-hydrolyzing enzymes at pH 4.5 was

taken as 100 %

Fig. 3 Cell wall-hydrolyzing activity of enzyme extract from WBFB.

Samples were incubated in the presence of 1 % CMC as substrate in

citrate buffer at pH 4.5 and 30–80 �C for 30 min. The activity of cell

wall-hydrolyzing enzymes at 50 �C was taken as 100 %
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reprogram their genetic makeup; thus, each genomic

expression is specific for environmental stress. Indeed, the

expression of approximately 900 genes (14 % of total yeast

genes) was found to be stereotypically altered from normal

under stress conditions [52].

Yeast cells from WBFB supernatant were isolated and

alterations in their morphology with gradual increases in

temperature from 25 to 70 �C with and without the addition

of WBFB cell wall-hydrolyzing enzymes extract were

analyzed. Figure 5 shows a clear image of the yeast cell

wall destruction caused by the synergistic action of thermal

stress and cell wall-hydrolyzing enzymes. Yeast cells

multiplied in a normal fashion for 45 min until the tem-

perature reached 42 �C; however, longer incubation times

and increased temperatures resulted in cell wall destruction

by the synergistic action of thermal stress and cell wall-

hydrolyzing enzymes activity. At 65 �C, almost all yeast

cells lost their cell wall after 105 min of incubation,

resulting in the cell constituents entering the surrounding

medium. High thermal stress decreases cell viability by

altering the mitochondria and increasing the membrane

permeability, eventually resulting in cell death and cell

lysate diffusion into the medium [12, 53]. However, the

effects observed in the present study were not merely due

to the high temperature stress, but also the presence of

hydrolyzing enzymes. The effects can be more clearly

understood by observing the CFU results (Table 4).

The CFU data revealed that the cell density increased as

the incubation time and temperature increased up to 45 min

and 42 �C, respectively. Most of yeast species showed

optimum growth and fermentation at 30–35 �C. Yeast cells

have a short generation time 1.25–2.0 h at 30 �C. How-

ever, gradual increases in temperature compel yeast cells to

adapt to thermal stress. During the adaptation period

(30–45 min), there is a very small increase in cell density

when compared to the initial intervals (0–30 min). During

the adaptation period, yeast cell growth decreased or

ceased, which induced gene expression for a number of

proteins involved in cell repairing and adaptation. How-

ever, once cells adapted to the stress maintained their

integrity, multiplication continued as under normal condi-

tions [54]. Contrary to abrupt chases in temperature, a

gradual increase in temperature results in increased cell

viability with 2–4 �C higher than the optimum are reached

[55]. After 1 h, the temperature of the medium reached

48 �C, and the cell density started to decline, regardless of

the presence of enzyme extract. When compared to

chemically defined media without enzyme extract, the

presence of enzyme extract resulted in lower yeast growth

at all stages of analysis. Specifically, the live cell density

was completely eradicated after 105 min in enzyme con-

taining media, although a number of yeast colonies were

still detected even after 2 h in bare thermally stressed

media. Combined thermal stress and hydrolyzing activity

of the WBFB cell wall-hydrolyzing enzymes caused the

cell wall rupture earlier than when only thermal stress is

applied; thus, the yeast cell culture lost viability earlier in

the presence of enzyme extract. These findings indicate

that hydrolyzing enzymes exert a destructive effect on the

viability of yeast cells at high temperature.

Assessment of saccharifying enzymes from malt

in WBFB

In our previous study, we evaluated the WBFB for the

production of bioethanol without the addition of any

enzymes, microbial cells, or carbohydrates in both shaking

and static cultures [2]. Various saccharifying enzymes

including a-amylase, b-amylase, and limit dextrinase from

malt are added to the fermentation broth to initiate the starch

saccharification process during brewing. However, some

other enzymes including protein-hydrolyzing enzymes

(e.g., endopeptidase and carboxypeptidase) and cell wall-

hydrolyzing enzymes (e.g., endoglucanase and b-glucan

solublase) are also added from malt [56, 57]. In this study,

the existence of saccharifying enzymes activity in WBFB in

the presence of substrate (starch) was determined at 30, 50,

and 60 �C. The saccharification enzyme activity was eval-

uated using the original WBFB, filtered WBFB supernatant,

and WBFB sediment with distilled water under shaking

conditions. The initial glucose concentration in the original

WBFB and supernatant was 5.5 %, while sediment diluted

with distilled water contained 3.3 % glucose. The sacchar-

ification enzymes activity for the three aforementioned

samples is given in Fig. 6a–c. After 24 h of incubation at

30 �C, the maximum glucose produced as a result of

Fig. 4 Thermal stability of cell wall-hydrolyzing enzyme. Samples

were preincubated at 30–80 �C for 1 h and the catalytic activity was

measured under standard assay conditions. The activity of cell wall-

hydrolyzing enzymes at 30 �C after different intervals was taken as

100 %
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saccharifying enzymes activity in the original WBFB was

11.5 % (115 g/L), while it was 5.7 and 6.8 % in the

supernatant and sediments with distilled water, respectively.

