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ABBREVIATIONS

The standard abbreviations, as recommended by the
Editors of the Biochemical Journal (Biochem. J., 1973,
131, 1-20) are used throughout this thesis, with the

following additions:

Bovine Serum Albumin; (see Miller, 1959).

BSA =
BSM = Basal Salts Medium; (see Skerman, 1967).
bsm = basal salts medium; ( " " o),

D = D-value as defined by Driessen and Stad-
houders (1974).
D.F. = Dilution Factor; (see page 96 and Sandvik,
1962).

D.U. Diffusion Unit; (see Sandvik, 1962).

" " "

DU

E' = Energy = AH®; as used in the Van't Hoff

Isochore equation ( d 1n K/d T = AH7RT2).

%H = Estimation of % hydrolysis (see page 102),.

N.C.T.C. = National Collection of Type Cultures,

O.D. = OD = Optical Density = Turbidity Units
R.A. = RA = Residual Activity; (see page 104).
R' = Multiple Correlation Coefficient = rz.

r = Linear " n
Si to S8 = Abbreviations for Strains as listed on
Table 1 (following page 27).
T = Temperature in °k.
U.F. = Ultrafiltration.
w = Distilled Water

Z.D. = ZD = Diffusion Zone Diameter in mm.



SUMMARY

This study comprised an investigation of eight
strains of Gram-negative psychrophilic bacteria with
respect to their growth and protease production at
5° C. Each of the eight strains was inoculated into
basal salts medium (BSM) supplemented with 0.5% of
a commercial bacteriological medium as source of or-
ganic nitrogen. Eleven commercial media were assayed
in this way with each of the cultures. Tryptone sup-
plements supported satisfactory levels of protease
production and growth in relation to the remaining
test commercial media. Proteése production did not
always correlated with growth levels, nevertheless,
good correlations were observed for all the experi-
mental strains when tryptone was used to supplement
BSM. The early growth phases displayed by the straing
were enhanced by moderate convectional aeration at 5°,

Extracellular protease preparations were recove=-
red from 5 days aerated cell free growth media using
BSM supplemented with 0.5% tryptone. These prepara-
tions were used to study the electrophoretic patterns
of . skim milk casein hydrolysis. Protease activity was
generally directed against boﬂlag- and‘/9-caseins,
nevertheless,oé-caséin was often less susceptible to
hydrolysis. Both &/ - and /9—caseins became equally
susceptible to hydrolysis when solutions of isoelec-
tric casein/protease preparations were heated to 142°

C for one minute.



The heat stability properties of the protease
systems were also studied. The protease system pro-

duced by Pseudomonas fluorescens was affected by

the stabilizing activity resulting from the presen-
ce of certain ions in BSM. In cell free growth
media at pH 6.8, the heat inactivation curves were
shown to have two distinct inactivation stages at
temperatures below 100° C and a single inactivation
stage at temperatures higher than 110° c. At 98° C
and under heating time exposures of 43 to 76 minu-
tes, the inactivation reactions of all test prote-
ases progressed readily and led to levels of 10% of
residual activity. At temperatures of 110° C or a-
bove the protease systems were easily inactivated
during heating/time exposures of 110° C for 16 to
20 minutes or 1400 C for 3 to 4 minutes and resul-
ting in 10% residual activity., The heat inactiva-
tion curves for those temperatures ranging from

° C to 140° C followed an exponential inactiva-

110
tion pattern.
These results are further discussed in rela-

tion to problems of milk spoilage.



INTRODUCTION

PSYCHROPHILIC BACTERIA

Terminology

The'proﬁerty of certain organisms to grow at or
near 0° C was recognized by Forster (1887), being de-
scribed as phosphorescent bacteria from fish preser-
ved at low temperatures. Forster (1892) discovered a
much wider distribution of these organisms in nature
and referred to them as 'glaciale bakterien''. The
term "psychrophile" was originally used by Schmidt-
Nielsen (1902) to define organisms capable of growing
and surviving at 0° C. Miller (1903) opposed this
term since these organisms were ;ble to grow better
at the mesophilic temperature range. Kruse (1910)
used the term psychrotolerant for those bacteria ca-
pable of growing at or below 0° C. Rubentschick
(1925) preferred to define them as psychrocartericus.
Various alternative nomenclature of psychrophiles ap-
pear in the 1iterature. These include the terms psy-
chrobe (Horowitz-Wlassowa and Grinberg, 1933); cryo-
phile (Jezeski and Macy, 1946); thermophobic bacteria
(Edsall and Wetterlow, 1947); frigophile (Hempler,
1955); and psychroauxan (Thomas et al., 1960). Hucker
(1954) used the term facultative and obligate psychro-‘
phile to differentiate between those able to grow at
0° ¢ but not at 32° C énd those capable of growing at

both femperatures, respectively. Opposing this Eddy



(1960) proposed the term psychrotrophic to describe
those bacteria capable of better growth at higher
temperatures but, which would stiil produce some ac-
tivity at or near 0° c.

Traditionally microbiologists and diagnosticians
have related new isolated organisms to the most com -
mon natural habitat in which they can be found. Psy -
chrophiles are widely distributed in nature (Morrison
and Hammer, 1940,1941; Morris, 1942) a féctor which
has probably contributed to the difficulty of group =~
ing them either in relation to an obtimum temperature
or to their natural source in the environment. Thomas
et al. (1949) suggested that bacteria isolated from
refrigerated milk, soil and water be defined as fa-
cultative psychrophiles. The term obligate psychro-
phile would be used to describe those organisms iso-
lated from marine environments which were capable of
growth below 0° C and which would quickly die at tem-
peratures between 25° C and 30° C (Zobell and Feltham
1938; McDonald et al., 1963; Morita and Albright,
1965). The differentiation between facultative and
obligate psychrophiles has gained considerable accep-
tance (Lawton and Nelson, 1954; Van der Zant and
Moore, 1955; Rose, 1962), Definitions based on their
ability to grow at or near 0° C have been used by
Greene and Jezeski (1954), Olson et al. (1955) and
- Barber (1962). Baig and Hopton (1969) haQe attempted

to define them by their temperature differential cha-



ractéristics derived from the Van't Hoff Arrhenius e-
quation.

Harder and Veldkamp (1967) have isolated psy-
chrophiles with a maximum growth temperature of 20° C
and Bedford (1933) has demonstrated the ability of
some strains to grow at -7,5°C, Ron and Davis (1971)
have shown that the presence of specific growth fac-
tors can affect the optimum growth temperature of
certain microbial species. Thus,” further difficulties
can be encountered in defining psychrophiles on the
Basis of their growth rate since nutritional require-
ments can often change with témperature, giving rise
to a new demand for a particular nutrient related to
the new temperature (Scholefield, 1967). In general,
when the temperature is near the minimum for growth
of a certain organism there is a much greater nutri -
tional requirement (Kiser, 1944).

The controversy involving the definition of psy-
chrophiles led to the adoption of the term psychrof
trophic (Eddy, 1960) by the dairy microbiologists.
'However, recent investigations have shown the exis-
tence of obligate psychrophiles with optimum tempera-
tures for growth between 12° C and 20° C (Morita,
1966; Harder and Veldkamp, 1968; Christian and Wiebe,
1974; Morita, 1975; Gunnar and Matches, 1976).

Facultative psychrophiles are probably able to
adapt themselves to lower temperatures (Olsen and

Metcalf, 1968) and can thus be differentiated from



obligate psychrophiles. The latter can not survive ex-
posure to 42° C for one minute, and the material uséd
for handling their cultures must be refrigerated (Azu-
ma et al., 1962; McDonald et al., 1963; Morita and Al-
bright, 1965; Morita, 1966).

In this work the term psychrophile is used to
describe either those organisms which have been consi-
dere obligate or facultative with respect to their
optimum temperature for growth. ~Thus, the term psy-
chrophile has been best defined by Splittstoesser
(1976) as '"certain of the Gram-negative rods 'which!'
have the ability to grow at low temperatures and have
long been recognized as the principal spoilage agent
of refrigerated food such a; red meat, poultry, fish,
eggs and dairy products. The organisms are common con-

taminants of fresh and sea water and once were common-

ly referred to as water bacteria'.

