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Hen egg white lysozyme is a hydrolytic enzyme effective at preventing 

the growth of Gram positive bacteria by degrading the bacterial cell wall to a 

point of cell lysis. Investigating lysozyme as a processing tool in wine to 

control the growth of lactic acid bacteria and malolactic fermentation has 

significant commercial interest.    In this project, the interactions of lysozyme 

with wine components and wine was evaluated along with the efficacy of 

lysozyme in preventing malolactic fermentation (MLF) in Oregon Pinot Noir 

and Chardonnay.   The information from this work, together with results 

from similar projects, will allow the development of  guidelines for lysozyme 

use in commercial wine. 

Interactions of lysozyme with wine components were evaluated by 

measurement of enzymatic activity in the presence of wine acids, ethanol, 

and phenolics.  Enzyme inhibition was observed, to various degrees, with all 

wine components.  Crude grape tannin altered the availability of free enzyme 

by complexing to lysozyme and forming a precipitate. In a model wine 



system, lysozyme activity was reduced by 50% when tannin was present. 

Lysozyme addition to red wine resulted in a reduction in pigmented 

compounds and detectable sensory differences. 

Wine trials evaluated the efficacy of lysozyme in completely 

preventing malolactic fermentation (MLF) and terminating MLF midway 

through fermentation in Oregon Pinot Noir and Chardonnay.   Vintages from 

1993 and 1994 were treated without SO2, with SO2, with SO2 plus a starter 

culture of Leuconostoc oenos.   Each lot was divided into 0 ppm lysozyme 

(control), 250 ppm lysozyme, 500 ppm lysozyme, and 1000 ppm lysozyme. 

Lactic acid bacteria were enumerated monthly, for ten months.  Lysozyme 

prevented malolactic fermentation in all wines at the treatment levels of 500 

and 1000 ppm. In the 1993 Pinot Noir, 250 ppm lysozyme prevented MLF but 

only delayed MLF in the 1994 vintage.  Lysozyme effectively terminated MLF 

at a concentration between 200 and 300 ppm in both Pinot Noir and 

Chardonnay. 
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The Use of Lysozyme in Winemaking:  The Interaction of Lysozyme with 

Wine and Efficacy in Preventing Malolactic Fermentation in 

Oregon Pinot Noir and Chardonnay 

1. INTRODUCTION 

1.1 Lysozyme 

1.1.1 History and Structure 

Lysozyme was first discovered in 1922 by Alexander Fleming while he 

was suffering from a cold.  Fleming observed that nasal mucus, which had 

dripped onto an agar plate, dissolved bacterial colonies.  He quickly 

determined that the antibacterial action was due to an enzyme that was 

effective against certain bacteria but not those most infectious to man (62).  In 

1963, an investigation into the primary structure of the hen egg white 

lysozyme using X-ray crystallography revealed a protein consisting of a single 

polypeptide chain (Figure 1.1) of 129 amino acids cross-linked by four 

disulfide bridges (37,14). Additional X-ray crystallography in 1972 resolved the 

amino acid sequence in some sections of the main chain which had 

previously been in question (68).  Combining X-ray diffraction data clarified 

secondary and tertiary structures, revealing an elongated molecule with a 

small portion of the protein structure made up of helices and B-pleated 

sheets.  Electron density mapping and advancing biochemical procedures 

refined the structure of the molecule (Figure 1.2) by defining the dihedral 

angles of each residue and nanometer specific atomic coordinates (20,47). 



Figure 1.1 
Amino acid sequence of hen egg white lysozyme 

Figure 1.2 
Main chain conformation of hen egg white lysozyme 



Advances in technology have allowed structural studies to move 

beyond crystallography and into determination of native state conformation 

using 19F-NMR and 1H-NMR imaging (2,67).  Raman spectroscopy, NMR 

and inelastic neutron scattering have shown that the incorporation of water 

produces small changes in protein structure and flexibility necessary for 

enzymatic activity.  The hydration level required for the return of activity in 

lyophilized lysozyme is less then that required for monolayer coverage (63). 

As the knowledge of native lysozyme structure has developed, so has 

the ability to manipulate that structure through genetic engineering and 

chemistry.  In 1985 lysozyme from the T4 bacteriophage was modified to 

incorporate a new disulfide bond.  This small alteration increased thermal 

stability, making the enzyme more applicable to cheese-making and other 

food industry needs (32). Lysozyme has been chemically modified by covalent 

attachment of fatty acids to lysyl residues, producing an effective antibacterial 

agent against Escherichia coli.  Results indicate that the bactericidal activity of 

the modified lysozyme could be attributed to their moderately enhanced 

membrane fusion capabilities (35,36).  Covalent attachment of dextran to 

lysozyme through the Maillard reaction produced a modified enzyme with 

significant antimicrobial activity against Gram-negative and Gram-positive 

bacteria. The lysozyme-dextran conjugate also has greater heat stability and 



emulsifying properties than native lysozyme (57).   Lysozyme-galactomannan 

conjugate prepared through the Maillard reaction is an excellent emulsifier 

and exhibits a lethal antimicrobial effect against Gram-negative bacteria (58). 

1.1.2 Sources 

Lysozyme is a protein common to a variety of organisms.  Initially 

discovered in the mucous of humans, the enzyme has since been found in 

viruses, bacteria, and plants.  The largest concentration of lysozyme is in tears, 

but for commercial extraction, hen egg albumin is the primary source. 

Additional avian sources include the eggs of goose and guinea hen (28). 

Lysozyme is found in animal tissues and serum, including saliva (80); bovine 

thymus, pancreas, and spleen (61); human and bovine milk (38); papaya, 

cauliflower, rutabaga, cabbage, kohlrabi, red radish, white radish, turnip, 

parsnip, and broccoli (16). 

1.1.3 Enzymatic Action 

Lysozyme is a hydrolytic enzyme effective at lysing Gram positive 

bacteria by degrading the bacterial cell wall. Lytic activity is highest from pH 

3.5 to 7 with the range pH 5 to 7 optimal for the degradation of Micrococcus 

lysodeikticus (87). The cell wall, specifically referred to as the peptidoglycan 

layer, is composed of the saccharides N-acetylmuramic acid (NAM) and 

N-acetylglucosamine (NAG). The sugars are attached by fi(l-4)glycosidic 

linkages, following one another in alternate fashion to form long 



polysaccharide chains.  Short lengths of polypeptide chain 4 residues in length 

attach to the NAM residues through the lactyl side chain attached to carbon 

atom 3 in each NAM ring. These polypeptide chains are cross-linked by a 5 L- 

glycine chain which serves to hold the entire peptidoglycan layer together. 

Lysozyme degrades the peptidoglycan framework by splitting the linkage in 

which the carbon 1 in N-acetylmuramic acid is linked to carbon 4 in 

N-acetylglucosamine. 

Enzymatic catalysis of the cell wall has been carefully studied (62) and 

begins when lysozyme initially adsorbs to the peptidoglycan layer. The 

enzyme selectively attaches to a six sugar segment of the NAG-NAM 

polysaccharide chain which binds to the catalytic groove or active site of the 

enzyme (Figure 1.3).  When the segment binds, the fourth sugar residue is 

distorted as lysozyme targets hydrolysis of the B(l-4) linkage between the 

fourth and fifth residues (Figure 1.4). Glutamate residue 35 transfers its 

terminal hydrogen atom in the form of a hydrogen ion to the glycosidic 

oxygen bringing about cleavage of the bond between the oxygen and carbon 

atom 1 of the fourth sugar residue.  The result is a positively charged 

carbonium ion (C+) where the oxygen has been severed from atom 1 of the 

fourth ring.  The carbonium ion is stabilized by its interaction with the 

negatively charged aspartic acid 



Figure 1.3 
Atomic arrangement of hexa-N-acetylchitohexanose 

bound to the catalytic cleft of lysozyme 
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Figure 1.4 
Lysis of the NAG-NAM polysaccharide composing cell walls 

side chain of lysozyme residue 52 until it can combine with a hydroxyl ion 

(OH-) that happens to diffuse into position from the surrounding water, 

thereby completing the reaction.  The surrounding water also supplies a H+ 

ion to replace the one lost by residue 35.  The lysozyme molecule then falls 

away, leaving behind a punctured bacterial cell wall. 

1.1.4 Activity Assays 

One of the oldest and most common methods for quantifying the 

hydrolytic activity of lysozyme involves spectrophotometry (72).  The lysis of 

lyophilized Micrococcus lysodeikticus cells suspended in an aqueous 

phosphate buffer solution pH 7.1 results in decreasing solution turbidity. 

Measurements correspond to a change in absorbance at 450 nm in a 3 ml 
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reaction mixture using a Beckman spectrophotometer.   Conventionally, one 

unit of enzyme catalyzes a decrease in the absorbance of 0.001 per min. at ZSoC, 

pH 7.0, using a suspension of Micrococcus lysodeikticus as substrate, in 3 ml 

reaction mixture (1 cm light path). The method of lysozyme assay specified by 

the Food Additives Organization (FAO) of the World Health Organization 

(WHO) measures turbidity change of a Micrococcus luteus (lysodeikticus) 

solution, 37oC, pH 6.6, at 540 nm. 

The turbidimetric assay has been adapted to quantify lysozyme under a 

variety of experimental conditions.   The method has been utilized to measure 

enzyme activity in tears (11), saliva (83), and in low concentrations (0 to 15 

mg/ml) by conducting it at a higher temperature (60oC) and for a longer time 

(60 min) than specified for determination of unit activity.  In order to 

stimulate the lytic activity of hen egg white lysozyme, small amounts of 

nonionic surfactant and NaCl were incorporated.   Living cells of Micrococcus 

lysodeikticus have been used as substrate.  The cells were loaded with a 

marker, trimethylphenylammonium ion, which was released through the 

action of lysozyme upon the cell wall.  The rate of ion release was monitored 

with a highly selective membrane electrode and related to the concentration 

of enzyme present (19).  Turbidimetric measurement of activity has also been 

employed with lysozyme immobilized on chitosan and silica gel by 

adsorption, on cross-linked polystyrene divinylbenzene matrix by ionic 

binding and on non-porous glass beads by covalent attachment (18). 