The saccharification activity was enhanced as temperature

increased to 50 �C, above which it decreased. At 50 and

60 �C, the original WBFB generated 12.8 and 11.9 % glu-

cose. This was followed by sediments with distilled water

(10.8 and 9.2 %, respectively) and supernatant (5.9 and

8.7 %, respectively). The result indicated the best saccha-

rifying activities in original WBFB. The amount of sac-

charifying enzymes was higher in original WBFB that

decreased in diluted sediments and WBFB supernatant. The

highest saccharifying activity at 50 �C further partially

supports the optimum temperature indicated in Fig. 3. All

three samples were also evaluated for starch-hydrolyzing

activity in the presence of soluble starch as substrate during

incubation at 20 �C for 15 days. The hydrolyzing activities

are shown in Fig. 6d. The maximum saccharification

activity was obtained from the original WBFB (21.1 %)

followed by diluted sediments (11.03 %) and supernatant

(5.83 %). Based on the saccharification activity of the

enzyme extract, the original WBFB is a rich source of

hydrolyzing enzymes when compared to its supernatant and

sediments. Being a rich source of hydrolyzing enzymes, the

original WBFB can be used for higher bioethanol produc-

tion as stated by Ha et al. [2].

Malt-derived enzymes involved in the saccharification

process require the highest temperature for catalytic

Fig. 5 Microscopic pictures of S. cerevisiae in chemically defined medium with enzyme extract taken at 25–70 �C after intervals of a 15; b 30;

c 45; d 60; e 75; f 90; g 105; and h 120 min

Table 4 Variations in the CFU

values of yeast cells in

chemically defined medium

with and without enzyme

extract exposed to temperatures

of 25–70 �C for about 2 h based

on measurements at regular

intervals of 15 min

Time (min) Temperature (�C) Average CFU of yeast in thermal

stress only

Average CFU of yeast in thermal

stress with enzyme extract

0 25 1.12 9 107 1.12 9 107

15 31 2.13 9 107 1.73 9 107

30 36.5 3.74 9 107 2.81 9 107

45 42 4.15 9 107 3.44 9 107

60 48 2.19 9 107 1.35 9 107

75 54 4.72 9 106 2.16 9 106

90 60 5.33 9 106 6.30 9 104

105 65 6.72 9 104 0

120 70 1.62 9 104 0
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activity and even remain active at 60–90 �C [58]. How-

ever, yeast cells involved in the later fermentation of glu-

cose to ethanol cannot survive these temperatures and lose

their viability [59]. This causes the biggest hurdle in

maintaining a combined saccharification and fermentation

process for rapid and efficient bioethanol production.

Several thermotolerant yeasts strains have been introduced

to enable simultaneous saccharification and fermentation

for maximum bio-ethanol production, but no successful

increase in productivity has been achieved using this

strategy [55]. The yeast cells present in WBFB are rela-

tively weak as the culture has been used for repeated

batches, making it more susceptible to autolysis by the

synergistic action of cell wall-degrading enzymes and all

other malt-derived hydrolyzing enzymes at high tempera-

ture when compared to fresh yeast culture produced in

chemically defined medium.

Involvement of hydrolyzing enzymes in bioethanol

production

The concept of a cell-free enzymes system was first intro-

duced by Eduard Buchner [13], who claimed that free

glucose molecules can be converted to ethanol by using

only yeast cell extract composed of the enzyme zymase,

which is responsible for that conversion. Cell-free enzyme

systems enable the restriction of temperature required for

cell viability and activity to be overcome, allowing the

process to be carried out at higher temperatures required for

saccharification [60]. It has also been reported that cell

lysates released from microbial cells into the medium are

composed of all machinery required for translation of

polypeptides involved in the EMP pathway, ATP synthesis,

and amino acid synthesis [14]. Therefore, in our case, the

presence of cell wall-hydrolyzing enzymes activity along

Fig. 6 Starch-hydrolyzing activity of enzyme extract from a original

WBFB; b supernatant and c sediments with distilled water. Samples

were incubated in the presence of soluble starch as substrate at 30, 50,

and 60 �C for 2 days while shaking at 150 rpm and d all three

samples were also evaluated for starch-hydrolyzing activity at 20 �C

for 15 days
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with other malt-derived hydrolyzing enzymes in WBFB

offer a great advantage to the overall procedure. Addition-

ally, although thermal shocks can kill the yeast cells, the

presence of cell wall-hydrolyzing enzymes hydrolyze the

cell wall and release the internal matrix (nutrients, enzymes,

and working machinery) to the culture media, enabling

ethanol production through a cell-free enzyme system. The

release of yeast internal materials to the media when treated

at elevated temperature in the presence of cell wall-hydro-

lyzing enzymes can be seen in Fig. 5. After 45 min of

incubation, the temperature reached 42 �C and cell wall

hydrolysis started as a result of synergistic action of thermal

stress and cell wall-hydrolyzing enzyme activity. Thus,

almost all cells lost their cell wall at 65 �C after 105 min of

incubation. Viability until a certain temperature and sub-

sequent diffusion of the cell matrix into the culture media

might govern the concept of cell-free ethanol production.

The fermentation enzyme from yeast cells still might prove

effective in the culture media and ethanol production.

Conclusion

The existence of various hydrolyzing enzymes in WBFB

was confirmed through SDS-PAGE. Enzymes were

partially purified through a series of purification processes

and their hydrolyzing activities were investigated using

CMC as a substrate. The hydrolyzing enzymes degraded

the yeast cell walls and reduced their viability under

gradually increasing temperature. The release of microbial

cell matrix into the culture media may affect the bioethanol

production process via a cell-free enzyme system. This

concept might also be applicable to the production of bio-

ethanol feedstock through cell-free biorefineries in future.
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