Sources and Types of Psychrophiles
Psychrophilic'microorganisms are ubiquitous; they
occur in temperate as well as polar regions (Forster,
1892; Straka and Stokes, 1960) and in the air (Miller,
1903). They are common contaminants of fresh and sea'
waters (Morita, 1966; Splittstoesser, 1976) or may be
found in soil and harbored by animals and plants (Mor-
rison and Hammer, 1941). They can be isolated from

. specimens obtained from poikilothermic animals (Fors-



ter, 1892; Colwell et al., 1973; Trust, 1975; Liston,
1976) and have been isolated at 0° C, 18° € and 36° C
(Sieburth, 1964; Sieburth, 1968). These isolates were
recognized as psychrophiles from marine waters. It is
believed that planktons play an important role on the
seasonal distribution of at least one type through
out the sea water columns (Colwell et al., 1973).
Certain dairy isolates have been shown to be subject
~to the seasonal predominance of individual types (Mor-
rison and Hammer, 1941; Kozlova and Block, 1973).
Since the manufacture of many foods, including dairy
products, often invélves the utilization of ingredi-
ents such as salts, stabilizers, air, water and enzy-
me preparations, the cumulative effect on the bacte-
riological quality of the final product from indirect
sources can not be overlooked. The ecological distri-
bution of psychrophiles and their significance are
part of a review published by Morita (1975). Psychro-
philes have been subject of an exhaustive review by
Witter (1961) and their growth effects on raw milk
and market milk hHave been reviewed by Crawford (1968).
Although psychrophiles are known to be harbored
by the milking animal, their presence in milk or in
dairy products is an indication of environmental con-
tamination. The importance of these organisms as
.spoilage agents in milk and dairy products is well

documented and includes the genera Pseudomonas, Fla -

vobacterium, Alcaligenes, Aeromonas and Achromobacter



(Sherman et al., 1941; Jezeski and Macy, 1946; Boyd et
al., 1953; Thomas, 1953; Thomas and McQuillin, 1953;
"Scholefield, 1963,1967; Nakanishi and Tanabe, 1971;
Kiuru et al., 1971; Kielwein, 1972; Juffs, 1973b;
Braatz, 1975). Members of these genera are invariably

present in all raw milk samples (Foster et al., 1957).

Although those types belonging to the genus Pseudomo =

nas appear to be the most important, a high total
count of psychrophiles in raw milk is frequently asso-
ciated with a comparati&ely lower number of mesoPhiles
and Gram-positive organisms such as micrococci (Naylor,
1976). Druce and Thomas (1972) have shown that a tem -
perature induced competitive advantage is displayed by
psychrophiles in the rinse water from milk pipelines
and equipment. This temperature advantage has also
been demonstrated by Swartling (1968) and Bockelmann

(1969). The fact that certain strains of psychrophiles,

especially Pseudomonas sp. (Woolford, 1972), and Achro-

mobacter sp. (Troller and Frazier, 1963) are reported
to be able to produce "antibiotic-like'" metabolites,
could account for their predominance in raw refrigera-

ted milk, The predominance of Pseudomonas spp. can

also be accounted for by their ability to inhibit the

growth of Achromobacter and Alcaligenes strains (Chai

et al., 1968; Vanderzant, 1968; Vanderzant and Custer,
1969). Some observations have shown that the inhibitor
factor was due to the presence of extracellular meta -

bolites in the cell-free filtrates of Pseudomonas spp.



Similar observations were made by Sandvik and Fossum
(1963). This also may be favored by the presence of
casein hydrolase systems, intensely produced by
pseudomonads (Sandvik, 1962; Scholefield, 1967; Fal-
lon, 1972), making them able to grow rapidly, with =
out sole dependence on energy through the Embden
Meyerhof path way, for growth at lower temperatures,
and possiblely favored by a more effective electron
transport system., Another possible contributing fac-
tér for the predominance of certain strains of psy -
chrophiles in raw milk is the degree of dissolved
oxygen which is inflﬁenced by lower temperatures
(Lockhart and Squires, 1963; Meynell and Meynell,
1970). The lower the temperature of the milk in con-
tact with a cold air surface, the lower the partial
pressure of oxygen required to reach a certain satu-
ration equilibrium between the liquid and the air.

Fallon (1972) studied eight strains of Pseudomonas,

under aerated and static conditions at 25° C, showed
a relatively small difference between aerated lag
phase and static fag phase for most of the strains.
However, O'Donnell (1975) has demonstrated a much
greater differgnce between static lag phase and
aerated lag phase at 5° c. During storage and trans-
port of fefrigerated milk a similar increase in dis-
solved oxygen level is likely to occur, especially
if the storage time is loﬁger than an average of 38

hours (Sandvik and Fossum, 1963). The level of aera-



tion of refrigerated milk, to a large extent, influ-
énces the predominance of certain types of psychro-
phiies (Hamamoto and Kanauchi, 1973). When raw milk
is rapidly refrigerated to 4° ¢ (normally within one
hour or less), a good microbiological quality can be
maintained for a period up to 24 hours at the farm
(Ma jewski, 1975). Conversely, when raw milk is sto-
red for longer periods the number of psychrOphiles
increases, Psychrophiles have been isolated from raw
milk (Godbille, 1971; Juffs, 1973b; Adams et al.,
1975; Yano and Morichi, 1977), from pasteurized milk
(Boyd et al., 1953; Kielwein, 1972; Juffs, 1973a;
Hamamoto and Kanauchi, 1973), from milk pipe line
systems and equipment (Long and Hammer, 1941; Morri-
son and Hammer, 1941; Kiuru et al., 1971), from milk
held at low temperatures (Hamamoto and Kanauchi,
1973), and from a variety of dairy products (Jezes-
ki and Macy, 1946; Arnott et al., 1974; Fox et al.,
1975).

Pseudomonas spp. have been found to be the

most frequently isolated psychrophiles from raw milk

samples, followed by Achromobacter, Aeromonas and

coliforms (Scholefield, 1967). Most psychrophiles
described are Gram-negative rods (Brown and Weide-
mann, 1958; Yano and Morichi, 1977) and include Fla-

vobacterium, Alcaligenes and Acinetobacter-Moraxella

spp. (Splittstoesser, 1976). Milk as the main raw

material used for the manufacture of dairy products

10



may be contaminated with these organisms either from
water sources (Morris, 1942; Castell and McDermott,
1942) when the concentration of free available chlo-
rine is lower than 2 p.p.m. (Witter, 1961) or from
equipment not properly cleaned at the farm and in

the dairy plant (Morrison and Hammer, 1940, 1941).

Important Species

The difficulties encountered in many studies of
species predominance in raw milk are either related
to the seasonal changes in thé relative numbers of
bacterial contaminants (Kozlova and Block, 1973), or
to variations in the isolation apd enrichment proce-
dures adopted. Marth and Frazier (1957) made enrich-
ments in milk held at 7° C while Juffs (1973b) pla-
ted initially in penicillin agar followed by incuba-
tions at 30° C and 7° C. Also the fact that some of

the psychrophiles, such as Moraxella-Acinetobacter,

may appear described using different names (Henrik-
sen, 1973) and may'show greét nutritional and bio-
chemical versatility; the differentiation among their
species is rather difficult and not very well esta-
blished,

Pseudomonas fluorescens, Pseudomonas fragi and

Pseudomonas putrefaciens have been identified as com-

mon contaminants of milk and dairy products (Marth

and Frazier, 1957; Samagh and Cunningham, 1972).