Another procedure for determining lytic activity is the agar plate 

method (34,41). Agar plates are prepared incorporating lyophilized cells of 

Micrococcus lysodeikticus.   Several equidistant holes are punched into the 

agar and filled with lysozyme at various concentrations.  Clear zones of lysed 

bacterial cells will appear around those wells containing lysozyme.  Improved 

resolution can be obtained by staining with buffalo black in acetic acid, 

followed by destaining in acetic acid until a satisfactory contrast is obtained 

between the clear zones and surrounding agar. Sensitivity of the method 

increases with longer standing.  The Base 10 logarithms of the clear zone 

diameters are directly proportional to lysozyme concentration.  The agar plate 

method can be modified by seeding the agar with living bacterial cultures and 

using filter disks instead of punching holes (77).  Sterile paper filter disks are 

dipped into lysozyme solutions at different concentrations and placed 

equidistantly on the agar surface. Plates are incubated at 10oC for 2 hours to 

allow diffusion of lysozyme into the agar and then incubated at higher 

temperatures to facilitate lysing of the incorporated substrate. After 

incubation clear zone diameters are measured. 

1.1.5 Stability 

Lysozyme stability is defined as the retention of lytic activity by the 

protein.  Like other enzymes lysozyme stability is affected by temperature, 

hydrogen ion concentration, ionic strength, and specific inhibitory substances. 

A large quantity of work has determined lysozyme stability in various buffers. 
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various pH, and under different temperatures.  Taking into account the 

specific experimental conditions for each report, the stability of lysozyme 

under various conditions has been effectively profiled.   The enzyme is 

inactivated as a result of denaturing by heat and/ or reduction of at least two 

of the four disulfide bonds.  Increasing the hydrogen ion concentration has 

been shown to increase the heat stability of the enzyme with lysozyme 

showing little loss of activity at 100oC (53,73). Loss of activity is further 

reduced with increasing ionic strength.  The addition of NaCl, up to 10% 

(w/w), greatly increases stability (87). In phosphate buffer (pH 6.2), lysozyme 

is over 50 times more heat stable than in egg white at 62.5°C.  Thermal 

protection is also provided by sugars and polyols (8,87) which increase the 

temperature of the maximum rate of denaturation.  It is suggested that 

stabilization is due to the effects of sugars and polyols on hydrophobic 

interactions, in which they reduced the tendency for complete transfer of 

hydrophobic groups from an aqueous to a nonpolar environment. 

Though lysozyme stability is enhanced by several substances, it is also 

diminished by a variety of substances.  Studies on protein conformational 

changes by alcohols have shown denaturation increases with increasing 

hydrocarbon chain length.   In work with lysozyme, hydrogen ion (H+) 

titration curves of hen egg white lysozyme were conducted in the presence of 

methanol, ethanol, and n-propanol in concentrations less than 15% by weight 

in order to avoid conformational changes (76).  Results indicate that these 
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alcohols interact within the active site of lysozyme as a function of alcohol 

concentration and hydrocarbon chain length.  Organic polymers have also 

been shown to adversely effect lysozyme activity (86,87). The polysaccharides 

carboxy methyl cellulose, alginate, pectin, and agar greatly decrease lysozyme 

activity while corn starch, locust bean gum, and guar gum produce a slight 

decrease.   Tannin in a simple model system and persimmon tannin in sake 

caused a pronounce decrease in enzyme activity.  Inactivation by 

polysaccharide and tannin is due to precipitation and can be minimized by 

the addition of 1.0 to 6.0% salt. 

1.2 Lysozyme as a Preservative 

1.2.1 Cheese 

The food in which the effect of added lysozyme has been studied most 

extensively is cheese.  Native bovine lysozyme plays a significant role in the 

inherent antibacterial activity of milk, acting as a bactericidal agent against a 

variety of Gram positive bacteria (77). Lysozyme is able to protect milk from 

several potential spoilage bacteria. The spoilage bacteria of greatest concern 

are the butyric acid producers. Butyric acid bacteria, notably Clostridium 

tyrohutyricum, are responsible for the late blowing of cheese, making it unfit 

for human consumption. The bacteria metabolize lactic acid into ethanol and 

carbon dioxide.  To overcome the problem, producers either must use milk 

free of butyric acid bacteria, decrease the number of butyric acid spores in the 
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cheese, or change the cheese making procedure.  Producers may also add 

starter bacteria that produce nisin or other substances inhibitory to butyric 

acid bacteria, or inhibitory substances such as nitrate, H2O2, or lysozyme (59). 

Nitrate addition to form nitrite, which inhibits butyric acid bacterial growth, 

is an effective and popular method used by the industry.  Sorbic acid, benzoic 

acid, and pimaricin have also been considered for the control of butyric acid 

fermentation (1). 

Lysozyme from hen egg white has been shown to kill resting 

vegetative cells of C. tyrobutyricum within 24 hrs at room temperature and 

severely inhibit actively growing vegetative cells (81).  Spores are resistant to 

lysozyme but the enzyme is able to delay the outgrowth of spore cells into 

vegetative cells. Such a delay may be the reason treated cheese is protected 

from late blowing.  Edam cheese made by adding lysozyme, corresponding to 

0.6% egg white, to low quality milk prior to the rennet addition prevented 

late blowing (82). Purified lysozyme and egg white were both effective 

inhibitors, but dried ovalbumin failed to completely inhibit the defect. 

Lysozyme did not have any effect on the process of cheesemaking and no 

significant differences were found organoleptically between cheese made with 

lysozyme or with nitrate.  Adding only 0.2% egg white on four different 

batches of Edam cheese containing progressively increasing amounts of 

butyric acid spores improved the cheese organoleptically and 

microbiologically (42). One patented process in the U.K. incorporates 
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lysozyme or its nontoxic salts to butter or cheese to prevent the development 

of undesirable microorganisms (25).  Addition of 50 ppm lysozyme to 

renneted milk in Grana cheesemaking produced a 24 month ripened cheese 

in which the physical and organoleptic properties were excellent but the 

control cheese was blown because of C. tyrobutyricum. The protective effect of 

lysozyme is also utilized in the manufacture of Provolone, Asiago, and 

Montasio cheeses (70). 

1.2.2 Meat 

The ability of lysozyme to act as a preservative in meat products has 

been investigated primarily by the Japanese.  Research has shown that 

sausages, fish cakes, and bacon could be preserved with lysozyme (6). In a 

Japanese patent by the Eisai Company, oysters, shrimp, and other seafoods 

were claimed to be preserved in refrigerated storage by treatment with 

aqueous solutions of lysozyme and NaCl (22).  The same company patented a 

process to preserve fresh marine products by soaking them in aqueous 

solutions containing a lysozyme salt, amino acids, and NaCl (23). 

The preservative effect of lysozyme was evaluated in a series of studies 

involving cooked sausage, salami sausage, and Vienna sausage (3,4,5).  The 

cooked sausages were treated with NaCl, NaN02, and lysozyme; lysozyme 

only; or NaCl with NaNC^. In the samples subjected to heat treatment, 

sausage treated with lysozyme, NaCl, and NaN02 was the most effectively 

preserved.  In the unheated samples, lysozyme alone proved to be the best 
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preservative treatment.  All samples supported the presence of gram negative 

rods at the end of treatment in addition to Micrococcus and Streptococcus in 

the unheated samples. 

The salami sausages, which were processed with pepper, nutmeg, 

coriander, onion, ginger, cinnamon, and garlic, were cut in half and coated on 

the inside and outside surface areas with four different preparations:  1) salad 

oil; 2) lysozyme in M/10 phosphate buffer pH 6.5; 3) lysozyme added to salad 

oil; and 4) lysozyme dissolved in M/10 phosphate buffer pH 6.5 mixed with 

salad oil and sorbitan monooleate (an emulsifier).  Sausages were examined 

for viable bacteria count, slime formation, thiobarbaturic acid value, volatile 

base nitrogen, and red color intensity. Lysozyme in salad oil was the best 

preservative treatment followed by emulsified lysozyme, lysozyme alone, 

and salad oil alone. 

The Vienna sausages, a semidry meat product, were treated by dipping 

the casings in an M/10 phosphate buffer containing lysozyme prior to stuffing 

the cured meat, dipping the finished Vienna sausage in the lysozyme 

phosphate buffer pH 6.5 after cooking, incorporating lysozyme in the meat 

preparation, or treating the meat with the chemical preservatives nitro- 

furylacrylamide and sorbic acid.  Sausage preservation was evaluated 

according to color fading, sliminess, and viable cell count.  Vienna sausages 

were best preserved by a combination of dipping the casings in lysozyme plus 

phosphate buffer pH 6.5, adding lysozyme to the cured meat, and dipping the 
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sausage in lysozyme in phosphate buffer pH 6.5 after cooking. In practice, 

dipping casings in lysozyme plus phosphate buffer pH 6.5 and dipping sausage 

in lysozyme was recommended as the most cost effective. 

1.2.3 Miscellaneous 

Lysozyme has been applied to a variety of foods and food systems in 

Asia and Europe with successful results.  The Japanese have evaluated the 

preservative action of lysozyme in a variety of food systems and has issued 

patents on certain preservative techniques incorporating lysozyme.  Tofu 

bean curd was preserved by adding lysozyme to soya milk in a process 

patented by Taiyo Food Co (75). Kanebo Ltd. rendered food packaging films 

antiseptic by coating them with lysozyme obtained from egg whites (39). In a 

similar patented process, the preservation of fresh vegetables, fish, meat, and 

fruit was obtained by coating the surface with lysozyme (40). The Eisai 

Company claimed that lysozyme was effective at preserving wine and sake 

and patented a process in which wines were stabilized by addition of lysozyme 

or its salts, together with p-hydroxybenzoic esters (24).    Dried milk 

compositions for pediatric use were preserved by incorporation of lysozyme 

derived from egg whites along with ovalbumin and ovomucin (54). 

Lysozyme was found to be a strong inhibitor of Hiochi bacteria (sake- 

putrefying lactic acid bacteria) in sake (pH 4.0 to 4.5) with an alcohol 

concentration less than 20%.  Enzyme activity was retained during 
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pasteurization and more than 85% of the initial enzymatic activity of 

lysozyme remained after 1 year of preservation at room temperature (86). 

1.3 Lactic Acid Bacteria 

1.3.1 Winemaking Significance 

Over the course of proper winemaking, grape must is subjected to two 

separate fermentations by yeast and lactic acid bacteria to produce a flavorful 

and microbiologically stable wine.  In the primary fermentation carbohydrates 

in the must are fermented into ethanol, carbon dioxide, and flavor 

compounds by Saccharomyces cerevisiae.    In a secondary fermentation, L- 

malic acid is decarboxylated into L(+)-lactic acid and carbon dioxide by 

members of the genera Leuconostoc, Lactobacillus, and Pediococcus.    This 

metabolic conversion is known as Malolactic Fermentation or MLF and is 

effective at reducing the acidity of the wine.  The benefits of wine 

deacidification through MLF can vary somewhat depending on wine pH and 

the various lactic acid bacteria present. In high acid wines produced from 

grapes grown in cool climates, such as Germany and France, deacidification 

can be beneficial by producing a more palatable wine. In contrast, low acidity 

wines produced from grapes grown in warm to hot climates, such as 

California and Australia, could have the acidity level reduced too much, 

resulting in a flat, insipid wine and growth of spoilage bacteria. 
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The first comprehensive accounts of the association of LAB with 

winemaking were provided over 75 years ago by Pasteur (60). Pasteur 

considered that the occurrence of LAB in wine was detrimental to wine 

quality and caused spoilage.  Later, Muller-Thurgau (55,56) noted that their 

growth brought about a reduction in wine acidity which was considered to 

benefit the sensory properties of the wine. Since that time, lactic acid bacteria 

have been recognized as an integral component of winemaking and the 

subject of extensive study (43,64,69,85). 

1.3.2 Taxonomy 

Lactic acid bacteria isolated from wines occur in the taxonomic genera 

Leuconostoc, Pediococcus, and Lactobacillus.   In the genus Leuconostoc, only 

Leuconostoc oenos occurs naturally in wine.   Leuc. oenos occurs mainly 

during MLF, preferring acidic growth conditions and growing slowly in the 

presence of 10% (v/v) ethanol (29,30,31).  Within the Pediococci, only Ped. 

cerevisiae, Ped. parvulus, and Ped. pentosaceus occur in wine.   These bacteria 

may conduct MLF in high pH wines (>3.5) and can also be found after normal 

MLF. Pediococci spp. are considered spoilage bacteria, capable of 

decarboxylating amino acids to produce histamine (65).  Numerous species of 

Lactobacillus have been isolated from wine and their taxonomic relationships 

have been considered (50,71).  As with the Pediococci, Lactobacillus spp. are 

considered spoilage bacteria, capable of growth in high pH wines and after 

normal MLF (66,78). 
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1.3.3 Ecology 

Lactic acid bacteria (LAB) occurring in wine originate from grapes and 

winery equipment. Generally, the organisms occur on the surface of grapes 

and vine leaves, mainly at low numbers (less than 100 cells/ml) depending 

on maturity and condition of the berries and vine (45).  In addition, winery 

equipment, such as storage tanks, pumps, valves, wood barrels, or bottling 

machines, are also sources of lactic acid bacteria (21,33,84).  The population 

dynamics of LAB during vinification are variable depending on must 

conditions but generally the proliferation of microbial flora conform to the 

following pattern (17,26,45).  After crushing, musts generally contain LAB at 

populations of 103 to 104 cells/ml. The major species present at this stage 

include Lactobacillus plantarum,  L. casei, Leuc.  mesenteroides, Leuc. oenos 

and Ped. cerevisiae.   These species generally decrease during alcoholic 

fermentation.   At the end of alcoholic fermentation, the total population of 

LAB has generally declined to a few cells/ml.  Sensitivity to ethanol may 

explain this decline in cell population, but other factors may be operating, 

since some species, such as Leuc. oenos and Ped. cerevisiae which decrease at 

this time are able to grow at later stages. 

The wine then proceeds through a lag phase in which there is no 

detectable growth of bacteria. The length of the lag phase depends on wine 

properties and is terminated when the surviving cells begin to multiply and 

ferment malic acid.  Malolactic fermentation is characterized by vigorous 
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bacterial growth with populations eventually reaching 106 to 108 cells/ml. 

Leuconostoc oenos is the main species that develops here, but in wines of 

high pH (3.5-4.0) Pediococcus spp. may grow and conduct MLF.  The fate of the 

malolactic bacteria during subsequent conservation and cellar storage depends 

on how the wine is handled.  Addition of sulfur dioxide (SO^) and storage of 

the wine at higher temperatures leads to a progressive loss of the viability of 

these bacteria (44).  The pH of the wine is also important, and in wines above 

pH 3.5, spoilage flora of Pediococcus and Lactobacillus may grow to levels of 

106 to 108 cells/ml.   When this occurs, any surviving Leuconostoc oenos 

rapidly die off. 

1.4 Control of Malolactic Fermentation in Wine 

1.4.1 General 

In wines with low acidity (high pH) it may be desirable to partially or 

completely prevent deacidification by inhibiting malolactic fermentation. 

Inhibition can be achieved through a selection of conditions which restrict or 

halt bacterial growth (9,46).  Such conditions include:   1)  maintenance of 

wine pH less than 3.2; 2) alcohol concentration in excess of 14%; 3) low storage 

temperature; 4) early racking and clarification; 5) pasteurization; 6) reduction 

in skin contact and hot pressing; 7) adjustment of total SO2 concentration to 

greater than 50 mg/L;  and 8) sterile filtration.  While all of these conditions 
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will serve to control MLF, treating with SO2 and/or sterile filtration are the 

most common and the only practical recourse when the goal of the 

winemaker is to produce a pleasant and palatable product. 

1.4.2 Sulfur Dioxide 

Sulfur dioxide is widely used in winemaking as an antioxidant and to 

control the growth of wild yeasts and bacteria (7). The chemistry of SO2 in 

wine is complex (12,13). Upon addition to wine, SO2 enters a pH-dependent 

equilibrium consisting of bound SO2, molecular or free SO2, and bisulfite and 

sulfite ions.  Together, these different forms represent the total SO2.  Carbonyl 

compounds, such as acetaldehyde, are mainly responsible for binding some of 

the SO2 while pH affects dissociation. Lower pH values give a higher 

proportion of free SO2 which has the greatest antimicrobial effect (52).   In one 

report, the addition of 160 mg/L of SO2 to a synthetic medium of pH 4.0 

caused a relatively slow inactivation of Lactobacillus plantarum, while at pH 

3.4 the same concentration was strongly bactericidal (15). Generally, a total 

SO2 concentration of 100 to 150 mg/L or bound SO2 of 50 to 100 mg/L, or free 

SO2 of 1 to 10 mg/L are sufficient to disturb the growth of LAB in wines 

(66,74).  However, these values vary depending on the species, wine pH, and 

amount of insoluble solids present in the wine (27,48,49).  In considering the 

use of SO2 in wine, it is important to distinguish between concentrations 

which merely retard growth and those which destroy cell viability. 
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1.4.3 Filtration 

After MLF, wines may be effectively sterilized by filtration through 

membranes with a pore size not exceeding 0.5 fj.m.  Because of such restrictive 

porosity, filtration must occur at a pressure less than 26 psi requiring a low 

filtration flow rate of 10-150 L/hr/m^, depending on the filtering device (10). 

Pressures exceeding 26 psi may force viable microorganisms through the filter 

pads into the finished wine, or the filter medium may rupture.  In addition to 

pressure and flow rate limitations, membrane filter systems currently used in 

the wine industry are susceptible to rapid and mostly irreversible blockage, 

even at minimal turbid matter challenge (51).   Due to the filters fine pore 

structure, particulate matter colloids become lodged in the membrane or they 

are retained by surface screening.  This action results in fouling of filtrating 

media and alteration of wine quality due to retention of some wine 

constituents.   Final filtration just prior to bottling may compound the 

oxidation of wine which can occur during the bottling operation (79). 

Browning of colors and the formation of aldehydes may be found in wines 

bottled with excessive dissolved oxygen.  These limitations make the 

development and use of microfiltration an obstacle in wine processing. 
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1.4.4 Summary 

The control of lactic acid bacteria is an important aspect of wine 

processing. Growth of desired lactic acid bacteria can benefit wine through 

proper malolactic fermentation, resulting in acidity reduction and enhanced 

bottling stability.  However, proliferation of LAB in high pH wines may 

reduce acidity too much and result in proliferation of spoilage bacteria. 