11



Samagh and Cunningham (1972) have also included spe-

cies listed as "psychrophilic Pseudomonas aerugino -

sa-like organisms', Pseudomonas putida and Pseudomo-

nas alcaligenes. Juffs (1973b) has listed the pseu-

domonads found in milk in the following order of im-

portance: Pseudomonas fluorescens, Pseudomonas aeru-

ginosa, Pseudomonas maltophilia, Pseudomonas pseudo-

alcaligenes, Pseudomonas cepacia and Pseudomonas al -

caligenes, Fox et al. (1975) studied the incidence

and types of phospholipase C producing bacteria in
fresh and spoiled homogenized milk; 34 isolates from
25 homogenized milk samples resulted in 62% Pseudo -

monas, 18% Alcaligenes and Enterobacter,18% Acineto-

bacter together with Bacillus and Flavobacterium,

and 3% Citrobacter. Samagh and Cunningham (1972)

have isolated a total of 653 psychrophilic strains
from milk and milk products. Of these 182 were pseu-

domonads consisting of 53.8% Pseudomonas fluorescens

or Pseudomonas aeruginosa-like strains, 43.9% Pseu -

domonas putida, Pseudomonas fragi and Pseudomonas

putrefaciens and 2.7% Pseudomonas alcaligenes strains,

Kielwein (1972) isolated 200 different strains of

Pseudomonas from market pasteurized milk, of which

56.5% were identified as Pseudomonas fluorescens.

12



ENZYME SYSTEMS OF PSYCHROPHILES

Terminology
Due to the rapid growth in the science of enzymo-
logy, the Infernational Union of Biochemistry (IUB,
1964) has classified enzymes in six main groups on the
basis of the reactions which they catalyse., This report
was prepared to serve as a basi; guide for standard
enzyme nomenclature,
The enzymes which are capable of degrading either
food fat or protein ére listed under sub-groups 3.1
and 3.4:
3.1 . Acting on ester bonds:
3.1.1 . Carboxylic ester hydrolases.
3.1.2 . Thiolester hydrolases.
3.1.3 . Phosphoric monoester hydrolases,
3.1.4 . Phosphoric diester hydrolases.
3.1.5 . Triphosphoric monoester hydrolases.
3.1.6 . Sulphuric ester hydrolases.
3.4 ., Acting on peptide bonds:
3.4.1 . Alpha-amino-acyl hydrolases..
3.4.2 ., Peptidyl-amino acid hydrolases.
3.4.3 . Dipeptide hydrolases.
3.4.4 . Peptidyl-peptide hydrolases.
Many psychrophilic bacteria are able to secrete
proteolytic and lipolytic enzyme systems (Dempster,

1968). This fact is important in the spoilage of re-

13



frigerated milk and dairy products, since both enzy-
me systems (acting on ester bonds and acting on pep-
tide bonds) may show significant high activity at
low temperatures (Péterson and Gunderson, 1960).

Protein hydrolases have also been classified
according to their point of attack on the primary
structure of the protein substrate, being designa -
ted exo- or endo- (Bergmann, 1942)., This classifica-
tion can create confusion since these prefixes have
also been used to indicéte whether or not an enzyme
is held within the cell wall, With regard to the
concept of enzyme location, the terms intra-, inter-
and extra- are often used to describe whether the
enzfme is contained within the cFll, between the
plasma membrane and the cell wall or released out -
side of the cell, respectively (Davis et al., 1973).

Microbial proteases have also been classified
on the basis of pH dependence, effect of inhibitors,
metal involvement in the active site, and certain
catalystic properties towards peptide, amide or
ester bonds (Feder and Matsubara, 1971).

The extracellular proteolytic enzyme systems
produced by psychrophiles have been variously desig-
nated as ''casein precipitating enzymes'" by Sandvik
(1962) and Fallon (1972); '"caseolytic enzymes'" by
Forschner and Pézviri (1977); "azocasein proteoly -
tic enzymes" by Langner et al. (1973) and '"casein
clearing'" proteolytic enzymes by Innerfield et al.

(1970).

14



Many of the difficulties encountered in the clas-
sification of psychrophilic exoenzymes arise from the
fact that most of the strains are able to release more
than one enzyme (Sandvik, 1962; Driessen and Stadhou-

ders, 1974), or, as in the case of Bacillus subtilis,

an exoenzyme system which could be considered to be
either an ester hydrolase or a peptide hydrolase (Sier-
ra, 1964). Many ester analogues of amino acid substra-
tes have been found to be hydrodlysed by certain prote-
olytic enzymes (Hofstee, 1957).

In this study reference is made to a work in which
enzyme hydrolases, collectiQely classified as exoenzy=-
mes by Pollock (1962), are named proteases, proteina-

ses or proteolytic enzymes.,

Proteolytic Spoilage of Milk and Dairy Products

The detrimental effect on milk quality of the
action of psychrophilic extracellular enzymes is con-
sidered to be of major significance to the modern dai-
ry industry (McCaskey, 1968; Bockelmann, 1970; Kiuru
et al., 1971; Nakanishi and Tanabe, 1971; Mikawa and
Hoshino, 1974; Purschel and Pollack, 1974; Yanagiya et
al., 1974; Chapman et al., 1976; Kozlova, 1976;
Kielwein, 1976; DeBeukelar et al., 1977; Marth, 1977;
Cousin and Marth, 1977b; Miura et al., 1978).

Among the psychrophiles which have been found to
be important producers of these extracellular enzymes,

a higher number of strains was able to digest casein

than the number of fat hydrolysing strains (Bockelmann,
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1970). Mikawa and Hoshino (1974) and Purschel and Pol-
lack (1974) reported the number of psychrophiles acti-
ve against casein increases at lower temperatures.
Kiuru et al. (1971) observed that changes in caseins

of refrigerated raw milk required a cell concentration
as high as 6 x 107 psychrophiles per ml. Nakanishi

and Tanabe (1971) did not observed any change in the
casein of milk stored at 0° C to 5° C for 10 days.
Miura et al. (1978) have shown that the growth of Pseu-

domonas and Flavobacterium spp. in milk at 5° C pro-~

duced proteases capable of almost 100% hydrolysis of
casein in 14 to 28 days. The whey proteins (Yanagiya
et al., 1974), except{/?-lactoglobulin (Sasano et al.,
1977), have been shown to resist proteolysis to a
greater degree compared to the other milk proteins.
Although changes in proteins caused by the acti-
ve growth of psychrophiles in raw milk are well known,
their effect on the stability of milk to processing
seems rather more complex. Cousin and Marth (1977a)
have shown that the growth of psychrophiles iﬁ milk
causes changes in protein heat stability. Adams et al.
(1976) demonstrated that a very low psychrophilic po-
pulation was needed to detect proteolytic activity and
their growth seriously affected the heat stability of
the milk proteins, The visual effect of milk stability
changes resulting from psychrophilic proteolysis may
appear as ''sweet-curdling' formation (Atmaram, 1974) or

gel formation (Law et al., 1977a,b,c). Furthermore, an
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excessive growth of Pseudomonas spp. in raw skim milk
prior to processing at 80° C for 15 seconds has been
shown to stimulate the growth of psychrophilic Bacil-

lus cereus strains., The Bacillus cereus spp. reached

counts of 40 to 60 million c.f.u./ml with ten days of
refrigerated storage and lead to the appearance of
the sweet-curdling defect in the processed milk (At -
maram, 1974). Law et al. (1977a) have shown that the
time required for the onset of gélation in commerci-
ally sterilised milk waé dependent on the previous

rate of growth of Pseudomonas sp. in the raw milk. In

UHT sterilised milk the problems of psychrophilic
growth in the raw milk, sometimes resulting in gela =
tion and/or bitterness in the processed product, have
been studied by Lawton and Nelson (1954), Mayerhofer
(1972), Hamamoto and Kanauchi (1973), Melo et al.
(1973), Biryukova et al. (1974), Cheng and Gelda
(1974), Bottazzi and Battistotti (1975), Adams et al.

(1976), Langsrud and Hadland (1977), Nakanishi et al.
(1977) and Law et al. (1977a,b,c). Bitterness in
milk (Driessen, 1976; Langsrud and Hadland, 1977) and
in cheese (Kishonti and Sjostrom, 1970; Richardson
and Creamer, 1973; Law and Sharpe, 1977) has been re-.
ported to be due to the growth of psychrophiles, Bit-
terness in cheese has also been reviewed by Crawford
(1977) and Swaginga (1977). The bitterness has been
shown to result from protein hydrolysis and the pre -
'sence'of small peptide fractions (Moreno and Kosikow-

ski, 1972; Richardson and Creamer, 1973). Emmons et al,
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(1960) reported that bitterness was negatively corre-
lated with free amino acid content.