Undesired growth of spoilage LAB in the must or bottle can result in excess 

acetic acid and ropiness (mucilaginous material) in the wine.   The current 

control practices, sulfur dioxide and microfiltration, have been refined but 

each has limitations.  Sulfur dioxide is under federal regulation and can cause 

toxic reactions in sensitive individuals.  Microfiltration is slow and 

expensive, requiring low flow rates and replacement of fouled filter 

cartridges. Incorporation of lysozyme as a processing tool would offer an 

additional option to the control of LAB.  Lysozyme is effective at preventing 

the growth of lactic acid bacteria and is a natural, nontoxic substance. 
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CHAPTER I 

The Interaction of Hen Egg White Lysozyme with 

Wine Components in a Model Wine System and Wine 

2.1 Introduction 

Enzymes are an important component of current food processing 

practices (3,18,25). In general, enzymes are utilized during food processing for 

fabricating foods, recovering by-products, for achieving higher rates and 

levels of extractions, for improving flavor, and for stabilizing and 

maintaining food quality. The use of enzymes as processing aids convey 

certain economic advantages.  1) they are natural nontoxic substances, 2) they 

are active at low concentrations, 2) they are specific in their catalytic action, 

and 3) they are active under very mild conditions of temperature and pH.  In 

using enzymes for food modification, it is important to know the type of 

substrate requiring modification, the endogenous components of the system 

under treatment, and any side reactions associated with the enzyme 

preparation.  Certain components in the food system may have enhancing or 

deleterious effects on the enzyme and its activity. 

Lysozyme is one such enzymatic processing tool. Discovered in 1922 by 

Alexander Fleming, lysozyme has been the subject of extensive study and 

application as a food preservative (7,21).  The enzyme is commercially 

extracted from hen egg whites and sold as a lyophilized powder. Lysozyme is 

most effective as a bactericidal agent against Gram positive bacteria, lysing the 



31 

cell through degradation of the cell wall (19).  Lysozyme currently has a wide 

range of preservative uses in Asia and Europe (1,9,10,12,28,29,31).  The 

enzyme has been used to preserve fresh fruits and vegetables, tofu bean curd, 

seafoods, meats and sausages, potato salad, mirin liquor, and sake. Lysozyme 

is a food grade additive used in the manufacture of Provolone, Grana, Asiago, 

and Montasio cheese to prevent late blowing by inhibiting the growth of 

butyric acid bacteria, most notably the gas forming Clostridium 

tyrobutyricum.  Dosage is effective at 25 mg/L of milk, and the lytic activity 

does not seem to interfere with lactic bacteria employed during production. 

Lysozyme has potential in the wine industry by acting as a control for 

malolactic fermentation and preservative against bacterial spoilage during 

wine conservation (2). To fully assess the ability of lysozyme to control 

bacteria in wine it is important to know how lysozyme behaves in a wine 

environment.   Several studies have assessed the stability of lysozyme in the 

presence of metals, chemicals, organic and antimicrobial substances including 

ethanol 4% (v/v), lactic acid, and tannin (32,33).  However, the interaction of 

lysozyme with other major wine components has not been profiled.   In this 

study the effects of organic acids, ethanol, and phenolics on lysozyme activity 

were evaluated as well as activity in model wines.  In addition the interaction 

of lysozyme with crude grape tannin and the effect of lysozyme on the 

sensory properties of red wine were evaluated. 
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2.2 Materials and Methods 

2.2.1 Interaction of Wine Components on Lysozyme Activity 

The individual components investigated were as follows:  1)  Acids- 

lactic (.5 g/L), malic (3 g/L), tartaric (2 g/L), and phosphoric (2 g/L); 2) Ethanol- 

1% (v/v), 5%, 10%, and 15%; 3) Phenolics- gallic acid (30 mg/L), catechin (250 

mg/L), and crude tannin (200 mg/L). The wine acids and phenolics were 

studied at the approximate concentrations found in Pinot Noir musts prior to 

malolactic fermentation.    Wine components were also combined to profile 

lysozyme activity in three model wines:  1) Model Wine I- lactic, malic, and 

tartaric acids; 2) Model Wine II- lactic, malic, tartaric acids, and 10% ethanol; 

3) Model Wine III- lactic, malic, tartaric acids, 10% ethanol, gallic acid, and 

catechin.  Preparation of the wine components was made as simple and 

uniform as possible. Each acid was dissolved in distilled water to yield the 

selected concentration and adjusted to pH 3.5 (+ .2) with 12M NaOH. Ethanol 

(95%) was mixed in the appropriate quantities with phosphoric acid buffer pH 

3.5 to yield the four volumetric dilutions. Similarly, the phenolics were added 

to phosphate buffer. Model wines were made up as listed, combining the 

individual components in the same concentrations used in the individual 

studies. Components were added to distilled water and adjusted to pH 3.5 (+ 

.2) with 12M NaOH. 

Enzyme activity assays consisted of preparing a stock substrate solution 

of lyophilized Micrococcus lysodeikticus (Sigma M-3770) and a stock solution 
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of hen egg white lysozyme (Fordras, Switzerland) for each buffer containing a 

wine component and model wine.   The lyophilized M. lysodeikticus cells 

were suspended and homogenized to produce a stock concentration of 1 

mg/ml (1000 ppm) and the lysozyme dissolved to produce a concentration of 

3 mg/ml (3000 ppm).   The buffer and stock solutions specific to each wine 

component and model wine assay were kept at the same temperature by 

placing them in 250C water bath.   A calculated amount of stock substrate was 

added to give a series of 5 substrate concentrations (.05, .10, .15, .20, .25 

mg/ml).  To each reaction was added 100 \xl of the lysozyme stock solution 

yielding a lysozyme concentration of 100 ppm for each reaction.  Each reaction 

was thoroughly mixed as the enzyme was added. The lytic reaction was 

carried out in a 3 ml quartz cuvette, 250C, for 30 seconds using a Shimadzu 

UV-Vis 2100 spectrophotometer, slit width 2.0 nm.  Activity rates were 

determined by measuring the decrease in solution absorbance at 450 nm, 

which reflects hydrolysis of the cell wall substrate. Decreasing optical density 

was expressed as a change in milli-absorbance units per minute (Mabs/min). 

Repeating the assay at increasing substrate concentrations yielded a range of 

initial hydrolytic rates which began to approach maximum reaction velocity 

(Vmax) after .20 mg/ml substrate.  Because the reaction does not follow 

Michaelis-Menton kinetics the hydrolytic rate value at .25 mg/ml was used to 

define the activity of lysozyme.  A substrate concentration of .25 mg/ml 

produced the highest rate which could be consistently measured in 
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replication.  Lysozyme activity, at .25 mg/ml substrate, in the presence of each 

organic acid, wine component, and model wine was then compared to the 

phosphoric buffer standard rate for evaluation of enzyme inhibition. 

2.2.2 Interaction and Precipitation of Lysozyme with Crude Tannin 

Addition of lysozyme to a .013 M phosphate buffer pH 3.5 containing 

crude grape tannin (200 ppm) results in an immediate precipitation reaction. 

To determine the residual activity of lysozyme after precipitation, the enzyme 

was dissolved in .013 M phosphate buffer pH 3.5 and the precipitation 

reaction allowed to proceed for 30 minutes.  Initially, enzyme activity was 

measured with crude grape tannin (200 mg/L) present in the phosphate 

buffer, lysozyme stock solution, and substrate stock solution but this resulted 

in a slight absorbance increase over the 30 second reaction period. Modifying 

the procedure by using phosphate buffer pH 3.5 without crude tannin 

produced a reaction curve showing lysozyme activity.  The concentration of 

substrate and enzyme remained constant but the molar concentration of 

tannin was reduced. 

Because a visible precipitation reaction occurred it was important to 

determine the quantity of lysozyme bound in the precipitate and removed 

from solution.   However, separating tannin and lysozyme using absorption 

spectra was not possible because crude grape tannin has a maximum 

absorption peak at 275 nm and lysozyme at 280 nm.  To determine the 

partitioning of both tannin and lysozyme, both components were measured 
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in four fractions of the lysozyme/tannin solution:   1)  Untreated- 

lysozyme/tannin solution 30 minutes after initial mixing,  2)   Filtered- 

lysozyme/tannin solution post 30 minutes filtered through a .45 Jim 

membrane, 3) Salted- filtrate treated with 5% NaCl resulting in a second 

precipitate filtered through a .45 |im membrane, 4)   Sep-Pak- the salted 

filtrate passed through a C-18 Sep-Pak column.  To determine the amount of 

lysozyme bound in the precipitate and free in solution, the Bradford dye 

binding assay and total Kjeldahl nitrogen were employed. The Bradford dye 

binding assay was used according to the method of Bradford (4) for 

determination of protein.  Total Kjeldahl nitrogen was determined for 1000 

ppm lysozyme, 200 ppm tannin, and replicates of fractions 1,2,3. Each 

Kjeldahl analysis was performed on 25 ml samples of solution by the Soil 

Testing Laboratory, Oregon State University (OSU).  To quantify tannin in 

each fraction, the Lowry assay was used but employed Bicinchoninic acid 

(BCA) as the chromogenic reagent.   The BCA reagent was slightly modified 

from Smith (15) as follows:  1% BCA free acid, 2% Na2C03, .16% NaK tartrate, 

.4 % NaOH, .95% NaHCOs, solution pH 10.33 without adjustment.  The 

measurement of tannin used the same quantities of reagent specified for 

protein but adjusted for a 3 ml cuvette.  To measure tannin, a sample of the 

lysozyme/tannin solution was added to the BCA reagent, immediately mixed 

and the optical density measured. 
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2.2.3 Color Changes in Red Wine Resulting from 
Lysozyme/Tannin Interactions 

Wine color was measured using the CIE color system introduced in 

1931 by the Commission Internationale de I'Eclairage which was modified to 

CIE L*a*b* in 1976. In this system, color is quantified using the three values 

L*a*b* to describe lightness, hue angle, and chroma.   Lightness of the sample 

is specified by L* which ranges from white (100) to black (0). Hue angle (tan-1 

bVa*) defines the hue or color (red, blue, green, yellow...) while chroma (Va*2 

+ b*2) measures the amount of hue or color saturation in the sample.  Color 

differences were quantified for 6 different lysozyme treatments of Pinot Noir 

and Zinfandel.  The Pinot Noir was part of the 1994 vintage being used in the 

lysozyme field trials while the Zinfandel was a 1993 vintage from Napa 

Valley California.   The Pinot Noir was just beginning malolactic 

fermentation while the Zinfandel was part of a larger vintage which had aged 

approximately ten months after alcoholic fermentation.  For the color study, 

both wines were divided into replicate lots A and B.  Each lot was then 

divided into the following 250 ml treatments:  0 (control), 100, 200, 300, 400, 

and 500 ppm lysozyme.  To each treatment 1 ml of a concentrated lysozyme 

solution was added, appropriately diluted from a stock solution of 100 mg/ml 

lysozyme, to yield the treatment concentrations.  After addition of enzyme, 

each sample was thoroughly mixed and allowed to sit undisturbed, in the 

dark, for 2 weeks to allow settling of precipitate. 
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The color of each treated sample was determined by carefully removing 

1 ml of the gravity clarified wine, placing it in a 1 mm pathlength quartz 

cuvette, and recording the visible transmission spectrum 400-700 nm, at 10 

nm increments, using a Shimadzu UV-Vis 2100 spectrophotometer.   To 

determine color, the spectra of replicated treatments were averaged and used 

in the weighted ordinate method (15) to calculate CIE XYZ values for 

illuminant C (10° observer).  These values, in turn, were used to calculate CIE 

L*a*b* values (16) using the equations L*=116(Y/Yn)i/3-16, a*=500[(X/Xn)V3- 

(Y/Yn)i/3)]/ and b*=200[(Y/Yn)i/3-(Z/Zn)i/3)] where Xn,Yn,Zn=100. In addition 

to color determination, monomeric anthocyanin content was quantified 

using the single pH method (17).  In the single pH assay total monomeric 

anthocyanin content was determined for all treatments by diluting samples 

1:10 with a KC1-HC1 buffer pH 1 and measuring absorbance at 520 nm in a 1 

mm pathlength quartz cuvette. 

2.2.4 Effects of Lysozyme Addition on the Sensory 
Properties of Red Zinfandel 

Because lysozyme does induce a color change and possibly other 

sensory changes, we decided to see if a consumer panel could determine 

differences between the different lysozyme treatments.  A sensory evaluation 

panel was assembled consisting of 18 individuals, with the majority being 

Northwest winemakers.  The panelists sampled the 1993 Zinfandel treated 
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with lysozyme in 100 ppm increments, ranging from 0 ppm to 500 ppm.  The 

treatments were presented in a random order, marked with random numbers 

for identification and replicated. 

2.3 Results and Discussion 

2.3.1 Effect of Wine Components on Lysozyme Activity 

Comparison of lysozyme kinetic activities has shown inhibition in the 

presence of most of the studied wine components (Table 2.1).  The organic 

acids tartaric, malic, and lactic, all depressed enzyme activity. Malic acid was 

the greatest inhibitor of activity but was also the acid of highest concentration 

(3 mg/L). Lactic acid was a notable inhibitor considering its concentration of 

.5 g/L. Tartaric acid inhibited lysozyme activity less than lactic acid although 

its concentration was four times as great (2 g/L). The inhibitory action of 

ethanol increased with increasing ethanol concentration.   Gallic acid (30 ppm) 

had little effect on activity but inhibition increased to 16% when the 

concentration of gallic acid doubled to 60 ppm. Catechin (250 ppm) had 

virtually no effect on activity.   Crude tannin (200 ppm) produced the most 

inhibition with a 50% decrease in activity.  Model Wine I inhibited activity 

15.5% which was much less than the combined percentages (40%) of the 

individually tested acids.  The increased stability of lysozyme in Model Wine I 

may be due to the greater ionic strength of the solution which has been 

shown to stabilize lysozyme at lower pH (at relatively high ionic strength) 
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and under high heat (100oC) (8,33).  The Model Wine systems and organic 

acids were adjusted to pH 3.5 with 12 M NaOH. The presence of all three acids 

in Model Wine I required more NaOH to adjust pH thus resulting in a 

solution of higher ionic strength relative to the single acid systems. 

Lysozyme activity in Model Wine II was depressed 43.5 % resulting in a 

percent activity difference of 28% between Wine I and II.  This difference is 

greater than can be explained by the addition of 10% ethanol which had an 

individual inhibition value of 17.5%.   An additional 10% of inhibition must 

result from inhibitory synergism of the organic acids and ethanol.  Activity in 

Model Wine III was virtually identical to Model Wine II illustrating the lack 

of inhibition individually and synergistically by gallic acid and catechin. 
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Table 2.1 
Inhibition of lysozyme in the presence of 
wine components and in model wines 

Component                  Mabs/ min Activity (10-3) Percent Inhibition 

Phosphoric Acid 200 (1.41) 00.0 
Lactic Acid (.5 g/L) 192 (1.26) 04.0 
Malic Acid (3 g/L) 132 (1.53) 34.0 
Tartaric Acid (2 g/L) 196 (2.51) 02.0 
Ethanol 

1% 197(1.95) 01.5 
5% 183 (2.36) 08.5 
10% 165(3.11) 17.5 
15% 139 (3.86) 30.5 

Gallic acid (30 mg/L) 195 (1.23) 02.5 
Gallic acid (60 mg/L) 168 (1.54) 16.0 
Catechin (250 mg/L) 198(1.45) 01.0 
Crude Tannin (200 mg/L) 101 (1.00) 50.5 

Model Wine I 169(1.16) 15.5 
Model Wine II 113 (3.51) 43.5 
Model Wine III 112(1.53) 44.0 

numbers in (  ) are standard deviation 

2.3.2 Interaction of Tannin with Lysozyme 

2.3.2.1 Bradford Dye Binding Assay 

The Bradford Dye Binding assay was initially employed to quantify the 

amount of lysozyme in the visible precipitate but produced some perplexing 

results.  To determine the quantity of enzyme bound in the visible precipitate, 

a standard curve for lysozyme was developed from enzyme concentrations of 

.25, .5, .75, and 1 mg/ml in phosphate pH 3.5 buffer. Using the standard curve. 
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the amount of lysozyme was measured in the enzyme/tannin solution after a 

30 minute reaction time and compared to lysozyme measured in solution 

after filtration through a .45 (im membrane.  Results indicated the filtrate 

contained as much enzyme as originally present (1000 ppm).  A sample of the 

filtrate was then diluted 50% and tested again.  A 50% dilution should have 

corresponded to a concentration approximating 500 ppm but the optical 

density showed a lysozyme concentration of almost 1000 ppm.    Because 

tannin does not react with Coomassie Brilliant Blue G the results indicated 

tannin was binding to and forming colloidal bodies with lysozyme, resulting 

in some enzyme denaturing.  Denatured protein would expose more dye 

binding sites in the protein resulting in an increased optical density and an 

exaggerated concentration of lysozyme. 

2.3.2.2 Lowry Assay 

The Lowry assay with BCA was initially employed to determine the 

quantity of enzyme in the solution but it was quickly discovered that the 

crude grape tannin was a superior substrate. Normally in the Lowry assay, 

protein produces a slow color change over a 2 hr period at room temperature 

but tannin caused an immediate reaction when added to the BCA reagent. 

For this reason BCA was used to quantify the tannin present in each fraction 

of the lysozyme/tannin solution.  Results of the colorimetric work on tannin 

are summarized in Table 2. Optical density at 562 nm was initially obtained 

for tannin after the 30 minute lysozyme/tannin reaction and prior to any 
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filtration.   This initial value corresponded to 200 ppm tannin.   After the 

initial filtration through a .45 |im membrane, tannin remaining in solution 

was determined to be 184 ppm. The filtrate was then treated with 5% NaCl. 

Results from the Bradford assay supported the theory lysozyme and tannin 

had formed small colloidal bodies which resulted in a partial denaturing of 

enzyme bound in the protein/phenolic complex.  Adding salt reduced the 

solvation potential of the apparent colloid resulting in immediate 

precipitation.  The precipitate was filtered (.45 jam) and the tannin in the 

filtrate was measured at 160 ppm.  The same filtrate was then filtered through 

a C18 Sep-Pak minicolumn to remove all remaining tannin.   Final 

determination of tannin showed 15 ppm remaining.   Total nitrogen (ppm) 

was multiplied by 6.25 (average protein nitrogen) to determine protein 

concentration in ppm (Table 2.2). 

Table 2.2 
Partitioning of tannin and lysozyme in 

a model system 

Fraction tannin (ppm) total N (ppm) lysozyme (ppm) 

lysozyme 00 146 913 
tannin 200 <2 <13* 
lysozyme + tannin 184 (2.88) 149 (04.24) 931 
lys/tan post .45 filter 160 (1.52) 134 (10.60) 838 
lys/tan post 5% NaCl 111 (1.52) 84 (00.71) 525 
lys/tan Sep-Pak 15 (0.71) nd nd 

* equivalent lysozyme ppm 
nd=not determined 
numbers in (  ) are standard deviation 
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2.3.3 Color Changes in Red Wine Resulting from 
Lysozyme/Tannin Interactions 

The addition of lysozyme produced a visible difference in the treated 

wines after one week of undisturbed precipitation. Absorbance spectra 

illustrate the loss of color and pigment in the treatments with a reduction in 

absorbance at 520 nm as lysozyme concentration increases (Figures 2.1,2.2). 

Quantifying the color with CIE XYZ values (Table 2.3) revealed distinct 

differences between the 0,100, 200, 300, and 400 ppm lysozyme treatments for 

Pinot Noir but virtually no difference between the 400, and 500 ppm 

treatments.    The greatest difference in the Zinfandel occurred between the 

control (0 ppm) and the 100 ppm treatment followed by slightly less, yet 

prominent difference between the 100 ppm and 200 ppm treatments.  The 200 

ppm and 300 ppm had approximately the same color, separating slightly from 

the 400 ppm and 500 ppm treatments which were virtually identical. 