Although certain strains of Pseudomonas have

been reported to be able to increase the coagulation
rate of milk during cheese making (Cousin and Marth,
1977d), the growth of psychrophiles in milk is also
known to increase the time required for rennet coagu-
lation (Cousin and Marth, 1977a). The proteolytic
spoilage of raw milk during prolonged storage may re-
duce the yield of cheese curd (Nelson and Marshall,
1977). Cousin et al. (1977) have suggested that the
proteolytic spoilage-of raw milk may result in a
lower cheese yield,

In milk the O(Sl-casein component tends to Dbe
less susceptible to proteolysis because of a greater
degree of organization predicted from its low content
of prolyl residues. Similarly, the é-casein component
is probably more susceptible to proteolysis than a%l-
casein, The 'ﬁFcasein component seems to be the most
susceptible to proteolysis as predicted from its high
prolyl residue content and élso from the fact that -
stabilization seems to depend on hydrophobic clusters
rather than extensive ®¢-helix stabilization (Mercier
et al,, 1972). A cluster of phosphoseryl residues ho-
mologously present in ®{ -casein and /g-caseip,
seems to play a role in the calcium binding ability
~of the casein micelles. The multiple esterase systems

as described by Lawrence (1967), and/or microbial

phosphatase which has a very low substrate specifici-
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ty (Lehninger, 1971), are possibly responsable for ma-
king the casein micelles less stable or for the co@-
plete hydrolysis of casein when suficient storage ti-
me is allowed (Travia and Veronese, 1940-41),

The proteolysis of casein componénts is influen-
ced by different concentrations of sodium chloride
(Fox and Walley, 1971). The rate of proteolysis of &-
casein by rennet and by pepsin increases at higher
ionic strength (5 to 10% NaCl) and is contrasted by
a decrease in the rate of /9-casein proteolysis under
similar conditions.,

Proteases produced by Pseudomonas spp. show a

greater tendency to hydrolyse /9—casein as compared to

o . -casein (Tsugo and Yamauchi, 1959; Kiuru et al.,

sl
1970, 1971; Yanagiya et al., 1974; Purschel and Pol-

lack, 1974; Cousin and Marth, 1977b,c). A similar

proteolytic susceptibility was found for Bacillus ce-

reus protease (Choudhery and Mikolajcik, 1970). The
hydrolysis of C1sl-casein and f?-casein, in the homo-
genous stafe, have been shown to increase 12 to 15
times as compared to the same hydrolysis carried out
using a heterogenous sodium caseinate system (Fox and
Guiney, 1973). Downey and Murphy (1970) demonstrated
that at temperatures below 30° C there is an increase
in the amount of dissociated /g;casein which, accor-
ding to Fox and Guiney (1973), makes it more readily
available for hydrolysis. The rennin hydrolysates
obtained from /9-casein were bitter in flavor whereas

those obtained from 4{S-casein were not (Fox and Wal-
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ley, 1971). Moreno and Kosikowski (1972) studied the
hydrolysis of /?-casein and have also observed the
liberation of bitter peptides. Some of these peptides
have been identified as the segments Tyr (193) and
Val (209) from the carboxyl end of‘/9-casein (Visser
et al., 1975). Also, six less susceptible possible
cleavage sites were identified. These appeared to
have a strong tendency to associate and were thought
to be responsable for the tendeﬁcy of /9-¢asein to
aggregate, Bitter peptiaes can be obtained from ‘/?-,
Ciél— or /é-casein components by hydrolysis, and
bitterness seems to be dependent on the overall hy-
drophobicity of the released peptide (Mercier et al.,

1972). In general CX;I-casein is considered a hydro-

phobic protein, but to a lesser degree if compared to

f?-casein.

Heat- Stable Enzyme Systems

The production of heat-stable enzymes by psychro-
philes in a varieﬁy of media, milk and dairy products,
together with claims regarding their reactivation
following heat treatment, have been reported through-
out the literature (Wright and Tramer, 1953; Sandvik,
1962; Pinheiro et al., 1965, 1966; Kresheck and Har-
pef, 1967; Juffs and Doelle, 1968; Peereboon, 1969;
Driessen and Stadhoudérs, 1971, 1973, 1974; White,
1972; Knaut and Mech, 1972; Fallon, 1972; Mayerhofer,

t al., 1973; White and Marshall, 1973;

1972; Mayerhofer
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Cheng and Gelda, 1974; Malik and Swanson, 1974, 1975;
O'Donnell, 1975; Adams et al., 1976; Kishonti, 1975;
Malik, 1976; Kielwein, 1976; Speck and Adams, 1976;
Barach et al., 1976a,b; Cousins et al., 1977).

Cogan (1977) has reviewed some of the reports of
heat resistant lipases and proteases in relation to
the quality of dairy products.

Wright and Tramer (1953) first reported the reac-

tivation of microbial phosphatase following heat treat-

ment at 77° C. The enzyme was produced by Pseudomonas

sp. and required 30 minutes at 77° C for complete inac-
tivation when disodium p-nitrophenyl phosphate was
used as substrate., Two separate explanations to account
for this reactivation have been published by Kresheck
and Harper (1967) and Peereboon (1969).

The presence of thermostable proteases producéd

by Pseudomonas fluorescens and strains of aerobic and

facultative anaerobic organisms was reported by Sandvik
(1962). Sandvik and Fossum (1963) suggested that all
psychrophiles capable of growth in farm refrigerated
milk would be able to produce heat resistant enzymes.
Juffs and Doelle (1968) ha&e reportéd a heat re-

sistant protease produced by Pseudomonas aeruginosa

ATCC 10145 which showed 6%, 36% and 100% inactivation
following heat treatments of 63° C for 30 minutes,
72° C for 15 seconds and boiling for 2 minutes, res-
pectively. The enzyme was active in a pH range of 5.5

to 9.0 and stable at 2° C up to 30 days.
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Pinheiro et al. (1965) demonstratea the stability
of lipaées following heat treatment of milk, and the
presence of the enzymes was also detected in cheese
made from pasteurized milk., Heat resistant lipases
produced by selected organisms have also been reported
by Driessen and Stadhouders (1971, 1973, 1974). Dries-
sen and Stadhouders (1973) indicated that part of the

lipase system produced by Pseudomonas fluorescens

could be made inactive at a relatively low temperature
(52.5° C to 57.5° C), while the remainder was highly
heat resistant, having a D value (the time required to
produce 90% inactivation at a certain temperature) of
16 minutes at 130° C. In a further research report,
Driessen and Stadhouders (1974) observed that. the heat
resistance of the unpurified extracellular lipase
system demonstrated a biphasic relationship. between
temperature and activity at or above 50° C. The D
"values were, for the first stage of inactivation,
4.8 minutes at 60° C and for the second stage 200 mi-
nutes at 85° C or 4.8 minutes at 150° C. The first
stage of inactivation was considered to be due to the
denaturation of the native enzyme form and the second
stage to a'chemical inactivation, This type of bipha-
sic inactivation profile for lipases has also been
observed by 6'Donne11 (1975).

‘White (1972) claimed that heat resistant proteases

produced by Pseudomonas fluorescens remained inactive

when added to raw milk which was then immediately
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pasteurized by the HTST system, but increased the Hull

values ( pe of Tyr and Trp released per ml) for milk

when the enzymes were added after pasteurization.
Knaut and Mech (1972) observed the heat resistan-

ce of proteases produced by Pseudomonas fluorescens

cultured in 10% milk solids nonfat solutions. Negligi-
ble enzyme inactivation was observed at 63° C, 50% at
75° C for 10 minutes, 70% at 85° C for 5 minutes and
100% inactivation after heating for 5 minutes at 100°
C.