When the treatments were compared using CIE L*a*b* (Table 2.3), 

results similar to CIE XYZ were obtained.  In the Zinfandel there were distinct 

separations between the control, 100 ppm, and 200 ppm.  The I^a*!)* values 

were close enough to group the 200, and 300 ppm with a noticeable difference 

between the grouped 400, and 500 ppm samples.  The Pinot Noir L*a*b* 

values were separated to a higher degree than the Zinfandel but the 400, 500 

ppm treatments were almost identical. 
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Figure 2.1 fc 
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Graphing the lightness or L* value of the two wines (Figure 2.3) 

showed that both wines became lighter with increasing lysozyme 

concentration.  The degree of color difference between treatments in both the 

Pinot Noir and Red Zinfandel can be seen by plotting the chroma and hue 

angle (Table 2.3) of each sample on a CIE L*a*b* Color Space (Figure 2.4).   The 

Zinfandel color specifications are similar enough between the 200 and 300 

ppm treatments that the data points are overlayed.  Similar results are seen 

between the 400 and 500 ppm treatments.  In the Pinot Noir, the color of the 

400 and 500 ppm treatments are almost identical, as seen by the superimposed 

points on the Color Space. 

Pinot Noir 

Zinfandel 

0        100      200      300      400      500 
lysozyme concentration (ppm) 

Lightness (L*) as a function of lysozyme treatment 
in Oregon Pinot Noir and California Red Zinfandel 

Figure 2.3 
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The color change in the treatments coupled with the precipitation 

reaction indicates that anthocyanins are being removed in response to 

lysozyme addition.  Quantification of Zinfandel total monomeric 

anthocyanins (TMA) supports this supposition showing a decrease in 

absorbance (520 nm) and anthocyanin concentration (Table 2.3) as lysozyme 

concentration increases.  The greatest color change, between the control and 

100 ppm, corresponds to the smallest change in total monomeric anthocyanin 

concentration.   This result indicates that lysozyme preferentially removed 

polymeric pigments but bound more monomeric anthocyanin with 

increasing enzyme concentration, as seen from the 100 ppm through the 500 

ppm treatments. 

2.3.4 Effect of Lysozyme Addition on the 
Sensory Properties of Red Zinfandel 

The panelist responses for each replicated treatment were compared 

using analysis of variance (LSD, 95% confidence interval) to determine if 

significant differences existed between the replicate panelist responses. 

Results gave no significant differences between responses so the two sets were 

pooled and treatment differences were compared with analysis of variance, 

using the same statistical parameters (Table 2.4).  The taste panel determined 

treatment differences in the attributes aroma, astringency, balance, and color 

but not in flavor, acidity, and bitterness.   The significantly different attributes 

varied only slightly with panelist response falling within a 1 point range from 
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the lowest score to highest score.  In profiling astringency and balance, 

panelists were unable to score samples in an order corresponding to enzyme 

treatments and there is no clear separation of the control and 500 ppm.  For 

color and aroma, panelists were able to accurately resolve the control and 500 

ppm but were unable to arrange the remaining treatments in an order 

reflecting lysozyme treatment. 



Table 2.4 
Attribute differences between lysozyme treated Zinfandel samples 

Treatment 
(ppm lysozyme) 

0 

100 

200 

300 

400 

500 

aroma 

5.8a 

5.3ab 

5.2ab 

5.2ab 

5.3ab 

4.8b 

flavor* 

5.5 

acidity* astringency        bitter* balance 

5.1 

5.5 

5.4 

5.1 

5.3 

5.0 

5.0 

4.7 

4.8 

5.1 

5.1 

5.1ab 

5.5a 

5.4a 

4.7b 

5.0ab 

4.6b 

3.9 

4.1 

4.0 

3.7 

3.9 

3.5 

5.2a 

4.5b 

5.1ab 

5.2a 

4.9ab 

5.1ab 

color 

6.3a 

5.5bc 

6.1ab 

5.6bc 

5.7bc 

5.4c 

* treatments have no significant difference 
values with different letters (a^c) are significantly different 

U1 
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CHAPTER 2 

Efficacy of Hen Egg White Lysozyme in Controlling Malolactic Fermentation 

of Oregon Pinot Noir and Chardonnay 

3.1 Introduction 

The control and manipulation of lactic acid bacteria (LAB) is an 

important consideration in winemaking practices.  The bacteria, principally 

Leuconostoc oenos, are responsible for malolactic fermentation (MLF); the 

conversion of malic acid to lactic acid and carbon dioxide which occurs after 

alcoholic fermentation (11).  The biological process of malic acid fermentation 

has a profound effect on wine. MLF reduces acidity, alters the sensory profile, 

and alters microbiological stability.  Some of the native lactic acid flora, such 

as Pediococcus sp. and Lactobacillus sp. can cause spoilage in low acid wines 

(>pH 3.5) during vinification or conservation (23,24). 

For these reasons it is desirable to control MLF for the purpose of 

partially or completely preventing bacterial growth and deacidification. 

Common commercial options available to the winemaker to accomplish this 

goal include sterile filtration and use of sulfur dioxide (30).  Although both 

methods control bacterial growth, both have limitations.   Sterile filtration 

removes microorganisms but can also produce changes in flavor and aroma. 

The use of SOi to control spoilage in wines has proven itself over time but 

not without problems. Excessive quantities of sulfur dioxide can produce 

noticeable off aromas in addition to toxicity problems in sensitive 
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individuals.   While government regulations currently limit the quantity of 

SO2 used in winemaking, technical advances and processing innovations 

have allowed winemakers to offer a product with SO2 well below legal limits. 

Many attempts have been made at replacing SOT but have met with limited 

success, lacking the necessary efficiency and/or being too costly to employ 

(4,6,13,20,22).  In a continuing effort to discover an acceptable replacement 

which would allow further reduction in the use of SOo, several studies have 

examined the potential of lysozyme (Fordras, unpublished). 

Lysozyme is commercially prepared by extracting and purifying the 

enzyme from hen egg white. Lysozyme acts against Gram positive bacteria by 

degrading the cell wall to a point where the internal osmotic pressure causes 

lysis of the cell (19). This action enables lysozyme to control wine bacteria of 

the Leuconostoc, Pediococcus, and Lactobacillus genera.   Lysozyme is 

currently used in the European Cheese Industry in the production of 

Provolone, Grana, Asiago, and Montasio cheeses (26).   The effective dose is 25 

mg/L of milk, but lysozyme is authorized for use without dose limits or 

quantum satis (as desired).  In the United States, lysozyme has pending 

approval as a Generally Recognized As Safe (GRAS) additive by the Food and 

Drug Administration (FDA) and has been approved for experimental use in 

several wineries. In this study, we examined the ability of lysozyme to inhibit 

the growth of lactic acid bacteria and malolactic fermentation in 1993 and 1994 

vintages of Oregon Pinot Noir and Chardonnay. 
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3.2 Materials and Methods 

3.2.1 Inhibition of Malolactic Fermentation 

2993   and 1994 Pinot Noir 

The 1993 and 1994 Pinot Noir grape musts were divided into two lots, 

one treated with 35 ppm SO2 at crushing and the other without SO2.  Both 

wines were inoculated with the yeast Prise de Mousse.   The 1993 Pinot Noir 

was crushed and destemmed on October 18 and the 1994 wine on October 25. 

Each vintage was allowed to ferment on the skins for seven days.  The wines 

were then pressed and allowed to sit for several days to provide for 

precipitation of solids. The 1993 Pinot Noir was racked off the lees on 

November 3 and the 1994 Pinot Noir on November 11. Immediately after 

racking, each lot was divided into four treatments (in replicate) consisting of 

the following lysozyme concentrations: 0, 250, 500, and 1000 ppm. In addition, 

two series of lysozyme treatments, using Pinot Noir with SO2, were 

inoculated with a commercial culture of Leuconostoc oenos.   Each treatment 

was sampled every 14 days for the first two months and then every 28 days in 

order to document the growth of lactic acid bacteria.  Bacteria were 

enumerated on a Wine Lactic Acid Bacteria (WLAB) medium prepared as 

follows: 15 g/L agar (granulated), 27.5 g/L MRS media, 5 g/L fructose, 1 g/L 

L-malic acid, 100 g/L unfiltered V-8 juice (Campbell Soup Co.), dL^O to a 
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final volume of 1 liter.  Thoroughly mix and sterilize (autoclave 20 minutes). 

Cool below 650C/ add 25 mg Nystatin (10 ml of 2.5 mg/ml Nystatin suspended 

in dH20) and pour. 

1993 and 1994 Chardonnay 

The 1993 and 1994 Chardonnay were also divided into two lots, one 

treated with 35 ppm SO2 at crushing and the other without SO2.  Both wines 

were inoculated with the yeast Prise de Mousse.  The 1993 Chardonnay was 

crushed and destemmed on October 29 and the 1994 wine on October 12. Each 

vintage was pressed immediately after crushing.   After alcoholic fermentation 

the Chardonnay was also allowed to sit for several days to allow precipitation 

of solids. The 1993 Chardonnay was racked on December 3. The 1994 

Chardonnay was racked on December 7 and treated with Ig/L K2CO3 to reduce 

acidity and diluted with water to reduce alcohol by 1%. After racking, each lot 

of the 1993 and 1994 vintages was divided into lysozyme treatments exactly 

the same as the Pinot Noir. 

3.2.2 Inhibition of LAB mid-Malolactic Fermentation 

2993 and 1994 Pinot Noir 

The 1993 Pinot Noir was obtained from an Oregon winery. The 1994 

Pinot Noir was part of the Oregon State University (OSU) lot made with SO2 

and inoculated with a culture of Leuconostoc oenos.  Each vintage was 

midway through malolactic fermentation, measured enzymatically (14), 

when thoroughly mixed and divided into five, 250 ml treatments (in 
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the following lysozyme concentrations:  0, 250, 500, and 1000 ppm. 

Immediately after lysozyme treatment samples were thoroughly mixed and 

allowed to sit undisturbed for seven days. Treatments were sampled after one 

week to determine the number of lactic acid bacteria present.  The bacteria 

were enumerated on WLAB media. 

2993 and 1994 Chardonnay 

The 1993 Chardonnay was five gallons of the OSU lot made with SCX 

and was adjusted to pH 3.35 with CaoCOa and diluted 20% with distilled water. 

A starter culture of Leuconostoc oenos at a concentration of 6 X 108 

bacteria/ml was added to initiate malolactic fermentation. The 1994 

Chardonnay was part of the OSU lot made with SO2 and inoculated with a 

culture of Leuconostoc oenos.   Each vintage was midway through malolactic 

fermentation when thoroughly mixed and divided into treatments.   The 1993 

Chardonnay was divided into five, 1 gallon treatments while the 1994 

Chardonnay was divided into five, 250 ml treatments.  Each treatment 

consisted of the same lysozyme concentrations used in the Pinot Noir. 

Sampling and enumeration were also the same as in the Pinot Noir. 
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3.3 Results and Discussion 

3.3.1 Inhibition of Malolactic Fermentation 

2993 and 1994 Pinot Noir 

In the 1993 Pinot Noir made without SO2 (Figure 3.1), the growth of 

native lactic acid bacteria (LAB) was suppressed for 12 months in the 250 ppm 

treatment and 10 months in the 500 and 1000 ppm treatments.  The control (0 

ppm lysozyme) reached a peak bacterial concentration of 2.43 X 106 Colony 

Forming Units (CFU)/ml at 42 days, completing malolactic fermentation at 

280 days.   In wines with SO2, no LAB were detected over 10 months in the 500 

and 1000 ppm treatments and over 12 months for the 0 and 250 ppm.   In 

Pinot Noir with SO2 plus a commercial culture of Leuconostoc oenos, (Figure 

3.2) malolactic fermentation began rapidly in the control (0 ppm), reaching a 

peak LAB concentration of 7.03 X 107 CFU/ml at 14 days and completing 

malolactic fermentation at 252 days.  Lysozyme treatments of 250 ppm 

inhibited LAB for 12 months while 500 and 1000 ppm completely inhibited 

LAB growth for ten months.  In the 1994 Pinot Noir (Figures 3.3,3.4,3.5), 

malolactic fermentation occurred in the 0 and 250 ppm lysozyme treatments 

for all wines (with SO2, without SO2, and L. oenos starter) but was inhibited in 

the 500 and 1000 ppm lysozyme treatments. Comparing the 1993 and 1994 

Pinot Noir, growth in the 1994 vintage was substantially more vigorous.  At 

28 days, the 1994 Pinot Noir (0 ppm lysozyme) without SO2 contained nearly 1 

X 107 more bacteria/ml then the 1993 vintage did at 28 days. 
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2993 and 1994 Chardonnay 

The 1993 Chardonnay never initiated malolactic fermentation in any of 

the treatments which was likely due to the high acidity and alcohol of the 

vintage.   The 1994 Chardonnay however, completed malolactic fermentation 

in the 0 ppm treatments for all wines (without SO2, with S02, and SO2 + L. 

oenos starter).   In all three wines, growth of lactic acid bacteria followed 

similar patterns of growth reaching peak concentrations at 56 days followed by 

a slow decline.  Peak bacterial populations varied little between the wines. 

The Chardonnay without SO2 (Figure 3.6) reached an apex of 2.45 X 106 

CFU/ml.  Chardonnay with SO2 (Figure 3.7) was slightly higher at 4.6 X 106, 

similar to the Chardonnay with SO2 + starter (Figure 3.8) which peaked at 5.4 

X 106 CFU/ml. In all three wines lysozyme treatments of 250, 500, and 1000 

ppm successfully inhibited the growth of lactic acid bacteria and malolactic 

fermentation for 10 months. 

3.3.2 Inhibition of LAB mid-Malolactic Fermentation 

1993 and 1994 Pinot Noir 

The 1993 Oregon winery Pinot Noir (Figure 3.9) had an LAB count of 

1.6 X 107 CFU/ml prior to treatment with lysozyme. Seven days after 

lysozyme addition the control (0 ppm) showed a small decrease in LAB with a 

count of 1.29 X 107 CFU/ml. However, the presence of lysozyme had a 

tremendous effect on the number of viable cells remaining in the wine. 

Lysozyme at 100 ppm decreased LAB to 1.5 X 104 CFU/ml, 200 ppm decreased 
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LAB to 40 CFU/ml, and 300 ppm eliminated LAB with no viable cells found 

after seven days.  Similar results were observed in the 1994 OSU Pinot Noir 

(Figure 3.10).  Although somewhat past the middle of malolactic 

fermentation, initial pre-treatment LAB count of the wine showed a 

population of 8.5 X 106 CFU/ml. After seven days of lysozyme treatment, the 

control had an LAB population of 1.4 X 106 CFU/ml. Lysozyme at 100 ppm 

decreased LAB to 4.9 X 103 CFU/ml and 200 ppm decreased LAB to 40 

CFU/ml.  Pinot Noir containing 300, 400, and 500 ppm lysozyme had no 

viable cells after seven days. 

2993 and 1994 Chardonnay 

The 1993 Chardonnay (Figure 3.11) had a pre-treatment LAB count of 

2.7 X 107 CFU/ml which increased to 6.95 X 107 CFU/ml in the control (0 ppm) 

after seven days.  Over the same time period the population of LAB in the 250 

ppm treatment decreased to 55 CFU/ml while LAB in the 500 and 1000 ppm 

lysozyme treatments were reduced to undetectable levels.  The population of 

lactic acid bacteria in the 1994 Chardonnay midway through MLF (Figure 3.12) 

was less than the 1993 but results were similar.  The wine had an initial pre- 

treatment count of 2.95 X 106 CFU/ml.  Seven days post lysozyme treatment, 

LAB in the control were slightly less at 2.5 X 106 CFU/ml.  Treatment with 100 

ppm lysozyme reduced the LAB population to 4.3 X 104 CFU/ml and 200 ppm 

lysozyme decreased LAB to 85 CFU/ml. Chardonnay treated with 300, 400, 

and 500 ppm had no viable cells remaining seven days post treatment. 
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CONCLUSIONS 

4.1 Summary 

In profiling activity, lysozyme was effective at lysing Micrococcus 

lysodeikticus in a model wine environment although several components 

inhibited the lytic rate.  The organic acids and ethanol inhibit lytic activity to 

various degrees. On a gram weight basis, tartaric acid affected lysozyme the 

least while malic and lactic acids had greater, but comparable inhibitory 

effects.  The addition of NaOH provided some protection against the 

suppression of activity by tartaric, malic, and lactic acid.  This phenomenon 

was likely due to the increased ionic strength provided by NaOH.  Studies 

have illustrated a direct relationship between ionic strength and lysozyme 

stability under conditions of high heat and/or low pH.  The wine acids 

together with 10% ethanol (v/v) appear to function synergistically to decrease 

activity more than either the combined acids or ethanol. 

Wine phenolics, with the exception of crude grape tannin, had almost 

no effect on lysozyme activity.  Gallic acid caused some inhibition, which 

increased with increasing concentration, but the average quantity that is 

found in Pinot Noir (30 ppm) had little effect on lysozyme.  Crude grape 

tannin was responsible for the greatest inhibition.   With tannin, inhibition 

was not simply a suppression of activity through soluble interactions with the 

enzyme. Instead, crude grape tannin (200 ppm) was physically bound to 

lysozyme (1000 ppm) removing about 16% from the medium in the form of a 
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visible precipitate.  In addition to the precipitate, the tannin formed small 

colloidal bodies which bound approximately 31% of the lysozyme.  The 

Bradford and Lowry assays indicated the bound lysozyme was denatured to 

some extent in the colloidal state.  The extent of denaturing is unknown and 

the extent of activity present in the colloid was not determined.  The binding 

of lysozyme to crude grape tannin is important to understand because it 

demonstrates partitioning of lysozyme in red wine.  Partitioning of lysozyme 

into free enzyme, bound active enzyme, and bound inactive enzyme will 

affect the degree of enzyme activity. 

In wine, lysozyme interactions had noticeable effects on the sensory 

properties of red wine, specifically Pinot Noir and Zinfandel in this study. 

Treatment of Pinot Noir and Zinfandel with lysozyme illustrates the ability of 

the enzyme to produce a visible color change.  The largest single change 

occurred with the addition of 100 ppm lysozyme, color continued to change 

with increasing lysozyme concentration (200, 300, 400, 500 ppm), but the 

differences between the treatments were not as dramatic.  Quantifying the 

change with the CIE L*a*b* color system revealed Pinot Noir color changed 

from red to reddish pink and became lighter as enzyme concentration 

increased, however the amount of color, or saturation, changed little.   The 

Zinfandel treatments produced a slightly different pattern.  As in the Pinot 

Noir, increasing lysozyme concentration caused the samples to become 

lighter, increasing the L* value.   Treatments produced some color change 
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from red to reddish-pink, but the most significant change was the loss of 

chroma or color saturation with increasing lysozyme concentration. 

The color changes in the treatments represent only one of a number of 

changes in the sensory properties of the treated wines. In assessing seven 

attributes of lysozyme treated Red Zinfandel, a trained panel could not 

distinguish between treatments in regards to flavor, acidity, and bitterness. 

However, lysozyme elicited noticeable differences in color, astringency, 

balance, and a significant difference in aroma between the control and 500 

ppm treatment. Lysozyme had the effect of softening the wine, presumably by 

removing astringent polymeric anthocyanins, an effect several of the 

winemakers found favorable at a treatment level of 200 to 300 ppm lysozyme. 