Mayerhofer (1972) and Mayerhofer et al. (1973) ha-
ve studied the heat stable prﬁteases produced by Pseu-

domonas fluorescens P26 and reported D values of 15

hours at 62.8° C, 8 hours at 71.4° C and 9 minutes at

121°

C. The organism itself gave a D value of only 2.6
‘minutes at 62.8° C. They also showed that milk, whey
and casein each had a protective effect on the rate of
inactivation of the enzymes by heat, compared to that
shown in bacteriological broth,

White and Marshall (1973) conducted experiments

to evaluate the effect on cheddar cheese flavour scores

of the addition of heat stable Pseudomonas fluorescens

protease system. Significant quantities of enzymes

were added to milk prior to pasteurization at 63° C

for 30 minutes. They reported, however, that only 16.5%
of the variation in flavour score of cheese made from
this milk could be attributed to the effect of enzyme

addition,
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The majority of the proteases originating from
psychrophiles studied by Adams et al. (1976) were shown
to withstand a temperature of 149° C for 10 seconds.
Speck and Adams (1976) have suggested various methods
for controlling the problems resulting from heat stable
proteases. Various workers have reported psychrophilic
proteases capable of withstanding temperatures of 130°
C for 5 to 10 minutes (Kishonti, 1975), 149° C for 7

seconds (Barach et al., 1976a), 149° C for 10 seconds

t al., 1976b) and 140° C for 3.5 seconds

(Barach
(Cousins et al., 1977). Barach et al. (1976a) have de-
monstrated the stabilization of a Pseudomonas sp. pro-

tease by divalent metal ions such as Zn2+ and Ca2+.

In a subsequent paper these protease were shown to re-
main inactive in milk subject to a heating process of
55° C for 10 minutes (Barach et al,, 1976b). This was
considered to be due to complex combinations of the
enzymes with either proteins or lipids.

Although the various references sited in this
section would suggest that extracellular proteolytic
and lipolytic enzyme systemé produced by psychrophiles
are highly heat resistant- there is insufficient infor-
mation to show that this is a general phenomenon. The
ma jority of the papers sited above relate to the genus

Pseudomonadaceae and in particular Pseudomonas fluores-

cens., That this thermostability is a common feature of
enzymes produced by such psychrophilic genera as Aci-

netobacter, Alcaligenes, etc., is still to be firmly

established.
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SCOPE OF THE INVESTIGATION

Psychrophilic microorganisms are of importance in
food spoilage and, in particular, in relation to the
spoilage of milk and dairy products. The fact that
these organisms are capable of growth at refrigeration
temperatures indicates their importance in the storage
life of perishable food products at near zero tempera-
tures. Also, of particular significance, is the fact
that many of these organisms are capable of producing
active proteolytic and lipolytic extracellular enzyme
systems at these temperatures (Nashif and Nelson,
1953; Juffs et al., 1968; Kielwein, 1976; Nakanishi et
al,, 1977). |

In the dairy industry the importance of these
organisms has increased over the past 10 to 20 years
because of the modern trends in milk handling, trans-
portation and storage., Milk processing operations have
become more centralised, resulting in the milk being
held for longer periods prior to processing. This has
resulted in the dependence primarily on refrigeration
to control bacterial growth during the storage period.
The final consequence has been the emergence of psy- |
chrophilic bacteria as the major constituents of the
bacterial flora of milk, Marth (1977) has stated that
"the presence of psychrophilic bacteria in raw milk

and in pasteurized milk products is the single grea-
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test microbiological problem that is faced by today's
dairy industry."

The production of heat resistant proteolytic and
lipolytic enzyme systems by psychrophiles presents the
possibility of spoilage occurring in dairy products
without the presence of the producing organisms. Thus,
standard microbiological methods of assessing product
quality may not relate to the physical and/or organo-
leptic changes in the product (Hankin and Dillman,
1968). Growth of psychrophiles and proteolysis of the
protein components of milk may result in gelation of
UHT milk either during the heat treatment (Bengtsson
et al,, 1973; Adams et al., 1976; Law et al., 1977a,b,
c) or during'the storage of the finished product
(Andrews and Cheeseman, 1972; Cﬂéeseman and Knight,
1974; Andrews, 1975). This proteolysis in milk can
also have far reaching effects in many areas of milk
processing (Juffs, 1973a; Biryukova et al., 1974;
DeBeukelar éi al., 1977; Cousin and Marth, 1977a,b,c,
d), including cheese manufacture (Moreno and Kosi-
kowski, 1972; Driessen, 1976; Chapman et al., 1976;
Nelson and Marshall, 1977).

In this study it is proposed to examine the
growth and proteolytic activity of a number of psy-
chrophilic bacteria at 5°C. This igvestigation will
also include a detailed study of the heat stability
of their protease systems and the extent of the acti-

vity of the enzymes on the native caseins in skim

milk fcasein in its native form found in skim milk).
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CHAPTER 1

MATERIALS AND METHODS

SECTION 1. MICROBIOLOGICAL METHODS

(a) Strains and Growth Media

Eight strains of psychrophilic microorganisms
were examined in this study. Of these, seven cultures
were provided by the Hannah Research Institute (HRI)
from a computer list of organisms collected during a
bacteriological survey.of the raw, refrigerated milk
supplies in the south west Scotland (Muir and Kelly,
1978). These organisms were selected on the basis of
their ability to produce proteolytic enzymes as mea-
sured by the clearing of casein agar plates and by
the water agar plate test of Taylor (1967, 1971). On
the basis of Gram stain, motility and biochemical be-
~haviour (Appendix A), the ofganisms were generically
classified as shown in Table 1. The remaining orga-

nism chosen for this study was Pseudomonas fluores-

cens (N,C.T.C. 10038), a species frequently associ-
ated with the préteolytic and lipolytic spoilage of
milk and dairy products kThomas, 1974; Law et al.,
1976; Miura et al., 1978).

The strains used were referred to throughout
this work as Sl to S8 (see Table 1).

The strains were maintained on Nutrient Agar
slopes. When required for inoculations the strains

were. subcultured onto fresh nutrient slopes and incu-

bated at 21° C for 18 hours. This procedure was then
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Table 1.

Nomenclature of Test Strains.

Computer Generic
Strains Identification
Code Classification
Sl M6 -1 (HRI) Pseudomonas sp.
S2 M1 -13 (HRI) PseﬁdOmonas sp.
s3 KM6 - 3 (HRI) Enterobacillus, Pasteurella,
| Aeromonas or Vibrio.
5S4 KMl - 5 (HRI) Flavobacterium sp.
S5 KMl - 7 (HRI) Acinetobacter, Brucella, or
Moraxella,
S6 S 1 - 2 (HRI) Alcaligenes sp.
S7 M 3 -1 (HRI) Chromobacterium sp.
S8 Pseudomonas fluorescens (N.

C.T.C. 10038)



repeated to ensure complete reactivation of the cul-
tures, An incubation temperature of 21° C was used
since it is known to fulfill the optimum growth con-
ditions for both facultative and obligate psychro-
philes (Ingraham and Stokes, 1959; Morita, 1966;

l., 1973; Oliveira,

Mayerhofer, 1972; Mayerhofer et
1976). After the final incubation period the cells
were suspended in sterile glass distilled water,
transferred to'sterile 150 mm. x 13 mm. optical mat-
ched test tubes and the suspensions adjusted to 0.3
x 100 units of optical density (E.E.L. Nephelometer,
Evans Electroselenium Ltd., Essex). The cultures
prepared in this manner were used as standard inocu-
la. |

The basal medium used in this study was Pépe and
Skerman's mineral salts (Skerman, 1967; see Appendix
B) supplemented with 0.5% (w/v) of commercial media.
The combined media were sterilised at 121° C for 15
minutes and cooled to the incubation temperature prior

to inoculation,

(b) Growth Conditions and Determinations

All the strains were treated in an identical fa-
shion. A variety of commerciél media were tested for
each strain in order to select, if possible, a single
medium which would support satisfactory growth and
protease production for all the stréins studied, In

order to obviate the problems associated with enzyme
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system isolation from solid media, liquid culture tech-

t al.,, 1967).

nique were used in this study (Johnson
Furthermore, shallow layer culturing was adopted since
it has been shown that enzyme production by many obli-
gate aerobic microorganisms is optimal under these con-
ditions (Nashif and Nelson, 1953; Sodex and Hofman,1970;
O'Donnell, 1975).

The BSM supplemented with 0.5% (w/v) of a synthe-

tic medium was dispensed in 100 ml volumes in 500 ml

"+

Erlenmeyer flasks. The final pH was adjusted to 7,00
0.05 prior to sterilization at 121° C for 20 minutes.
The flasks were cooled to 25b C and incubated.with 0.025
ml of the appropriate cell suspension prepared as pre=
viously deseribed. The inoculated flasks were incubated
at 25° C under thermostatic controls. The rate of growth
and protease production were measured at 24 hours inter-
vals over a five days period, by aseptically withdrawing
samples from each flask, Growth was stopped by the addi-
tioﬁ of 0.1% (w/v) Thimerosal (Koch-Light Laboratories)
to the samples, after growth measurements and before en-
zyme assays.

Growth was determined by nephelometry. Shockman
(1963) demonstrated that nephelometers were more sensi-
tive than spectrophotometers and colorimeters for de-
termining optical density, since they measure light re-
flected by suspended particles rather than transmitted
light. Optical density (O.D.) measurements as an index
of cell growth have been used by Sinclair and Stokes

(1962), Scholefield (1967) and Fallon (1972). Sinclair
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- and Stokes (1962) observed a close relationship be-

tween optical density, dry weight of the cells and
’viable cell count. Scholefield (1967) observed a
linear relationship between optical density and cell
number up to the equivalent of 2.0 x 100 O.D., units,
All measurements were made in optically matched 150
mm., x 13 mm., test tubes relative to a ground glass
standard set to 0.5 x 100 O.D, units or 1.0 x 100
O.D. units and distilled water standard set to zero
O.D. units, Although inaccuracies in the reading can
result from the presence of air bubbles either on the
top of the liquid or on‘the inside wall of the tube,
good results can be obtained if the precautions lis-
ted by Scholéfield (1967) are taken.

Following growth measurements, the bacteria were

. removed by centrifugation in a bench centrifuge (M.S.
E. Ltd.) and the supernatant used for enzyme assay.
Protease production was measured by the zone diffusion

method of Sandvik (1962).

(c) Growth and Protease Production
In these experiments the organisms were cultured
in the basal salts medium supplemented with 0.5% (w/v)
Oxoid Tryptone (OTNE), since in preliminary experi-
ments it was shown to be a good supporting source of
organic nitrogen for growth and protease production,
The standard inocula were prepared as previously

described., The liquid medium was dispensed in 1200 ml
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volumes in five litre Erlenmeyer flasks and sterili-
zea at 121° C for 20 minutes, and cooled to 5° C.'

A volume pf 0.35 ml of standard inoculum was added
to each 1200 ml volume of medium. All cultures were
inoculated in replicate under identical conditions.

The flasks were incubated at 5° C for 120 hours
with low speed agitation being supplied using mag-
netic stirring tables. Low levels of agitation or
aeration have been claimed to greatly increase the
rate of growth and enzyme production by psychrophi-
les at low temperatures (Fallon, 1972; O'Donnell,
1975). To illustrate this effect flasks inoculated
with all strains were incubated at 5° C for 12 days
under statié conditions and a parallel experiment
for 5 days under agitation. Growth and protease
production were determined at 24‘hour intervals.
Prior to the growth determinations samples were remo-
ved from the flasks using aseptic technique and al-
lowed to warm to room temperature for one hour to re-
move air bubbles.

The extracellular prdteases produced during the
logarithmic phase of growth of the test strains at
5° C under agitated conditions were used for further
study. The heat stability of these enzyme systems
was investigated in the cell-free culture media and
after concentration of the enzyme system by U.F.
(Ultrafiltration). Electrophoresis relating to the

studies of the action of protease systems on casein
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were also undertaken.

SECTION 2. BIOCHEMICAL METHODS

(a) Protease Assay Technique

Protease assay methods have been reviewed by Fal-
lon (1972). The majority of assay procedures for the
evaluation of protease activity are based on the meas-
urement of the relative amounts of end product resul-
tant from the hydrolysis of protein substrates (Anson,
1938; Winnock et al., 1940; Hull, 1947; Kunitz, 1947;
Rick, 1963; Reimerdes and Klostermeyer, 1976). Protein
hydrolysis has been measured using Folin and Ciocalteu
(1927) reagent, the hydrolysis being expressed in
terms of the release of phenolic groups (Anson, 1938),
this representing the first stages of protein break
down. Hull (1947) used Anson's technique to demonstra-
te that the activity of pancreatin added to milk
samples could be estimated using Folin's reagent. He
expressed protease activity in terms of mg. of Tyr re-
leased after 10 minutes of hydrolysis. The activity
was measured in a.0.72 N trichloroacetic acid filtrate
of the reaction mi#ture. Since this type of method
does not indicate activity during intermediate steps,
but phenolic compounds, it has been criticised by
Pollock (1962). Protein dye-binding techniques (Sava-
ge and Thompson, 1970) and methods based on the '"Alde-
hyde Value" as proposed by Steinegger (1906) are capa-
ble of assessing proteolytic intermediate steps. How-

ever, they either require the utilization of
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a small amount of dye, which may be difficult to meas-
ure accurately, or the use of special equipment de-
signed for formaldehyde titration.

The utilization of casein as a substrate for the
determination of protease activity has been proposed
by Sandvik (1962). The method is based on a three-
phase sequence degradation of casein components follow-
ed by lysis of the precipitated caseins. Casein degra-
dation has been reviewed by Lindqvist (1963) and the
hydrolysis appears to depend primarily on the break
down of lé-casein leading to destabilization of the
~casein micelle. |

The casein precipitation method of Sandvik (1962)
utilizes the'principle of gel diffusion of the enzyme
samples through a casein agar gel. The assay method
has been used by Scholefield (1967) and Fallon (1972)
to estimate the protease activity in a variety of bac-
terial culture media and has been shown to be useful
in estimating enzyme concentrations when the casein
concentration is 1% . Since different proteases may
show one or more zones of precipitation the method
can be modified by replacing the casein substrate with
" gelatine (Cheeseman, 1963; Ganguli and Bhalerao, 1965).
| The standard assay technique of Sandvik (1962)
was adopted in this work because it required small
volumes of enzyme solution, was simple and reproduci-
ble, Preliminary trials.demonstrated a correlation fac-

tor of 0.995 between the zone diameter and the log of
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the inverse scale of the dilution factor.,

The standard protease assay plates were prepared
as follows: Isoelectric casein (4 g; B.D.H.) was
_weighed into a 100 ml volumetric flask. Twenty ml of
0.1 M sodium hydroxide was added, the contents agita-
ted quickly for five minutes and the volume adjusted
to 95 ml with distilled water. Solubilization of the
casein was achieved by three successive heatings and
coolings to 50° ¢ and 10° ¢ respectively, each step
taking approximately 15 minutes. The solution was then
brought to room temperature, 1 ml of 0.1% (w/v) Mer-
thiolate added and the volumé adjusted to 100 ml,

This solution was stored at 4° C for a maximum period
of 3 days before use.,

When required, 25 ml of the caseinate solution

was warmed to 50° C and mixed with 75 ml of 1.33% (w/v)
sterilized, purified agar (Oxoid) at 50° C. The final
pH of the mixture was adjusted to 6.2 by the addition
of 0.45 to 0.50 ml of orthophosphoric acid 0.74 M,
The medium was poured into 170 mm x 170 mm plate glass
molds with 5 mm high prespex sides to a depth of 2 mm.
Tightly fitting glass lids were placed on the top and
the medium allowed to cool.