In wine trials, lysozyme was able to prevent the growth of lactic acid 

bacteria and malolactic fermentation.  Lysozyme concentrations of 500 and 

1000 ppm are effective at preventing malolactic fermentation in Pinot Noir 

and Chardonnay. The 250 ppm treatment initially appeared to be just as 

effective but it merely delayed malolactic fermentation in the 1994 Pinot Noir, 

illustrating a vintage effect. The ability of lysozyme to stop MLF midway 

through fermentation was demonstrated in the 300 ppm lysozyme treatment, 

even though lactic acid bacteria proliferated in the 250 ppm pre-MLF 

treatment.  Because 300 ppm lysozyme was effective at terminating MLF in 

the 1994 Pinot Noir midway through fermentation, a dosage of 300 ppm is 

recommended for complete control of lactic acid bacteria. 
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4.2 Recommendations for Future Research 

During the course of study important questions arose regarding 

lysozyme and wine.   Time and financial limitations curtailed the pursuit of 

answers to these new questions so in the advent of other workers interested 

in continuing this work the following research recommendations are put 

forth: 

1. Determining the amount of lysozyme bound to tannin as visible 

precipitate and colloid for the minimal effective dose in red wine (300 ppm). 

2. Determining the activity of lysozyme in each fraction of precipitated 

lysozyme in red wine (free lysozyme, colloid lysozyme, and lysozyme in 

visible precipitate). 

3. Profiling lysozyme activity in red and white wine. 

4. Determining residual activity of lysozyme in red and white wine over 

time. 

5. Determining activity and application of lysozyme as a sanitizing surface 

agent. 
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Appendix A 

Determining Lysozyme Concentration in Lysozyme/Tannin Solution 

using Spectral Subtraction 

Determining the concentration of lysozyme and crude grape tannin in 

solution using absorbance spectra is not possible due to the proximity of their 

maximum peaks.  Lysozyme absorbs maximally at 280 nm and tannin at 275 

nm. Crude grape tannin color is described as yellow-brown (tawny), 

indicating absorbance in some portion of the visible spectrum between 400 

and 500 nm.   In solution however, the concentration of crude tannin used in 

this study (200 ppm) had no absorption in the visible range. 

To determine the quantity of tannin and lysozyme in solution and the 

quantity removed by precipitation, tannin was physically measured and 

lysozyme calculated (Figure A.l).  Tannin was measured, as described in the 

partitioning study, using the Lowry assay with BCA as the chromophore. 

Lysozyme determination was based on the additive and subtractive nature of 

spectra. Adding the absorbance peak of crude tannin (275 nm) and the peak of 

lysozyme (280 nm) results in a calculated spectrum equal to the spectrum of 

both components in solution.   Following this logic, the amount of lysozyme 

in each fraction of the lysozyme-tannin solution was calculated in the 

following manner:  1) an absorption spectrum corresponding to the amount 

of tannin in each fraction was calculated, 2) the calculated tannin spectrum 

was then subtracted from the spectrum of the filtrate in question, 3) the 
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resulting spectrum corresponded to the quantity of lysozyme in the filtrate, 4) 

using a calibration curve, the absorbance value at 280 nm determined the 

quantity of lysozyme in the filtrate.  A flow chart describing protocols for the 

spectral determination of lysozyme is found on page 78. 

Results of the spectral calculations show 823 ppm lysozyme remain in 

solution after the initial precipitation reaction and filtration through a .45 

micron filter.  Addition of 5% NaCl and .45 p.m filtration result in 286 ppm 

lysozyme remaining in solution.  Comparing spectral subtraction data to 

Kjeldahl show similar lysozyme concentrations after the initial filtration (838 

ppm Kjeldahl, 823 ppm spectral).  However, comparison of the 5% NaCl 

filtrate protein values show a large difference between spectral lysozyme 

concentration (286 ppm) and Kjeldahl lysozyme (525 ppm).  Both values 

indicate a large amount of lysozyme is being bound in a colloid with tannin 

but the large difference questions the reliability of the spectral method. The 

value differences may be accounted for in several ways:   1) The Soil Testing 

Lab noted problematic foaming during the Kjeldahl digestion process which 

may have altered the accuracy of nitrogen determination, 2) Preparation of 

the Kjeldahl filtrates required 25 mis of filtered solution, much more than 

was filtered for the spectral study, and 3) In the spectral study, the 

lysozyme/tannin solution was filtered (.45 (im) to remove the initial visible 

precipitate, salted and filtered again (.45 |im). In the Kjeldahl study, there was 

no filtration of the lysozyme/tannin solution prior to salting. 
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lysozyme (1000 ppm) + 
crude grape tannin (200 ppm) 
undisturbed for 30 minutes 
BCA measured tannin 100% 

I 
filtration through .45 |i.m 
nitrocellulose membrane 

BCA measured tannin 87% 

I 

loss of 13% tannin removal of visible 
lysozyme/tannin 

precipitate 

addition of 5% NaCl followed by 
.45 |i.m filtration after 15 minutes 

BCA measured tannin 56% 

loss of 31% tannin 
 ► removal of colloid 

I 
filtration through 

C18 Sep-pak minicolumn 
BCA measured tannin 7% 

loss of 49% tannin 
removal of crude 

grape tannin 

Determination of Lysozyme 

lysozyme (1000 ppm) + 
crude grape tannin (200 ppm) 
undisturbed for 30 minutes 
calculated lysozyme 100% 

\ 

absorption spectrum corresponding 
to 87% tannin subtracted from      loss of 18% lysozyme 

absorption spectrum of  ► 
initial .45 (im filtrate 

resulting lysozyme spectrum 
corresponds to 82% lysozyme 

I 
absorption spectrum corresponding 

to 7% tannin subtracted from 
absorption spectrum of 

post Sep-Pak filtrate 

I 
29% lysozyme in Sep-Pak filtrate 
subtracted from 82% lysozyme in 

initial .45 jam filtrate 

loss of 54% lysozyme 
 ► 

resulting lysozyme spectrum 
corresponds to 29% lysozyme 

lysozyme (54%) bound in 
lysozyme/tannin colloid 



addition of lysozyme (1000 ppm) and tannin (200 ppm) spectra 

■ lysozyme/tannin solution after .45 fim filtration 
, calculated spectrum from BCA measured tannin in .45 ^m filtrate 

lysozyme/tannin solution after 5% NaCl addition and .45 |im filtration 

calculated spectrum from BCA measured tannin in salted .45 |jm filtrate 

calculated lysozyme from initial .45 urn filtrate 

lysozyme/tannin solution after C18 Sep-Pak filtration 

calculated lysozyme in C18 Sep-Pak filtrate 

282      290      298      306      314 
wavelength (nanometers) 

Spectra of lysozyme and tannin corresponding to their 
different concentrations in lysozyme/tannin fractions 

Figure A.l 
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Appendix B 

Studies on the Kinetics of Lysozyme Inhibition Caused by 

Wine Acids, Ethanol, and Wine Phenolics 

The activity of lysozyme was profiled in the presence of wine acids, 

ethanol, and wine phenolics in order to determine the Michaelis-Menton 

constant (Km), maximum velocity (Vmax), and type of inhibition 

(competitive, noncompetitive, uncompetitive).   The turbidimetric assay 

defined in Chapter 1 (pp. 32-34) was used to determine initial enzyme velocity 

for six substrate concentrations: .05, .075, .1, .125, .15, .175, and .2 mg/ml. The 

initial velocities were represented on Eadie-Hofstee plots to determine if wine 

component inhibition was competitive, noncompetitive, or uncompetitive. 

Enzyme kinetics have commonly been evaluated with a Lineweaver-Burke 

plot, a reciprocal transform of the Michaelis-Menton equation, which plots 

inverse initial velocity (1/v) versus inverse substrate concentration (1/[S]). 

Regression of the data points graphically results in determination of Km (X 

intercept) and Vmax (Y intercept). However, the Lineweaver-Burke plot has 

the disadvantage of compressing the data points at high concentrations into a 

small region and emphasizing the points at lower concentrations.   Evaluating 

data in this manner can have a pronounced effect on the slope of the 

regression line, effecting Vmax, Km, and inhibition type.  The Eadie-Hofstee 

method plots initial velocity (v) versus the ratio initial velocity (v)/substrate 
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concentration ([S]) to graphically determine Km (regression slope) and Vmax 

(Y intercept). The Eadie-Hofstee plot equally weights data points resulting in 

reduced slope variability of the regression line. 

Results from the work showed lysozyme activity did not follow 

Michaelis-Menton kinetics.   In Michaelis-Menton kinetics, plotting ijiitinl 

velocity versus substrate concentration should produce a curve resembling 

one corner of a rectangular hyperbola, but the data in this study produced a 

smoother curve then expected.  Converting the data to generate Eadie-Hofstee 

plots (Figures 6.1,5.2,3.3) resulted in the points forming an arc instead of 

fitting the linear regression line as expected.  Because of this nonconformity 

an evaluation of inhibition by different wine components could not reliably 

be accomplished. There are several possible factors which may explain why 

lysozyme activity does not display Michaelis-Menton kinetics:  1) The 

substrate of lyophilized Micrococcus lysodeikticus cells is partially soluble; in 

this study homogenization optimized the substrate as a suspension, 2) 

Changes in absorption (Mabs/min) do not correspond to individual fi(l-4) 

NAG-NAM bonds broken; the degree of cell wall degradation corresponding 

to a change in optical density is unknown, 3) The substrate is presented as an 

immobilized substrate; polysaccharide sections suitable for lysing are not in 

solution but bound in the cell wall matrix, 4) Non-productive binding is a 

consideration in this system; NAG-NAM polymers 3 units in length will 

reversibly bind to the catalytic cleft but are not hydrolyzed. 
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