When the gel had set wells 6 mm in diameter were
cut. An inoculum of 0,025 ml! was added to each well,
the inoculum being prepared by the addition of 1 ml of
a 0,1% (w/v) Merthiolate solution to 10 ml of the cul-

ture medium, Distilled water and Merthiolate blanks

34



were also included among the assays. The plates were
incubated at 30° C for 42 hours and the proteolytic
activity was expressed as zone diameter of precipita-
tion (Z.D.) in mm. Standard graphs relating mm Z.D.
and log diffusion units (log D.U.) were prepared for
the enzyme preparations in order to express the level
of proteolytic activity in terms of diffusion units
(Appendix C). Enzyme concentrate systems prepared by
ultrafiltration were treated in a similar fashion(see

also Appendix I.).

(b) Protein Determination

Protein determinations were carried out using
Miller's (1959) modification of the method of Lowry
et al. (1951)., Other methods of protein determination
such as those based on u.v. absorption, Biuret, ninhy-
drin or Kjeldhal were not chosen because of the rea-
sons outlined by Lowry et al. (1951). The use of the
formaldehyde titration, on the other hand, requires
the removal of certain compounds which may interfere
with the determination of protein (Wolfschoon and
Vargas, 1977).

Immediately prior to use 50 mg. of copper sulpha-
te was dissolved in 10 ml of 1% (w/v) alkaline sodium
tartrate, One ml of this mixture was added to 10 ml of
a 10% (w/v) sodium carbonate solution. One ml of the
resulting mixture was added to one ml of the sample

under study and allowed to stand for 10 minutes at

room temperature. To the solution was then added 3 ml
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"of a1l to 11 dilution of Folin-Ciocalteu reagent, the
mixture quickly agitated, incubated at 37° C for 20
minutes and then allowed to cool to room temperature.
After coolfng for 25 to 30 minutes the extinction (E)
of the solution was measured at 650 nm. Protein con-
centration was calculated from a standard graph drawn
up in a similar manner using bovine serum albumin
(Koch-Light Laboratories). The unknown protein sam-
ples were diluted so that the reédings fell within
the linear portion of the standard graph (Appendix D.

and I.).

(c) ElectroPﬁoresis

.The technique of electrophoresis is based on the
principle that a charged particle or molecule in so-
lution will migrate towards one of the electrodes when
Placed in a electric field.

The most widely used electrophoretic technique is
that of zone electrophoresis. In this technique, the
samples to be separated is applied to a relatively
inert support material, and, when separated, the char-
ged particles migrate as discrete zones. The zones
thus produced can then be detected and quantified by
chemical and/or physical analytical techniques. Over
the past 40 or so years a variety of support media
have been developed. The first of these was paper,

which is readly available and economical but suffers
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from the disadvantage that yields blur the electro-
phoretograms. Kohn (1957,1958) developed the use
of cellulose acetate membranes as support media.
These have a high resolving power, are sensitive and
suitable for rapid microscale work and do not re-
quire the lengthy preparatory procedures associated
with starch and polyacrylamide techniques. However,
cellulose acetate electrophoresis is less effective
for.complex mixtures containing proteins of similar
mobility. This inherent problem associated with the
separation of complex mixtures was overcome by
Smithies (1955). He made use of starch gels as the
supporting medium, thereby achieving protein separa-
tion according to both charge and size. Starch gels
have been largely superceededlby the use of polyacry-
lamide gels which are easier to handle, are transparent
and have the added advantage of adjustable pore size.
Additional information relating to the principles and
techniques of electrophoresis can be obtained from
Chrambach and Rodbard (1971) and O'Donnell (1975).
The fractions separated by electrophoresis can
- be detected by u.v. absorption. Alternatively, the
fractions can be detected either by staining for pro-
teins, or, in the case of enzymatically active mate-
rial, by testing the supporting material for zonal
activity. Any staining solution, not containing cellu-
lose solvent, can be used successfully. A survey of

suitable stains has been made by Bhargava and Sceeni-
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vason (1963). Other techniques available for the lo-
cation of protein bands include u.v. absorption, flu-
orescent staining (Holiday and Johnson, 1949) and ra-
diocactive tracing (Winteringham et al., 1952).

The purpose of this study was to demonstrate the
electrophoretic pattern resulting from the digestion
of native caseins by the crude enzyme concentrate
systems obtained from the experimental cultures. Chan-
ges in milk proteins have been .characterized using
starch gel electrophoresis (Law

and Slangen, 1977). Thompson et al. (1964) has compa-

et al., 1977a; Visser
a

red electrophoretograms o{/étcasein using both poly-
acrylamide and starch gels. They demonstrated that the
use of polyacrylamide was superior in terms of both
resolution and simplicity. Polyacrylamide gel electro-
phoresis has been used for the study of milk proteins
(Fox and Guiney, 1973; Davis, 1974; Adams et al.,
1976; Davies and Law, 1977). Peterson (1963) improved
the polyacrylamide method described by Raymond and
Nakamichi (1962) and published a high resolution meth-
od for oés:" and/@-caseins.'

Polyacrylamide gel electrophoresis was used in
this study. The method described by Peterson (1963)
was chosen because of its high resolution for the two
main casein components in milk, /? -casein waé not de-
monstrated in orther to minimize the possibility of
rearrangements of disulfide bridges resulting from the
reaction of mercaptoethanol with disulfide (Light,
1974). This disulfide cleavage is particular favored

at pH(s) higher than 7.0.
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The polyacrylamide gels used contained 4.5 M urea
and 7.5% (w/v) Cyanogum 41 (B.D.H.) in borate buffer
at pH 8.6 . With the exception of the gel staining
and destaining procedure, all the expefimental details,
including the sample preparation using skim milk, were
identical to those described by Peterson (1963). After
electrophoresis, the gels were stained by immersion
for 24 hours in 0.1% (w/v) naphthalene Black in 10%
(v/v) acetic acid. Destaining was carried out by the
immersion of the gels in acetic acid at 7% (v/v) for
6 hours. The destaining rate was increased by the use
of an electric potential supplied by a low voltage
battery charger,

A densitometer Eel (Evans Electroselenium Ltd.,
Essex) was used to estimate the relative amounts of
the main protein fractions present in the gels. Gels
were cut veftically, alongside of each slot, using
a glass rule and sharp blades. A fine surface layer
of approximately 1 mm. was cut and removed from both
sides of the gel, so that its final dimension was
120 mm, x 11 mm. x 4 mm. A "Perspex'" slot holder
measuring 120 mm., x 11 mm, x 5 mm was used as an aid to
facilitate the removal of a uniform surface layer.
This eliminated the surface layer effects on scanning
resulting from protein fractions spreading. The gel
strips were positioned in a gel holder measuring 120
mm, x 35 mm. x 4 mm. with one long side open. The

centre gel section was fitted into the holder with 5
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ml of a 10% (v/v) acetic acid solution previously
added, to render a transparent gel background and to

eliminate side air bubbles,

(d) Heat Stability

Heat stability studies relating bacteria or bac-
terial enzymes, either in solutions or in complex
mixtures have been made using single test tubes (Chaud-
hary et al., 1960), in thin wall.ampoules (Sandvik,

1962), in capillary glass tubes (Resende et al., 1969;
Barach et al., 1976b), in Pasteur pipettes (Beyer,
1970) and in preheated glass tubes (Navani, 1971; Fal-
lon, 1972). Heat stability of enzymes have also been
conducted using batch pasteurizer (Pinheiro et al.,
1965) or micro-pasteurization equipment (Driessen and
Stadhouders, 1974). O'Donnell (1975) has conducted
heat resistance studies for crude enzyme preparations
in solution and for its purified form., A double tube
method was used to increase the surface area exposed
to the heating medium and to decrease the come-up
time necessary to reach the required temperature. The
come-up time for a similar tube dimension has been
estimated to be between 20 to 25 seconds (Chaudhary
et al., 1960),.

In this study the method described by O'Donnell
(1975) was chosen for temperatures up to the boiling

point of water. The volume of 1.5 ml of enzyme solu-

tion was displaced by the insulated tube. A series of
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replicates were placed simultaneously in the water
bath adjusted to 65° C, 75° C and 98° C and 25 seconds
were allowed for the come-up time, after which timing
started. At regular time intervals, sets of tubes

were removed from the water bath and quickly cooled

to 5° C in cold water bath. Enzyme activity was measu-
red for heated and unheated blanks,.

This method was used because of the relatively
short time required for the temperature to reach the
experimental conditions without much surface area
exposed to air. Thus, the evaporation of water or the
concentration of serum solids present in the solution
was rather limited. Plastic caps were used to cover
both tubes to reduce the concentration even further.
The possibility of heating only 1.5 ml of the enzyme
solution facilitated the handling of the material and
allowed sufficient volume for replicate enzyme acti-
vity assays. This procedure was also used for tempe-
ratures up to 140° C, except that a metal replica of
the glass tubes with a hermetic sealing system was
used instead and heating was carried out by complete
immersion in Polyethylene glycol (M.W. 200, Koch-Light
Laboratories Ltd) bath in a thermostatically control-
led bath (Grant Instruments., Ltd. - Cambridge). The
" hermetic sealed system consisted of a double stainless
steel tube, capéble of displacing the enzyme solution
into a fine léyer of 0.5 mm uniformly distributed
(see Plates 1, 2 and the complementary diagram of Pla-

te 2).
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Plate 1. Parts of the Hermetic Sealed System Consis-
ting of (A) Displacing Inner Tube, (B) Heat
Resistant Gasket, (C) Outer Tube, (D) Outer

Tube Support, (E) Set Screws and (F) Tool.



Plate 2. Assembled Parts of the Hermetic Sealed Sys-
tem Consisting of (A) a Double Stainless
Steel Tubes with 0.5 mm. Inter-clearance

and (B) Set Screw Tool.



Plate 2. Complementary Diagram of Plate 2: (A) Displacing Inner Tube, (B) Heat Resis-
tant Gasket, (C) Outer Tube, (D) Outer Tube Support, (E) Set Screw and (F)

Assembled Double Stailess Steel Tubes, (G) Annular 0.5 mm. Clearance.



SECTION 3. CONCENTRATION OF THE PROTEOLYTIC ENZYME

SYSTEMS

(a) Methods for Concentration of Protease Enzyme
Systems
The most usual initial step in the concentration

of bacterial extracellular enzyme systems is the re-
moval of the cell bio-mass from the culture medium,
As a preliminary to cell removal Merthiolate may be
added to the medium to a final‘concentration of one
to ten thousand in order to arrest bacterial growth
(Sandvik, 1962). Merthiolate arrests cell growth with-
out the occurrence of cell lysis, thus obviating the
possibility of introduction of intracellular enzymes
into the medium (Fallon, 1972; O'Donnell, 1975). Cell
removal may be achieved by filtration (Sandvik, 1962;
Fallon, 1972) or by centrifugation (Juffs et al.,
1968; Juffs and Doelle, 1968; Fallon, 1972; White and
Marshall, 1973; Mayerhofer et al., 1973; Adams et al.,
1975; O'Donnell, 1975; Barach et al., 1976a), Fallon
(1972) considered that cellulose acetate membranes
were only applicable to the removal of cells from
small culture volumes due to the rapid loss in mem-
brane porosity. When large culture volumes are requi=-
red high speed continuous centrifugation would appear
to be the method of phoice; |

| After cell separation from the culture medium,

concentration and/or purification of the required en-

zyme system is necessary. Concentration and/or purifi-
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cation can be achieved using the proper choice.of meth-
ods. Exhaustive crystallisation, adsorption and desor-
ption, ultrafiltration, dialysis and precipitation
methods are common techniques that may be applied to
the concentration and purification of enzyme systems.
Extreme conditions of pH, temperature and ionic
strength must be avoided (Fallon, 1972) and the chosen
technique must function within the stability range of
the native enzyme '"to pfoduce a purified preparation
whose in vitro functions accurately reflect the activi-
ty of the molecules in the living system" (O'Donnell,
1975).
To evaluate any improvement of specific activity
in the enzyme preparation an appropriate biochemical
assay technique must be applied before and after the
relevant purification step. Changes in specific activi~
ty (Activity/mg. of protein) can be used to evaluate
the efficiency of the purification achieved between two
or more steps. The techniques available for the enrich-
ment or concentration of enzymes may be classified as
follows:
(1) Selective precipitation from a solution;
(i) Salt and/or solvent concentration,
(ii) Isoelectric precipitation and
(iii) Crystallisation. |

(2) Recovery by solvent removal;
(i) Flash and vacuum evaporation,
kii) Lyophilisation and

(iii) Freeze-thaw procedures.
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(3) Fractionation systems; -

(i) Gel exclusion,

(ii) Adsorption chromatography and

(iii) Membrane moderated procedures.

Purification of ﬁsychroPhilic protease systems has

been achieved using various combinations of the above
techniques. In some instances, as in the works of Juffs
et al. (1968) and Juffs and Doelle (1968), the behavior
of psychrophilic proteases was .studied in cell-free ex~-
tracts. On the other hand, membrane filtration, ammo-
nium sulphate precipitation and Sephadex gel filtration
procedures have been used by Mayerhofer et al. (1973)
and White and Marshall (1973), Barach et al. (1976a) pu-
rified bacterial proteases on chromatography columns e-
quilibrated with simulated milkﬂserum buffer. O'Donnell
(1975) demonstrated that psychrophilic extracellular
lipases could be concentrated by ultrafiltration. Schol-
efield et al. (1978) have reported procedures for the
isolation of lipases by ultrafiltration., Since an objec-
tive of the present study was related to the heat stabi-
lity of the proteases recovered from the test strains
cell-free extracts, this gentle, non-destructive method
.of enzyme concentration was adopted. Furthermore, this
type of procedure would allow for the production of an
enzyme concentrate which could be readily freeze dried

into a powder form for storage and further study.

(b) Removal of Cells

The initial stage in the concentration of the
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extracellular protease systems was the removal of cells
from the growth media. Growth was arrested by the addi-
tion of 0.1% (w/v) Merthiolate at a point.in the loga-
rithmic phase concommitant with good protease produc-
tion in order to avoid cell lysis and intracellular en-
zyme contamination. Cell removal was carried out at 40,
000 g using a Cepa Laboratorium Type LE Centrifuge. For
efficient cell removal the throughput was limited to
100 ml/minute. The temperature 'of the medium was con-
trolled at approximately 10° ¢ by the circulation of
cold water. The centrifugate was stored at 5° C for pe-

riods up to 24 hours before further processing.

(c) Ultrafiltration and Freeze-Drying
Enzyme concentration was carried out using a Model

202 ultrafiltration cell (Amicon Corporation) fitted
with Type PM 10 Diaflo membranes which gave retention
of compounds of molecular weight 10,000 or above (accor-
ding to the specifications provided by the manufactu-
rer). The temperature of the medium was kept at 5° C :
3°c during ultrafiltration. The ultrafiltration was
speeded up by applying constant pressure of 4 kg/cm2
N, .

The volume of 220 ml of cell-free medium was re-
duced down to 30 ml. The N2 pressure was released and
an additional 190 ml of the cell-free medium introdu-

ced into the ultrafiltration cell. The pressure was re-

applied and the volume again reduced to 30 ml of con-
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centrate. These operations were repeated using two 3uc-
cessives 190 ml of distilled water at 5° C in order to
reduce the salt concentration to a minimum. The final
30 ml of concentrate volume was freeze-dried for 48
hours at a sublimization coil temperature of -40° c.
The enzyme yields were recorded before the batches we-
re stored at -20° C for further utilization. The over-
all scheme for the concentratiqn of extracellular pro-
tease system was similar to that reported by Schole-
field et al. (1978). Plate 3 shows the set up used
during protease concentration. Plate 4 shows the Mo-

del 202 ultrafiltration cell,
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Plate 3. Ultrafiltration Cell Model 202 (B) Assembled Within a Cold Water Bath (A)
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